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Historical Perspective and Current Focus

Miguel-Angel Perales and Catherine Bollard

In the beginning days of blood banking, surgeons would call imperiously for “fresh
whole blood” recognizing its superior restorative properties over banked blood.
Since then technological advances have made it possible to break down the thera-
peutic elements of fresh blood into their constituent platelets, red cells, plasma, and
clotting factors, and through apheresis, blood bankers can even provide granulo-
cytes, lymphocytes, progenitors, and stem cells. The component therapy concept is
so widely accepted that we cease to think it as being unusual. Curiously, and in
contrast, transplant physicians have been slower to apply a component therapy
approach to their practice. Even today the majority of hematopoietic cell transplan-
tation (HCT), whether from the bone marrow, peripheral blood, or cord blood, is as
unmanipulated as the “fresh whole blood” beloved of our surgeons of the past.
Nevertheless, the attractions of a component therapy approach to HCT are many
including but not limited to (1) T-cell depletion by selection of CD34" cells, which
can reduce GvHD, and (2) infused donor lymphocytes which can improve engraft-
ment and treat leukemic relapse. Careful studies in the 1990s determined the doses
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of CD34+* cells and lymphocytes in the graft that led to the best outcomes, and donor
lymphocyte infusion doses were calibrated to achieve graft-versus-leukemia effects
with minimal graft-versus-host disease.

These initial graft manipulations contributed to steady progress to improving
HCT outcome, extending the upper age limit of HCT recipients and paving the way
for successful transplants from HLA-haploidentical mismatch donors. However,
we now see these advances as merely a prelude to the full realization of the com-
ponent therapy approach through modern cell and gene therapies. Advances in
technology in translational research have opened up exciting and powerful new
cell-based treatments which promise to dramatically transform the way we per-
form allogeneic HCT and eliminate the obstacles of GvHD, relapse, and trans-
plant-related mortality (TRM).

In this volume, we review the exciting developments in cell and gene therapy as
it relates to HCT. From blood or marrow, a diverse repertoire of cell products are
now manufactured including mesenchymal stromal cells (Chap. 12), dendritic cell
vaccines (Chap. 11), and NK cells (Chap. 10). Gene-modified T cells can poten-
tially control GvHD through inserted suicide genes. T cells can be targeted to neo-
plastic cells by transducing them with chimeric antigen receptors (CAR T cells) or
artificial receptors (a/pp TCRs) (Chaps. 2, 3, 4, 5, 6, and 7). The ultimate goal of cell
and gene therapy is to provide remedies for all the major obstacles to successful
outcomes of HCT. Regulatory T-cell (Chap. 9) or mesenchymal stromal cell infu-
sions aim to prevent or treat GVHD. Tumor antigen-specific T cells, CAR T cells,
a/f TCR T cells, and NK cells can prevent or treat leukemic relapse, and T cells
targeting multiple viruses (Chap. 8) can reduce transplant morbidity and mortality.
Finally, gene therapy is being used not only in malignant but also in nonmalignant
hematologic disorders (Chaps. 13 and 14).

With the rapid advances in treatments of neoplastic disease and the prospect of
continuing breakthroughs in treatments, as we have seen with the introduction of
tyrosine kinase inhibitors and recently checkpoint inhibitors, we should be wary
about predicting where HCT will be by the next decade. However, the rapid advances
in cell therapy show a growing ability to render HCT safer and more effective. The
progress documented with cell and gene therapy ensures that HCT will continue to
remain central to the treatment of neoplastic and nonmalignant disorders for the
foreseeable future.
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Most Recent Clinical Advances in CART
Cell and Gene Therapy 2017/2018

Syed A. Abutalib and Saar I. Gill

2.1 Introduction

Adoptive cell therapy with gene-engineered T cells bearing antitumor-reactive
T-cell receptor or chimeric antigen receptor (CAR) is a promising and rapidly evolv-
ing field of translational medicine. This approach has delivered exciting responses
for some patients with lymphoid hematologic neoplasms, leading to recent US Food
and Drug Administration approvals. Hematopoietic stem cellular gene therapy has
also shown promising advances, with durable and potentially curative clinical ben-
efit and without the potential toxicities of allogeneic hematopoietic cell transplant.
However, for both of these novel strategies, many questions remain unanswered.
Compared to synthetic viral gene addition therapy (e.g., CAR T-cell engineering),
translation of gene-editing technologies to patient care is in its infancy. Multiple
clinical trials are ongoing or expected to open for CAR T cell and inherited mono-
genic disorders (Gardner et al. 2017) (refer to subsequent disease-specific chapters
in the book). In this chapter, we will highlight the most recent and clinically relevant
developments in the arena of gene-modified T-cell-based therapies and hematopoi-
etic stem cellular gene therapy specifically focusing on hematologic disorders. We
will conclude the chapter by summarizing the apparent challenges and directions
for the future.

S. A. Abutalib (<)
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Chicago Medical School, Rosalind Franklin University of Medicine and Science,
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2.2  Relapsed/Refractory B-Lineage Acute
Lymphoblastic Leukemia

2.2.1 Children and Young Adults: CART Cells Show
Promising Results

Transitioning CD19-directed CAR T cells from early-phase trials to a viable
therapeutic approach with predictable efficacy and low toxicity for broad appli-
cation is currently complicated by product heterogeneity resulting from (a)
transduction of T cell of undefined subset composition, (b) variable efficiency
of transgene expression, and (c) the effect of ex vivo culture on the differentia-
tion state of the manufactured cells (Gardner et al. 2017; Rouce and Heslop
2017). Gardner et al. (2017) enrolled 45 children and young adults in PLAT-02
phase I trial with CD19* relapsed or refractory B-lineage acute lymphoblastic
leukemia (ALL). They used CD19 CAR product of defined CD4*/CD8* (1:1
ratio) composition with uniform CAR expression and limited effector differen-
tiation (described later). The rationale for this strategy comes from preclinical
studies that suggest that a 1:1 ratio of CD4* to CD8* cells and culture with
appropriate homeostatic cytokines would ensure maximum effectiveness of
both T-cell subsets and would yield a less terminally differentiated T-cell popu-
lation with maximum tumor killing capacity, prolonged CAR T-cell persistence,
and the ability to retain memory and self-renewal capacity (Gardner et al. 2017,
Rouce and Heslop 2017; Riddell et al. 2014). Products meeting all defined spec-
ifications could be manufactured in 93% of enrolled patients. The maximum
tolerated dose (MTD) was 1x10°® CAR T cells/kg (doses ranged from 0.5 to
10 x 109 cells/kg), and there were no deaths or instances of cerebral edema
attributable to the product toxicity. The overall intent-to-treat minimal residual
disease-negative (MRD-negative) remission rate was 89%. The MRD-negative
remission rate was 93% in all patients who received a CAR T-cell product and
100% in the subset of patients who received fludarabine (Flu) and cyclophos-
phamide (Cy) lymphodepletion. Twenty-three percent of patients developed
reversible CRS and/or reversible but severe neurotoxicity. No deaths resulting
from toxicities were reported. These data demonstrate that manufacturing a
defined composition CD19 CAR T cell identifies an optimal cell dose with
highly potent antitumor activity and a tolerable adverse effect (AEs) profile in a
cohort of patients with an otherwise poor prognosis. This manufacturing plat-
form therefore provides a significant advantage over prior reported trials (see
Chaps. 4 and 5). The observation that 100% of patients receiving Flu/Cy lym-
phodepletion had an MRD-negative remission further reinforces the importance
of lymphodepletion regimens that include Flu, as opposed to Cy alone (Gardner
et al. 2017; Turtle et al. 2016) (see Chap. 4).
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2.2.2 Children and Young Adults: Tisagenlecleucel (CTL0O19)
and Its US FDA Approval' (2017)

On August 30, 2017, the US FDA granted approval to tisagenlecleucel for the treat-
ment of patients up to age 25 years with B-cell precursor ALL that is refractory or in
second or later relapse (see footnote 1). Approval of tisagenlecleucel was based on a
phase II single-arm trial (ELIANA; NCT02435849) of 63 patients with relapsed or
refractory pediatric precursor B-cell ALL, including 35 patients who had a prior
hematopoietic cell transplantation (Buechner et al. 2017). Median age of the partici-
pants was 12 years (range, 3-23 years). Noteworthy, during the presentation of
updated results of this global multicenter ELIANA trial at European Hematology
Association (EHA®) 2017, it was reported that as of November 2016, 88 patients were
enrolled. There were seven (8§%) manufacturing failures, nine (10%) patients were not
infused due to death or AEs, and four patients (5%) were pending infusion at the time
of data cutoff. All patients received a single dose of tisagenlecleucel intravenously
within 2—14 days following the completion of lymphodepleting chemotherapy. Of the
63 patients who were evaluable for efficacy, the confirmed overall remission rate as
assessed by independent central review was 82.5% (95% CI 70.9, 91.0), consisting of
63% of patients with complete remission (CR) and 19% with CR with incomplete
hematological recovery (CRi). All patients with a confirmed CR or CRi were MRD-
negative by flow cytometry (FC) method. Median remission duration was not reached
(range: 1.2 to 14.1+ months). Grade III or IV AEs were noted in 84% of patients.
Serious adverse reactions such as CRS, including fatal CRS and CRS-associated dis-
seminated intravascular coagulation with intracranial hemorrhage, prolonged cytope-
nias, infection, cardiac failure, and cardiac arrest occurred in patients receiving
tisagenlecleucel. FDA approved tisagenlecleucel with a Risk Evaluation and
Mitigation Strategy (see footnote 1). The recommended tisagenlecleucel dose is one
infusion of 0.2-5.0 x 10° (CAR)-positive viable T cells/kg body weight intravenously
for patients who are less than or equal to 50 kg and 0.1-2.5 x 108 total CAR-positive
viable T cells intravenously for patients who are >50 kg, administered 2—14 days after
lymphodepleting chemotherapy (see footnote 1) (Buechner et al. 2017) (see Chap. 4).

2.2.3 Adults with Relapsed/Refractory B-ALL: Phase I Trial
from Memorial Sloan Kettering Cancer Center (MSKCC)

Park et al. (2018) enrolled 83 adult (age range, 23—74 years) patients with relapsed
B-cell ALL, of whom 53 who received an infusion of anti-CD19 autologous T cells
costimulated with CD28. A total of 78 patients underwent leukapheresis, 11 of

"https://www.fda.gov/downloads/BiologicsBlood Vaccines/CellularGeneTherapyProducts/
ApprovedProducts/UCMS573941.pdf. Accessed July 4, 2018.
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whom did not undergo an attempt at cell production (owing to death or the receipt
of alternative treatment), and 13 did not have cells infused (2 because of produc-
tion failure and 11 owing to infection, alternative treatment, or death). A total of 36
patients (68%) received CAR T-cell therapy as a third or later salvage treatment, 12
(23%) had primary refractory disease, 19 (36%) had undergone allogeneic hema-
topoietic cell transplantation (allo-HCT) previously, and 13 (25%) had received
blinatumomab previously. A total of 16 patients (30%) had Philadelphia chromo-
some-positive ALL, including 5 patients with the T315I ABL kinase mutation.
Safety and long-term outcomes were assessed, as were their associations with
demographic, clinical, and disease characteristics. After infusion, severe CRS
occurred in 14 of 53 patients (26%; 95% confidence interval [CI], 15-40); 1 patient
died. CR was observed in 83% of the patients. At a median follow-up of 29 months
(range, 1-65), the median event-free survival (EFS) was 6.1 months (95% CI, 5.0—
11.5), and the median overall survival (OS) was 12.9 months (95% CI, 8.7-23.4).
Patients with a low disease burden (<5% bone marrow blasts) before treatment had
markedly enhanced remission duration and survival, with a median EFS of
10.6 months (95% CI, 5.9 to not reached) and a median OS of 20.1 months (95%
CI, 8.7 to not reached). Patients with a higher burden of disease (>5% bone mar-
row blasts or extramedullary disease) had a greater incidence of the CRS and neu-
rotoxic events and shorter long-term survival than did patients with a low disease
burden (Gardner et al. 2017). The latter observation was also made by Maude et al.
(2014) (see Chap. 5).

2.3  Non-Hodgkin B-Cell Lymphomas

2.3.1 Phasel, ZUMA-1 Study (Locke et al. 2017a): Primary
Results of Axicabtagene Ciloleucel (KTE-C19) with a Focus
on Refractory Diffuse Large B-Cell Lymphoma (DLBCL)

In the phase I multicenter ZUMA-1 study, Locke et al. (2017a) evaluated KTE-C19,
an autologous CD28-costimulated CAR T-cell therapy, in patients with refractory
DLBCL. Patients received concurrent cyclophosphamide (500 mg/m?) and fludara-
bine (30 mg/m?) for 3 days followed by KTE-C19 at a target dose of 2 x 105 CAR
T cells/kg of recipient weight. The incidence of dose-limiting toxicity (DLT) was
the primary endpoint. Seven patients were treated with KTE-C19, and one patient
experienced a DLT of grade IV CRS and neurotoxicity. Grade > III CRS and neu-
rotoxicity were observed in 14% (n = 1 of 7) and 57% (n = 4 of 7) of patients,
respectively. All other KTE-C19-related grade >III events resolved within 1 month.
The overall response rate (ORR) was 71% (n =5 of 7), and CR rate was 57% (n=4
of 7). Three patients have ongoing CR (all at 12+ months) at the time of publication.
CAR T cells demonstrated peak expansion within 2 weeks and continued to be
detectable at 12+ months in patients with ongoing CR. Consistent with the on-
target, off-tumor effect of KTE-C19, B-cell aplasia and hypogammaglobulinemia
were observed in subjects with ongoing CR and persistent CAR T cells at 12 months
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post-infusion. This multicenter study validated that centralized manufacturing is
feasible and established the logistics for transportation of patient-specific product
door to door within approximately 2 weeks (Locke et al. 2017a; Lulla and Ramos
2017) (see Chap. 6).

2.3.2 Additional Results of ZUMA-1 Study (Locke et al. 2017b)
and US FDA Approval? (2017) of Axicabtagene Ciloleucel
(KTE-C19)

The safety and efficacy of axicabtagene ciloleucel were established in a multicenter
ZUMA-1 clinical trial of 101 adult patients with refractory or relapsed large B-cell
lymphoma (Locke et al. 2017a, b). In the subsequent report data from patients
enrolled into two cohorts consisting of DLBCL (cohort 1) and primary mediastinal
B-cell lymphoma (PMBCL) or transformed follicular lymphoma (TFL) (cohort 2)
were reported (Locke et al. 2017b). All patients had chemorefractory disease, with
roughly 80% refractory to their last line of chemotherapy, and the remainder relaps-
ing within 12 months of autologous hematopoietic cell transplant (auto-HCT).
Patients had received a median of three prior therapies. Prior to infusion of axicabta-
gene ciloleucel, a conditioning regimen of Flu/Cy was administered. Axicabtagene
ciloleucel was administered as a single infusion of modified autologous T cells at a
target dose of 2 x 10° CAR* T cells/kg of recipient weight. The median follow-up for
the primary analysis was 8.7 months, with most patients having data available for
6 months. There were four patients who experienced a CR but did not have assess-
ment data available for 6 months. For the primary analysis, these individuals were
classified as nonresponders, suggesting the response rates could be higher. The pri-
mary endpoint of the phase II study was ORR, which was significantly satisfied
across the full study (P < 0.0001). After 6 months, 41% of patients were still in
response, with a CR rate of 36% and a partial response (PR) rate of 5%. There was
one incidence of a PR improving to a CR after 9 months, suggesting longer follow-
up could further alter these numbers. Across the full duration of the study, those with
DLBCL (n = 77) had an ORR of 82% and a CR rate of 49%. In the PMBCL/TFL
group (n = 24), the ORR was 83% and the CR rate was 71%. After 6 months of fol-
low-up, the ORR in the DLBCL group was 36%, which included a CR rate of 31%.
In the PMBCL/TFL group, the 6-month ORR rate was 54%, with a CR rate of 50%.
Median OS was not yet reached. The most common grade > III AEs were anemia
(43%), neutropenia (39%), decreased neutrophil count (32%), febrile neutropenia
(31%), decreased white blood cell count (29%), thrombocytopenia (24%), encepha-
lopathy (21%), and decreased lymphocyte count (20%). There were three fatal events
in the study, two of which were deemed related to axicabtagene ciloleucel: hemo-
phagocytic lymphohistiocytosis (HLH) and cardiac arrest in the setting of CRS. The
third death was from pulmonary embolism. Data from 93 patients were available for

https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm581216.htm.  Accessed
July 4, 2018.
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the interim analysis from the ZUMA-1 trial (Locke et al. 2017a), whereas the pri-
mary assessment contained data for 101 patients (Locke et al. 2017b). With more
patients assessed, the rate of CRS declined from 18% at the interim assessment to
13% for the primary analysis. Additionally, neurologic events dropped from 34% in
the interim analysis to 28% in the primary assessment. There were no cases of cere-
bral edema. On the basis of these results, US FDA approved axicabtagene ciloleucel,
for use in adult patients with certain types of large B-cell lymphoma after at least two
other kinds of treatment have failed, including DLBCL, PMBCL, and DLBCL aris-
ing from TFL (see footnote 2). Notably, patients with primary central nervous system
lymphoma were excluded from receiving axicabtagene ciloleucel, and the drug is not
approved for treatment of patients with this condition.

2.3.3 Phase Il Results of ZUMA-1 Study (Neelapu et al. 2017):
Axicabtagene Ciloleucel in DLBCL, PMBCL,
and Transformed FL

In a multicenter, phase II study, Neelapu et al. (2017) enrolled 111 patients with
DLBCL, PMBCL, and TFL who had refractory disease despite undergoing recom-
mended prior therapy. Patients received a target dose of 2 x 10° anti-CD19 CAR T
cells/kg of recipient body weight after receiving a conditioning regimen of low-dose
Flu/Cy. The primary end point was the rate of objective response (calculated as the
combined rates of CR and PR). Secondary end points included OS, safety, and bio-
marker assessments. Among the 111 patients who were enrolled, axicabtagene cilo-
leucel was successfully manufactured for 110 (99%) and administered to 101 (91%)
patients. The objective response rate was 82%, and the CR rate was 54%. These
findings compare favorably with the results of the recent SCHOLAR-1 study
(Crump et al. 2017) of conventional therapies for this disease, which showed an
objective response rate of 26% and a complete response rate of 7%. With a median
follow-up of 15.4 months, 42% of the patients were still in response, with 40%
continuing to have a complete response. The overall rate of survival at 18 months
was 52%. The most common AEs of grade III or higher during treatment were neu-
tropenia (in 78% of the patients), anemia (in 43%), and thrombocytopenia (in 38%).
Grade III or higher CRS and neurologic events occurred in 13% and 28% of the
patients, respectively. Three of the patients died during treatment. In this particular
study, higher CAR T-cell levels in blood were associated with response. Furthermore,
this study (Neelapu et al. 2017) confirmed the feasibility and reliability of central-
ized manufacturing and coordination of leukapheresis procedures and shipping
from multiple centers across the country. The product was manufactured for 99% of
the enrolled patients and was administered to 91%. The short 17-day median turn-
around time may be important for these patients with refractory large B-cell lym-
phoma, who generally have rapidly growing disease. The investigators of this
multicenter trial (Neelapu et al. 2017) also reported that axicabtagene ciloleucel
could be administered safely at medical facilities that perform transplantation, even
if such centers had no specific experience in CAR T-cell therapy.
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2.3.4 Tisagenlecleucel (CTLO19) in Relapsed/Refractory DLBCL
and Follicular Lymphoma: Results from University
of Pennsylvania (UPenn) (Schuster et al. 2017a)

Patients with DLBCL or FL that is refractory to or which relapses after immunoche-
motherapy and transplantation have a poor prognosis. High response rates have
been reported with the use of T cells modified by CAR that target CD19 in B-cell
cancers (Grupp et al. 2013; Porter et al. 2011), although data regarding B-cell lym-
phomas are limited to small number of patients. Schuster et al. (2017a) used autolo-
gous T cells that express a 41BB-costimulated CD19-directed CAR (CTLO19) to
treat patients with DLBCL or FL that had relapsed or was refractory to previous
treatments. Patients were monitored for response to treatment, toxic effects, the
expansion and persistence of CTLO19 cells in vivo, and immune recovery. A total of
38 patients were enrolled. Twenty-eight patients received tisagenlecleucel, and 18
of 28 had a response (64%; 95% CI, 44-81). CR occurred in 6 of 14 patients with
DLBCL (43%; 95% CI, 18-71) and 10 of 14 patients with follicular lymphoma
(71%; 95% CI1, 42-92). CTLO19 cells proliferated in vivo and were detectable in the
blood and bone marrow of patients regardless of ultimate response status. Sustained
remissions were achieved, and at a median follow-up of 28.6 months, 86% of
patients with DLBCL who had a response (95% CI, 33-98) and 89% of patients
with FL who had a response (95% CI, 43-98) had maintained the response. In this
particular study (Schuster et al. 2017a), the CRS was less frequent and less severe
than previously reported for the use of tisagenlecleucel in the treatment of ALL and
chronic lymphocytic leukemia (CLL) (Grupp et al. 2013; Porter et al. 2011). The
CRS was self-limiting and its severity was not correlated with response to therapy.
Severe CRS occurred in five patients (18%). Serious encephalopathy occurred in
three patients (11%); two cases were self-limiting and one case was fatal. All
patients in CR by 6 months remained in remission at 7.7-37.9 months (median,
29.3 months) after induction, with recovery of normal B cells in 8 of 16 patients and
with improvement in levels of IgG in 4 of 10 patients and of IgM in 6 of 10 patients
at 6 months or later and in levels of IgA in 3 of 10 patients at 18 months or later.
Transient encephalopathy developed in approximately one in three patients and
severe CRS developed in one of five patients.

2.3.5 USFDA Approval (2018) of Tisagenlecleucel® (CTL019)
for Adults with Relapsed/Refractory Large B-Cell Lymphoma:
Results of JULIET Study (Schuster et al. 2017b, c)

On May 1, 2018, the US FDA approved tisagenlecleucel, a CD19-directed geneti-
cally modified autologous T-cell immunotherapy, for adults with relapsed or refrac-
tory large B-cell lymphoma after two or more lines of systemic therapy including

*https://www.fda.gov/drugs/informationondrugs/approveddrugs/ucm606540.htm. Accessed
July 4, 2018.
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DLBCL not otherwise specified (DLBCL-NOS), high-grade B-cell lymphoma, and
DLBCL arising from FL (transformed lymphoma) (see footnote 3). Approval was
based on a single-arm, open-label, and multicenter, phase II trial (Schuster et al.
2017b) in adults with relapsed or refractory DLBCL and DLBCL after transforma-
tion from FL. Eligible patients must have been treated with at least two prior lines
of therapy, including an anthracycline and rituximab, or relapsed following auto-
HCT. Patients received a single infusion of tisagenlecleucel following completion
of lymphodepleting chemotherapy (Flu 25 mg/m?, Cy 250 mg/m?*/day x 3 days or
bendamustine 90 mg/m?*day x 2 days). The ORR as assessed by an independent
review committee for the 68 evaluable patients [presented at multiple national meet-
ings in 2017 (Schuster et al. 2017b, c)] was 50% (95% CI: 37.6, 62.4) with a com-
plete response rate of 32% (95% CI: 21.5, 44.8). With a median follow-up time of
9.4 months, the duration of response was longer in patients with a best overall
response of CR, as compared to a best overall response of PR. Among patients
achieving CR, the estimated median duration of response was not reached (95% CI:
10.0 months, not estimable). The estimated median response duration among
patients in PR was 3.4 months (95% CI: 1.0, not estimable). The most common
adverse reactions (incidence >20%) in patients on the trial were CRS, infections-
pathogen unspecified, pyrexia, diarrhea, nausea, fatigue, hypotension, edema, and
headache. Because of the serious risks of CRS and neurologic toxicities, FDA
approved tisagenlecleucel with a Risk Evaluation and Mitigation Strategy (see foot-
note 3). The recommended dose of tisagenlecleucel for relapsed or refractory adult
DLBCL is 0.6-6.0 x 10® CAR* viable T cells (see footnote 3). Like axicabtagene
ciloleucel, tisagenlecleucel is also not indicated for the treatment of patients with
primary central nervous system lymphoma.

2.3.6 Long Duration of CR in DLBCL After Anti-CD19 CAR T-Cell
Therapy: Data from the NCl (Kochenderfer et al. 2017)

Kochenderfer et al. (2017) administered anti-CD19 CAR T cells preceded by Flu/
Cy conditioning chemotherapy to patients with relapsed DLBCL. Five of the seven
evaluable patients obtained CRs. Four of the five complete remissions had long-
term durability with durations of remission of 56, 51, 44, and 38 months; to date
(Gardner et al. 2017), none of these four cases of lymphomas have relapsed.
Importantly, CRs continued after recovery of nonmalignant polyclonal B cells in
three of four patients with long-term CRs. In these three patients, recovery of CD19*
polyclonal B cells took place 28, 38, and 28 months prior to the last follow-up, and
each of these three patients remained in CR at the last follow-up. Nonmalignant
CD19* B-cell recovery with continuing complete remissions demonstrated that
remissions of DLBCL can continue after the disappearance of functionally effective
anti-CD19 CAR T-cell populations. Patients had a low incidence of severe
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infections despite long periods of B-cell depletion and hypogammaglobulinemia.
Only one hospitalization for an infection occurred among the four patients with
long-term CRs. Thus, anti-CD19 CAR T cells caused long-term remissions of
chemotherapy-refractory DLBCL without substantial chronic toxicities.

2.4  ChronicLymphocytic Leukemia
2.4.1 CLLand Anti-CD19 CART Cells Following Ibrutinib Failure

Turtle et al. (2017) evaluated the safety and feasibility of anti-CD19 CAR T-cell
therapy in patients with CLL who had previously received ibrutinib. Twenty-four
patients with CLL received lymphodepleting chemotherapy and anti-CD19 CAR T
cells at one of three dose levels (2 x 10°, 2 x 105, or 2 x 107 CAR T cells/kg).
Nineteen patients experienced disease progression while receiving ibrutinib, three
were ibrutinib intolerant, and two did not experience progression while receiving
ibrutinib. Six patients were venetoclax-refractory, and 23 had a complex karyotype
and/or 17p deletion. Four weeks after CAR T-cell infusion, the ORR by International
Workshop on Chronic Lymphocytic Leukemia (IWCLL) criteria was 71% (17 of
24). Twenty patients (83%) developed CRS, and eight (33%) developed neurotox-
icity, which was reversible in all but one patient with a fatal outcome. Twenty of 24
patients received Flu/Cy lymphodepletion and CD19 CAR T cells at or below the
MTD (< 2 x 10 CAR T cells/kg). In 19 of these patients who were restaged, the
ORR by IWCLL imaging criteria 4 weeks after infusion was 74% (CR, 4 of 19,
21%; PR, 10 of 19, 53%), and 15 of 17 patients (88%) with marrow disease before
CAR T cells had no disease by FC after CAR T cells. Twelve of these patients
underwent deep IGH sequencing, and seven (58%) had no malignant IGH
sequences detected in marrow. The absence of the malignant IGH clone in marrow
of patients with CLL who responded by IWCLL criteria was associated with 100%
PFS and OS (median 6.6 months follow-up) after CAR T-cell immunotherapy. The
PFS was similar in patients with lymph node PR or CR by IWCLL criteria. CD19
CAR T cells were highly effective with manageable toxicity in patients with high-
risk CLL, including those who were ibrutinib-refractory. Of note, although bone
marrow disease was highly responsive to CAR T cells, complete elimination of
bulky nodal disease was less common, suggesting the malignant lymph node envi-
ronment may impair CAR T-cell infiltration and/or function. Thus, CR rates in
advanced CLL might be improved if CAR T-cell immunotherapy is delivered when
ibrutinib-induced mobilization of lymph node disease into blood and/or marrow is
still effective and before the development of bulky lymphadenopathy (Gill et al.
2017). Such a strategy might be used by monitoring patients receiving ibrutinib for
development of ibrutinib-resistant mutations or other early evidence of progression
(see Chaps. 5 and 6).
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2,5 Multiple Myeloma

2.5.1 Results of Anti-BCMA CART Cells: Data from
NCI (Ali et al. 2016; Brudno et al. 2017)

B-cell maturation antigen (BCMA) is expressed in most cases of MM. Ali et al.
(2016) from NCI conducted the first-in-human clinical trial of CAR T cells target-
ing BCMA. T cells expressing the CAR used in this work (CAR-BCMA) specifi-
cally recognized BCMA-expressing cells. The anti-BCMA CAR used in this work
incorporated the 11D-5-3 anti-BCMA single-chain variable fragment (scFv), a
CD28 costimulatory domain, and the CD3—{ T-cell activation domain. The cells
were transduced with a y-retroviral vector, and 9 days after the initiation of cultures,
CAR-BCMA T cells were infused. Twelve patients received CAR-BCMA T cells in
this dose escalation trial. The dose escalation plan called for an initial dose of
0.3 x 109 CAR* T cells/kg with threefold increase to each subsequent dose level.
Among the six patients treated on the lowest two dose levels, limited antimyeloma
activity and mild toxicity occurred. On the third dose level, one patient obtained a
very good partial remission (VGPR). Two patients were treated on the fourth dose
level of 9 x 10° CAR T cells/kg body weight. Before treatment, the first patient on
the fourth dose level had chemotherapy-resistant MM, making up 90% of bone mar-
row cells. After treatment, plasma cells in the marrow became undetectable by FC,
and the patient’s MM entered a stringent complete remission (SCR) that lasted for
17 weeks before relapse. The second patient on the fourth dose level had
chemotherapy-resistant MM making up 80% of bone marrow cells before treat-
ment. Twenty-eight weeks after this patient received CAR-BCMA T cells, bone
marrow plasma cells were undetectable by FC, and the serum monoclonal protein
had decreased by >95%. Both patients treated on the fourth dose level had toxicity
consistent with CRS including fever, hypotension, and dyspnea. Both patients had
prolonged cytopenias. Serum BCMA (sBCMA) served as a tumor marker because
substantial decreases in SBCMA occurred in the three patients with the most impres-
sive antimyeloma responses.

Most recently (ASH® annual meeting 2017), the same group presented their
updated data of 13 patients treated to date on the highest dose level of 9 x 10° CAR-
BCMA T cells/kg (Brudno et al. 2017). The median age of the 13 patients was
54 years (range 43—66). The patients had a median of 11 prior lines of therapy. Five
patients (12, 19, 20, 23, and 25) had a chromosome 17p deletion prior to protocol
enrollment. Toxicities were consistent with prior reports of CRS after infusions of
CAR T cells. Of 13 patients, 4 received the interleukin (IL)-6-receptor antagonist
tocilizumab to treat CRS; 2 of these 4 patients also received corticosteroids. While
CAR-BCMA T-cell toxicity was severe in some cases, the toxicities were mainly
limited to the first 2 weeks after CAR-BCMA T-cell infusion. Because of grade III/
IV CRS experienced by some patients with high bone marrow myeloma burdens,
investigators of this study modified the clinical protocol to only allow enrollment of
patients with lower myeloma burdens defined as MM making up 30% or less of
bone marrow cells. Two patients (16 and 18) experienced delayed neutropenia and
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thrombocytopenia that started approximately 1 month after CAR T-cell infusion
when blood counts had recovered from the chemotherapy administered before
CAR-BCMA T-cell infusions. These patients were treated with filgrastim, eltrom-
bopag, and prednisone based on the hypothesis that the cytopenias were caused by
CAR T cells in the patient’s bone marrow. In both cases, cytopenias resolved after
approximately 1 month. CAR-BCMA T cells exhibited clear antimyeloma activity.
Nine of 11 evaluable patients obtained objective antimyeloma responses with 2
stringent complete responses, 5 very good partial responses, and 2 partial responses;
the duration of responses varied. The longest response to date is 66 weeks. Eight of
ten evaluable patients obtained MRD-negative status by bone marrow flow cytom-
etry. Consistent with BCMA-specific T-cell activity, plasma cells were reduced on
bone marrow core biopsies in all eight evaluated patients and absent in four of these
patients 2—3 months after CAR-BCMA T-cell infusion. CAR* cell levels have been
quantified in the blood of patients. CAR T-cell levels peaked in the first 2 weeks
after infusion and persisted at lower levels for many months in some cases. Cytokines
were measured in the serum of all patients. In patients with CRS, multiple cytokines
including interferon-y, IL-6, IL-8, and IL-17A were consistently elevated in the
serum. Accrual to this trial continues. Toxicity was significant but limited in dura-
tion and controllable (Rouce and Heslop 2017).

2.5.2 Anti-BCMA CART Cells: Data Presented at ASH" 2017 by
UPenn (Cohen et al. 2017)

Cohen and coworkers reported early safety and clinical activity of CART-BCMA
without lymphodepleting chemotherapy in highly refractory MM patients during
ASH® 2016 (Cohen et al. 2016). Subsequently, they reported extended results from
this initial cohort, as well as initial safety and efficacy in additional cohorts at two
dose levels in conjunction with Cy at ASH® 2017 (Cohen et al. 2017). Three cohorts
are being enrolled: (1) 1-5 x 103 CAR T cells alone; (2) Cy 1.5 g/m? + 1-5 x 10’
CAR T cells; and (3) Cy 1.5 g/m? + 1-5 x 108 CART cells. CART-BCMA cells are
given as split-dose infusions (10% on day 0, 30% on day 1, and 60% on day 2), with
Cy given on day 3. Participants need serum creatinine (Cr) <2.5 mg/dL or Cr clear-
ance >30 mL/min; adequate hepatic, cardiac, and pulmonary function; and absolute
CD3 count >150/pL. BCMA expression on MM cells is assessed but not required
for eligibility. CAR T-BCMA expansion/persistence is assessed by flow cytometry
and qPCR. Soluble BCMA levels are measured by ELISA. Responses are assessed
by IMWG criteria. As of June 24, 17, 33 patients have consented, with 28 eligible,
21 infused, 4 awaiting infusion, and 3 manufactured but never treated due to rapid
progression/clinical deterioration. Of treated patients (n = 21), nine are in cohort 1,
five in cohort 2, and seven in cohort 3. Median age is 57 (range 44-73), 71% male,
and median 4.3 years from diagnosis. Median lines of therapy is 7 (range 3—11);
100% are proteasome inhibitor and immunomodulatory drugs-refractory, 67%
daratumumab-refractory. Ninety-five percent had high-risk cytogenetics, 67%
del17p or TP53 mutation, and 29% extramedullary disease. All expressed BCMA
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on MM cells and received the minimum target dose of CAR T-BCMA, with 18
patients (86%) receiving full-planned dose and 3 patients receiving 40% of dose
(third infusion held due to fevers). Toxicities in cohort 1 (n = 9) were previously
reported and included CRS in eight patients (three grade III/IV, with four receiving
tocilizumab) and neurotoxicity (grade IV encephalopathy) in two patients. In
cohorts 2 and 3 (n = 12), CRS has occurred in nine patients (three grade III, zero
grade IV, none requiring tocilizamab) and neurotoxicity in 1 patient (grade II confu-
sion/aphasia), with no unexpected/DLTs and no TRM. Regarding efficacy, in cohort
1 six of nine patients responded (one stringent CR [sCR], two VGPR, one PR, two
MR), with one ongoing sCR at 21 months and other responses lasting 1.5-5 months.
In cohort 2, with Cy but tenfold lower CAR T dose, two of five patients responded
(one PR, one MR) but progressed at 4 and 2 months, respectively. In cohort 3,
median follow-up is currently 1 month, with five of six patients responding (one
CR, three PR, one MR) and one not yet evaluable. All patients had detectable CAR
T-BCMA expansion by qPCR, and 90% were detectable by FC, with preferential
expansion of CD8* cells and similar degree of expansion in blood and marrow.
Median peak expansion (as measured by copies/ug DNA) is 6160, 14,761, and
45,268 in cohorts 1, 2, and 3, respectively, suggesting a benefit with adding Cy,
though this was not statistically significant. Achieving PR or better is associated
with higher peak CART-BCMA levels and decline in soluble BCMA, but not with
baseline soluble BCMA level or intensity of baseline BCMA expression by flow on
MM cells. Serial marrow FC demonstrates that five of six patients with >PR and
detectable residual MM cells have decreased BCMA intensity on MM cells post-
infusion compared with baseline. CART-BCMA infusions following Cy lymphode-
pletion are feasible and have significant clinical activity in highly refractory MM
patients with poor-risk genetics and limited treatment options. Efficacy appears
lower at the 107 dose, compared with 108, and remaining patients are now being
enrolled in cohort 3. CRS remains a common but manageable toxicity. Decreased
BCMA expression on residual MM cells post-infusion may be an escape mecha-
nism reflecting CART-BCMA-induced immune editing. These data also provide
further support for exploration of CART-BCMA in relapsed/refractory MM.

2.5.3 CRB-401: A Multicenter Trial Phase | Dose
Escalation Trial of bb2121

Berdeja et al. (2017) assessed safety and efficacy of the CAR T-cell modality in
relapsed and refractory MM (RRMM), by designing a CAR construct targeting
BCMA. They reported the data at ASH® 2017. The bb2121 consists of autologous
T cells transduced with a lentiviral vector encoding a novel CAR incorporating an
anti-BCMA scFv, a 4-1BB costimulatory motif, and a CD3-zeta T-cell activation
domain. CRB-401 (NCT02658929) is a two part, multicenter phase I dose escala-
tion trial of bb2121 in patients with relapsed and refractory MM (RRMM) who have
received >3 prior regimens, including a proteasome inhibitor and an immunomodu-
latory agent, or are double-refractory, and have >50% BCMA expression on clonal
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plasma cells. Peripheral blood mononuclear cells are collected via leukapheresis
and shipped to a central facility for transduction, expansion, and release testing
prior to being returned to the site for infusion. Patients undergo lymphodepletion
with Flu (30 mg/m?) and Cy (300 mg/m?) daily for 3 days and then receive one infu-
sion of bb2121. The study follows a standard 3 + 3 design with planned dose levels
of 50, 150, 450, 800, and 1200 x 10° CAR* T cells. The primary outcome measure
is incidence of AEs, including DLTs. Additional outcome measures were quality
and duration of clinical response assessed according to the IMWG Uniform
Response Criteria for Multiple Myeloma, evaluation of MRD, overall and PFS,
quantification of bb2121 in blood, and quantification of circulating soluble BCMA
over time. As of May 4, 2017, 21 patients (median age 58 [37-74]) with a median
of 5 [1-16] years since MM diagnosis had been infused with bb2121, and 18 patients
were evaluable for initial (1-month) clinical response. Patients had a median of 7
prior lines of therapy (range 3—14), all with prior auto-HCT; 67% had high-risk
cytogenetics. Fifteen of 21 (71%) had prior exposure to, and 6 of 21 (29%) were
refractory to 5 prior therapies (bortezomib/lenalidomide/carfilzomib/pomalido-
mide/daratumumab). Median follow-up after bb2121 infusion was 15.4 weeks
(range 1.4-54.4 weeks). As of data cutoff, no DLTs and no treatment-emergent
grade III or higher neurotoxicities similar to those reported in other CAR T clinical
studies had been observed. CRS, primarily grade I or II, was reported in 15 of 21
(71%) patients: 2 patients had grade III CRS that resolved in 24 h, and 4 patients
received tocilizumab, 1 with steroids, to manage CRS. CRS was more common in
the higher-dose groups but did not appear related to tumor burden. One death on
study, due to cardiopulmonary arrest more than 4 months after bb2121 infusion in a
patient with an extensive cardiac history, was observed while the patient was in sSCR
and was assessed as unrelated to bb2121. The ORR was 89% and increased to 100%
for patients treated with doses of 1.5 x 10¥ CAR* T cells or higher. No patients
treated with doses of 1.50 x 108 CAR* T cells or higher had disease progression,
with time since bb2121 between 8 and 54 weeks. MRD-negative results were
obtained in all four patients evaluable for analysis. CAR* T-cell expansion has been
demonstrated consistently and three of five patients evaluable for CAR* cells at
6 months had detectable vector copies. The ORR was 100% at these dose levels
with eight ongoing clinical responses at 6 months and one patient demonstrating a
sustained response beyond 1 year.

2.5.4 Datafrom China with Unique Antigen-Binding Domain:
Late Breaking Abstract at ASCO" 2017

Fan et al. (2018) reported results using a CAR T designated LCAR-B38M CAR T,
which targets two different epitopes on BCMA and induce selective toxicity in
BCMA-expressing tumor cells.* A single-arm clinical trial was conducted to assess

*https://www.cancer.gov/publications/dictionaries/cancer-drug/def/792630. Accessed July 4,
2018.


https://www.cancer.gov/publications/dictionaries/cancer-drug/def/792630

16 S.A. Abutalib and S. 1. Gill

safety and efficacy of this approach. A total of 19 patients with RRMM were
included in the trial. The median number of infused cells was 4.7 (0.6-7.0) x 10%/
kg. The median follow-up was 208 (62-321) days. Among the 19 patients who
completed the infusion, 7 patients were monitored for a period of more than
6 months. Six out of the seven achieved CR- and MRD-negative status. The 12
patients who were followed up for less than 6 months met near CR criteria of modi-
fied EBMT criteria for various degrees of positive immunofixation. All these effects
were observed with a progressive decrease of M-protein and thus may eventually
meet CR criteria. In the most recent follow-up examination, all 18 surviving patients
were determined to be free of myeloma-related biochemical and hematologic abnor-
malities. CRS was observed in 14 (74%) patients who received treatment. Among
these 14 patients, there were 9 cases of grade I, 2 cases of grade II, 1 case of grade
II1, and 1 case of grade IV patient who recovered after treatments. A 100% objective
response rate (ORR) to LCAR-B38M CAR T cells was observed. Of 18 out of 19
(95%) patients reached CR or near CR status without a single event of relapse in a
median follow-up of 6 months. The majority (see footnote 1) of the patients experi-
enced mild or manageable CRS (Gardner et al. 2017).

2.6 Classic Hodgkin and Anaplastic Large-Cell Lymphomas

2.6.1 CD30-Directed CART Cell: Phase | Study in Patients
with Relapsed/Refractory Classic Hodgkin Lymphoma
(cHL) and Anaplastic Large-Cell Lymphoma (ALCL)

In an open-label, phase I study, Wang et al. (2017) reported results of 18 patients
including 1 with primary cutaneous ALCL and 17 with cHL. All patients received a
conditioning chemotherapy (three regimen options) followed by the CAR T-cell
infusion. The level of CAR transgenes in peripheral blood and biopsied tumor tis-
sues was measured periodically according to an assigned protocol by quantitative
PCR (qPCR). Eighteen patients were enrolled; most of whom were heavily pre-
treated or had extensive disease and received a mean of 1.56 x 107 CAR-positive T
cell’kg (SD, 0.25; range, 1.1-2.1) in total during infusion. CAR T-cell infusion was
tolerated, with grade >3 toxicities occurring only in 2 of 18 patients. Of 18 patients,
7 achieved partial remission and 6 achieved stable disease. An inconsistent response
of lymphoma was observed: lymph nodes presented a better response than extrano-
dal lesions, and the response of lung lesions seemed to be relatively poor. Lymphocyte
recovery accompanied by an increase of circulating CAR T cells (peaking between
3 and 9 days after infusion) is a probable indictor of clinical response. Analysis of
biopsied tissues by qPCR and immunohistochemistry revealed the trafficking of
CAR T cells into the targeted sites and reduction of the expression of CD30 in
tumors. The investigators concluded that future clinical trial protocols need to con-
sider the further optimization of conditioning regimens, the trial of multiple-cycle
infusions of CAR T cells, and intervention of the CAR T-cell protocol in the early-
disease stage.



2 Most Recent Clinical Advances in CAR T Cell and Gene Therapy 2017/2018 17

2.6.2 (CD30-Directed CART Cell: Another Phase | Study
in Patients with Relapsed/Refractory cHL and ALCL

Subsequently, Ramos et al. (2017) conducted a phase I dose escalation study in
which nine patients have relapsed/refractory EBV-negative cHL (n = 6 plus one
patient with composite lymphoma [diffuse large B-cell lymphoma evolved to
Hodgkin lymphoma]) and ALCL (rn = 2; one patient had cutaneous anaplastic
lymphoma kinase-negative and one patient had anaplastic lymphoma kinase-pos-
itive systemic ALCL). The patients were infused with autologous T cells that were
gene-modified with a retroviral vector to express the CD30-specific CAR T cell
encoding the CD28 costimulatory endodomain. Three dose levels, from 0.2 x 103
to 2 x 108 CAR T cell/m?, were infused without a conditioning regimen. All other
therapy for malignancy was discontinued at least 4 weeks before CAR T-cell infu-
sion. Seven patients had previously experienced disease progression while being
treated with brentuximab. No toxicities attributable to CAR T cells were observed.
Of seven patients with relapsed cHL, one entered CR lasting more than 2.5 years
after the second infusion of CAR T cells, one remained in continued CR for
almost 2 years, and three had transient stable disease. Of two patients with ALCL,
one had a CR that persisted 9 months after the fourth infusion of CAR T cells. The
expansion of CAR T cells in peripheral blood peaked 1 week after infusion, and
CAR T cells remained detectable for over 6 weeks. Although CD30 may also be
expressed by normal activated T cells, no patients developed impaired virus-spe-
cific immunity. The study concluded that appropriate tumor reduction and lym-
phodepletion before CAR T-cell infusion should enhance their clinical activity
without increasing toxicity. Since inhibition of PD1 is an appropriate option in
patients with relapsed HL (Ansell et al. 2015), future exploration of the synergy
between CAR T cell directed against CD30 and PD1/PD-L1 blockade seems
interesting to explore.

2.7 Considerations for Tisagenlecleucel Dosing Rationale

A recent abstract at ASCO® 2018, by Awasthi et al. (2018), analyzed data from piv-
otal phase II ELIANA [NCT02435849, n = 75], ENSIGN [NCT02228096, n = 29],
and JULIET [NCT02445248, n = 99] trials to investigate tisagenlecleucel dose-
related impact on efficacy, safety, and exposure. Unlike conventional drugs, the ulti-
mate number of T cells in the patient is a function of in vivo expansion and thus is
determined by various factors including patient characteristics (such as disease bur-
den), manufacturing attributes, and indication. Final product attributes (transduc-
tion efficiency, percentage T cells, cell viability, total cell count), exposure (maximal
in vivo expansion), efficacy, and safety were evaluated against dose. Dose and expo-
sure were independent. Increased probability of any grade or grade III/IV CRS was
associated with increase in dose in DLBCL; no impact was observed in
B-ALL. Clinically meaningful responses were observed across the dose range. The
proposed dose range, as CAR* viable T cells, were based on totality of these
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analyses considering the benefit-risk ratio (B-ALL: body weight < 50 kg, 0.2—
5.0 x 10%kg, for weight > 50 kg, 0.1-2.5 x 10%; DLBCL: 0.6-6.0 x 10%).

2.8 USFDA Approval of Tocilizumab® for Cytokine Release
Syndrome

CRS is the most common risk associated with CAR T-cell therapies. On August 30,
2017, the US FDA also (along with tisagenlecleucel [see above]) approved tocili-
zumab for the treatment of patients 2 years of age or older with CRS that occurs
with CAR T-cell therapy. In an analysis of data from clinical trials of CAR T cells,
69% of patients with severe or life-threatening CRS had resolution of CRS within
2 weeks following one or two doses of tocilizumab (see footnote 5).

29 Promise of Gene Therapy

After almost 30 years of promise tempered by setbacks, gene therapies are rapidly
becoming a critical component of the therapeutic armamentarium for a variety of
inherited and acquired human diseases (Dunbar et al. 2018) (see Chaps. 13 and 14).
Gene therapy has curative potential, whereby autologous hematopoietic stem cells
are genetically modified and transplanted, which would not be limited by a require-
ment for HLA-matched donors, resulting in onetime, lifelong correction devoid of
immune side effects. However, many challenges remain (see Table 2.1). Adeno-
associated virus and lentiviral vectors are the basis of several recently approved
gene therapies (Dunbar et al. 2018). New gene-editing technologies are in their
translational and clinical infancy but are expected to play an increasing role in the
field (Dunbar et al. 2018; Antony et al. 2018).

2.9.1 Cerebral Adrenoleukodystrophy

In X-linked adrenoleukodystrophy, mutations in ABCDI1 lead to loss of function of the
ALD protein. Cerebral adrenoleukodystrophy is characterized by demyelination and
neurodegeneration. Disease progression, which leads to loss of neurologic function and
death, can be halted only with allo-HCT (Eichler et al. 2017). A single group, open-label
phase II/III (STARBEAM) study (Eichler et al. 2017) evaluated the safety and efficacy
of autologous CD34* cells transduced with the elivaldogene tavalentivec (Lenti-D) len-
tiviral vector for the treatment of early-stage childhood cerebral adrenoleukodystrophy.
The inclusion criteria matched widely accepted eligibility criteria for allo-HCT in chil-
dren with cerebral adrenoleukodystrophy. A total of 17 boys received Lenti-D gene
therapy. At the time of the interim analysis, the median follow-up was 29.4 months

Shttps://www.fda.gov/Drugs/InformationOnDrugs/ApprovedDrugs/ucm574154.htm.  Accessed
July 4, 2018.
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Table 2.1 Challenges and future directions in cell-based genetic therapies

e Careful surveillance to assess long-term outcomes is essential
 Large multicenter prospective studies are needed to confirm the clinical efficacy and safety
* Prospective data are needed on the influence of disease biology with CAR T-cell therapies

* Disease- and patient-specific standardization and/or consensus on lymphodepleting
conditioning regimens

* Better understanding of therapy associated toxicities

« Identification of pre-therapy biomarkers or models that may allow efficient prediction of
clinical response to therapy

» Optimization/standardization of the cell dose and formulation

* Identification of new tumor-specific targets and subsequent development of dual- or even
triple-targeting CAR T-cell products

» Expansion of CAR T-cell therapy application to myeloid malignancies and solid tumors

» Exploration of gene therapy earlier in the disease course may be worthwhile in selected
group of patients

* Better understanding of in vivo kinetics of gene therapy products with clinical responses
and adverse effects is needed

» Exploration of gene-based therapy in mitigating allogeneic hematopoietic cell transplant-
associated graft-versus-host disease

* Advancement of third party “allogeneic” CAR T cells clinical trials

* Advancement and selection of best genome editing technologies

* Selected patients might benefit with additional therapeutic modalities pre- or post-CAR T
infusion (e.g., epigenetic modulation and PD-1 antibodies)

» Hospital partnerships with biotechnology and pharmaceutical industries with expertise in
manufacturing

¢ Cell and gene therapy product must be delivered in a safe and timely manner

» Standardization of generation and expansion of gene therapy products

» Standardization of quality control is needed

(range, 21.6-42.0). All the patients had gene-marked cells after engraftment, with no
evidence of preferential integration near known oncogenes or clonal outgrowth.
Measurable ALD protein was observed in all the patients. No TRM or GvHD had been
reported; 15 of the 17 patients (88%) were alive and free of major functional disability,
with minimal clinical symptoms. One patient, who had had rapid neurologic deteriora-
tion, died due to disease progression. Another patient, who had evidence of disease pro-
gression on MRI, withdrew from the study to undergo allo-HCT and unfortunately died
later from transplantation-related complications. These results suggest that autologous
CD34* cells transduced with Lenti-D are at least as effective as conventional allo-HCT
for the treatment of cerebral adrenoleukodystrophy and may be safer.

2.9.2 Transfusion-Dependent -Thalassemia: Results of HGB-
204 and HGB-205 Studies

Donor availability and transplantation-related risks limit the broad use of allo-HCT
in patients with transfusion-dependent f-thalassemia. After investigators previously
established that lentiviral transfer of a marked f-globin (pA™Q) gene could
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substitute for long-term red-cell transfusions in a patient with B-thalassemia, they
attempted to evaluate the safety and efficacy of such gene therapy in patients with
transfusion-dependent f-thalassemia (Thompson et al. 2018). In the two, phase I/II
studies (Thompson et al. 2018), investigators obtained mobilized autologous CD34*
cells from 22 patients (age 12-35 years) with transfusion-dependent -thalassemia
and transduced the cells ex vivo with LentiGlobin BB305 vector, which encodes
adult hemoglobin (HbA) with a T87Q amino acid substitution (HbA™"Q). The cells
were then reinfused after the patients had undergone myeloablative busulfan condi-
tioning. At a median of 26 months (range, 15—-42) after infusion of the gene-modified
cells, all but 1 of the 13 patients who had a non-p%° genotype no longer required
red blood cell transfusions; the levels of HbA™? ranged from 3.4 to 10.0 g per deci-
liter, and the levels of total hemoglobin ranged from 8.2 to 13.7 g per deciliter.
Correction of biologic markers of dyserythropoiesis was achieved in evaluated
patients with hemoglobin levels near normal ranges. In nine patients with a p%f°
genotype or two copies of the IVS1-110 mutation, the median annualized transfu-
sion volume was decreased by 73%, and red-cell transfusions were discontinued in
three patients. Treatment-related AEs were typical of those associated with autolo-
gous hematopoietic cell transplantation. No clonal dominance related to vector inte-
gration was observed. The study (Thompson et al. 2018) concluded that gene
therapy with autologous CD34+* cells transduced with the LentiGlobin BB305 vec-
tor reduced or eliminated the need for long-term red-cell transfusions in 22 patients
with severe p-thalassemia without serious AEs related to the drug product.

2,10 Challenges

While exciting, it is important to note that most extant clinical data have short-term
follow-up. Using CAR T cells for B-ALL as an example, the high response rates at
early time-points translate to no higher than 50% disease-free survivals (DFS)
beyond 6 months (Park et al. 2018; Maude et al. 2014). Leukemia relapses on these
trials occurred either with loss of the CD19 antigen (a form of immunoediting)
(Sotillo et al. 2015) or due to inadequate persistence of the CAR T cells (Park et al.
2018; Maude et al. 2014). Responses are lower in lymphomas than in ALL for rea-
sons that remain incompletely elucidated, although complete responses in those
lymphoma patients do appear to be durable. Thus, there is clearly room to improve
(Table 2.1 and see text below). Widespread clinical deployment of these therapies
has only just begun with the recent US FDA approval of tisagenlecleucel (see foot-
notes 1 and 3) and axicabtagene ciloleucel (see footnote 2) and will highlight logis-
tical challenges associated with centralized manufacturing products from patients
located at widely dispersed institutions. As noted above, the registration trials for
both tisagenlecleucel (see footnotes 1 and 3) and axicabtagene ciloleucel (see foot-
note 2) showed that this is feasible, and we now await post-marketing experience.
Further challenges to overcome are the frequent and at times severe toxicities that
are beginning to seem to be a “class effect” of CAR T cells. CRS appears to be
mediated by a cross talk between the infused T cells and the patient’s endogenous
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myeloid cells (Giavridis et al. 2018) yet whether CRS can be dissociated from the
antitumor effect remains uncertain. Neurotoxicity, at least in patients with R/R
ALL, seems to be related to disruption of the blood-brain barrier and correlates with
high tumor burden, peak CAR T-cell expansion, and high levels of serum cytokines
(Santomasso et al. 2018). Neurotoxicity is a particular challenge since specific ther-
apy for this complication is lacking. Also noteworthy of reported trials is that
patients have received T-cell products comprising often random compositions of
CD4* and CD8* naive and memory T cells, meaning that each patient received a
different therapeutic product. Such variation may have influenced the efficacy of
T-cell therapy and complicates comparison of outcomes between different patients
and across trials (Sommermeyer et al. 2016). Another barrier to the overall success
of CAR T-cell strategies has been the exclusion of research participant enrollment
(Singh et al. 2016). In addition, the hurdles for gene therapy for nonmalignant and
other non-hematologic disorders remain, including understanding and preventing
genotoxicity from integrating vectors or off-target genome editing, improving gene
transfer or editing efficiency to levels necessary for treatment of many target dis-
eases, preventing immune responses that limit in vivo administration of vectors or
genome editing complexes (Dunbar et al. 2018; Khalil et al. 2016) (Table 2.1).

2.11 Future Directions

More effective and safer genetic engineering approaches have generated great
enthusiasm in the field of hematologic malignancies (CAR T cells) and immunode-
ficiencies or hemoglobinopathies (hematopoietic stem cells gene engineering) (see
subsequent chapters in the book). Other than the challenges outlined above and in
Table 2.1 for the existing therapies, an enormous challenge remains in translating
these therapies beyond the relatively few patients with lymphoid hematologic
malignancies. In adults, acute myeloid leukemia is more common than ALL, and
myelodysplastic syndromes remain incurable without allo-HCT. Yet due to the lack
of a suitable myeloid antigen that is specific to cancer cells, approaches that can
bring the power of CAR T-cell therapy to bear on myeloid malignancies remain an
area of active investigation (Kim et al. 2018; Buddee et al. 2017) with a paucity of
clinical results to date (NCT02159495 (Buddee et al. 2017) and NCT03190278). An
even bigger problem and richer prize is the area of solid tumors, where CAR T cells
have met with very little success to date. Here the issue is likely to be not only the
lack of a suitable antigen but also the presence of a very immunosuppressive tumor
microenvironment (TME) that is not conducive to T-cell activity. In the arena of
solid tumors, the most convincing (albeit sparse) results have come from the infu-
sion of ex vivo expanded tumor-infiltrating lymphocytes (TILs) into a select few
patients with some very impressive results (Zacharakis et al. 2018; Tran et al. 2015,
2016, 2017). It is tempting to speculate that combining antigen-specific T cells with
suitable inhibitors of negative signaling in the TME might yield more convincing
responses. Finally, further work to streamline, harmonize, and simplify the manu-
facturing process is underway and could ultimately increase the feasibility and
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reduce the costs associated with genetically engineered cellular therapy, thereby
moving it from a cottage industry into the mainstream.
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3.1 Introduction

The first results of human clinical trials using chimeric antigen receptor T-cell
(CAR-T-cell) technology were conducted from 1997 to 2000 in patients infected
with the human immune deficiency virus (HIV) (Deeks et al. 2002; Mitsuyasu et al.
2000). These studies provided the proof of concept for this technology and allowed
for its application to other diseases, such as cancer. The initial cancer-specific CAR
studies were reported in 2006; it used genetically modified T cells in patients with
renal cell carcinoma or ovarian cancer (Lamers et al. 2006; Kershaw et al. 2006).
Following these initial publications, there have been many basic and clinical
research studies that improved the technology, making it more effective and feasible
for use in patients with various cancers (Till et al. 2008; Jensen et al. 2010; Porter
et al. 2011; Kochenderfer et al. 2012; Brentjens et al. 2011; Davila et al. 2014).

Toxicities are one of the main limiting factors for wide applicability of CAR-T-
cell therapy. Those adverse events include neurotoxicity and cytokine release syn-
drome (CRS). The mechanisms contributing to some of these adverse effects are not
fully understood, but significant effort has been devoted to describe the clinical
course of these complications and provide strategies to mitigate these toxicities in
treated patients (Grupp et al. 2013; Teachey et al. 2016; Lee et al. 2015).
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Several questions remain. What are the requirements for antitumor specificity?
Can targeted tumor antigens also be expressed by normal tissues, and if so what
types of tissues? Can tumor antigens be targeted that are selectively overexpressed
by the tumor but still expressed on normal tissues, albeit at low or trace levels? Are
all tumors equally sensitive to CAR-T cells? What is the best source of the effector
T cells—autologous or allogeneic T cells— or T cells isolated from the blood or
from the tumor microenvironment, the so-called tumor-infiltrating lymphocytes
(TILs)? Is it better to use TCR or single chain antibodies to redirect CARs?
Resolving these questions and other questions will be critical for the full develop-
ment of an adoptive cellular therapy. Unfortunately, in vitro testing and animal mod-
els do not always provide the means to resolve these questions, mandating the use
of clinical trials to address these uncertainties.

In spite of these significant obstacles, adoptive cell immunotherapy provides the
exciting potential to offer curative treatments to patients with cancers found intrac-
table with current therapies. Moreover, emerging clinical evidence suggests some
patients with intractable cancers may have prolonged remissions and a potential
cure following treatment with CAR-T cells (Lee et al. 2015; Maude et al. 2015;
Scholler et al. 2012; Feldman et al. 2015).

3.2  Generation of Chimeric Antigen Receptors

Conceptually, the CAR design allows the gene-modified cell (T cell, NK cell, or
other effector immune cells) to acquire new target specificity. Additional features
include built-in stimulation signals such as co-stimulatory molecules, cytokine pro-
duction, or cell activation/modulatory signals (Gill and June 2015; Rosenberg and
Restifo 2015).

Genetically engineered immune receptors used in CARs have minimum five
elements:

(1) A target-binding domain—this typically is composed of a polypeptide sequence
of the light and heavy chains from a single chain antibody (scFV). Other
receptor-ligand molecules can replace this domain provided that they have suf-
ficient specificity and affinity. Examples of the latter include protein-protein
binding constructs designed using HIV-gp120-binding CD4-CD3( (Romeo and
Seed 1991), cytokines for cytokine receptors (e.g., IL3-IL-13Rx) (Brown et al.
2012), receptor-ligand constructs (e.g., CD27-CD70) (Shaffer et al. 2011), or
pattern recognition receptors, such as Dectin-1 for targeting the f-glycan on
Aspergillus (Kumaresan et al. 2014).

(2) A hinge domain—this provides flexibility to the target-binding domain, allow-
ing it to bind the target antigen without steric hindrance.

(3) A transmembrane domain—this allows the chimeric receptor to pass through
the plasma membrane and remain tethered to the effector cell.

(4) A primary signaling domain—this typically is derived from the T-cell receptor
(CD3 € chain).
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(5) Co-stimulatory domains—these stabilize and amplify the activation signal, enhanc-
ing proliferation and long-term survival of CAR-expressing T cells. Several exam-
ples of such co-stimulatory domains are derived from the cytoplasmic domains of
CD27,CD28, CD134 (0X40), CD137 (4-1BB), or CD244 (ICOS). The cytoplas-
mic domain of CD28 induces expression of IL-2, making the T cell relatively
resistant to suppression by regulatory T cells (Maher et al. 2002). CARs con-
structed with the cytoplasmic domain of CD137 apparently have enhanced in vivo
persistence, antitumor activity, and enhanced capacity to traffic to the tumor cells
compared to CAR-T cells lacking this domain (Ellebrecht et al. 2016). Contact
with tumor cells bearing the target antigen then induces the cytokine production
(e.g., IL-2 and others), proliferation, and expansion of CAR-T cells in vivo.

Most CARs have target-binding domains derived from the scFv of antibodies
that bind the target antigens. The use of target-binding domain derived from scFv,
rather than the standard TCR, confers several advantages, including increased bind-
ing affinity and specificity for antigens rather than peptides presented in the context
of major histocompatibility complex (MHC) antigens, the typical types of antigens
recognized from standard TCRs. Moreover, unlike TCR-based recognition, CAR
recognition is not dependent on processing and presentation of antigen by the MHC,
which often might be lost on the surface of tumors cells that have escaped host
immune surveillance (Spranger 2016). However, CARs generated from antibody
scFv may lack the ability to target intracellular molecules that are not expressed on
the cell surface. For this reason, some CARs are derived from TCR or engineered
receptors that target peptides presented by the MHC. A proof of concept used recep-
tors that exclusively recognized MHC-presented peptides derived from the intracel-
lular protein WT1 (Dao et al. 2013; Houen 2015).

3.3 Different Types of Chimeric Antigen Receptors

The so-called first-generation CARs have one stimulatory cytoplasmic domain
(e.g., CD3(), whereas the so-called second- or third-generation CARs have a stimu-
latory cytoplasmic domain and one or two co-stimulatory cytoplasmic domains,
respectively (Fig. 3.1). The incorporation of a single co-stimulatory molecule in
addition to the CD3 € chain (second-generation CAR) enhances persistence, expan-
sion, and other T-cell functions. However, it is not clear whether or not the addition
of other co-stimulatory signals provides additional benefit (Rosenberg and Restifo
2015). In addition to signals 1 and 2, T cells typically require a third signal to
achieve and sustain full activation. This third signal is mediated through the com-
mon y-chain cytokine receptor, and a coordinated delivery of certain cytokines acti-
vates this receptor enhancing CAR-T-cell functions (Brentjens et al. 2011; Davila
et al. 2014; Grupp et al. 2013). Particular characteristics and optimization of the
CAR depends on the assembly of those domains and their interaction with each
other. Intense research is focused now on defining optimal CARs that provide robust
clinical responses without collateral toxicities.
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Fig. 3.1 The evolution of CAR-T-cell receptors

In theory, the native TCR complex signaling could participate in the signaling pro-
cess as well. However, it appears the signaling process through the native TCR complex
may be impaired, as implied by the lack of graft-versus-host disease in patients with
B-cell acute lymphoblastic leukemia (ALL) who received allogeneic T cells modified to
express CARs (Lee et al. 2015; Brudno et al. 2016; Maude et al. 2014). Nonetheless,
some investigators have advocated the use of gene-editing techniques to eliminate the
expression of native TCR molecules should this turn out to be a problem in future clini-
cal trials using allogeneic T cells as a source of CAR-T cells (Torikai et al. 2012).

3.4 GeneTransfer into T Cells and CAR-T-Cell Expansion

The transfer of the genetic material encoding the CAR into the target cell can be
achieved by virus vectors or by physical or mechanical procedures. The most com-
monly used virus vectors are gamma retrovirus or lentivirus, which each has the
capacity to integrate into the host cell genome to potentially allow for long-term
transgene expression. Lentivirus vectors have the added advantages of allowing for
transgene expression in nondividing cells, being potentially less immunogenic and
being able to deliver larger amounts of genetic material (Oldham et al. 2015).
Despite concern about potentially disrupting essential genes through the insertion of
the virus into the genome, so-called insertional mutagenesis, this has yet to be
observed as a problem with the virus vectors used to produce CAR-T cells. Also,
virus vectors that do not integrate into the genome, such as adenovirus vectors,
allow for only transient gene expression that is not maintained in successive genera-
tions of daughter cells (Castro et al. 2012; Chirmule et al. 1999). For this reason,
most translational teams use gamma retrovirus vectors or lentivirus vectors, and the
selection of the virus-vector platform usually depends on the investigator’s exper-
tise with a particular vector system.
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Nonetheless, there are examples of nonvector-mediated transfer. These include
the transposon/transposase system (Sleeping Beauty) (Singh et al. 2015), electro-
poration of plasmids and in vitro transcribed mRNA among others (Jones et al.
2015). These vectors are much easier to make and to produce, thereby mitigating
costs; however, it remains to be seen whether they can provide for the long-term
expression of the transgene required for effective CAR-T-cell therapy.

Once gene transfer takes place, the next challenge is to generate large quantities
of CAR-T cells using the rigorous Good Manufacturing Practice (GMP) standards
that are required for infusion of the vector-modified CAR-T cells into patients. The
first step of T-cell activation and expansion is achieved using anti-CD3 (OKT3
clone) plus anti-CD28 antibodies, anti-CD3/CD28 beads, or artificial antigen-
presenting cells (Rushworth et al. 2014; Cooper 2015; Levine and June 2013). The
final step requires addition of cytokines such as IL-2, IL-7, IL-12, IL-15, and/or
IL-21 (Rosenberg and Restifo 2015; Levine and June 2013; Klebanoff et al. 2016).
Again, the selected methodology depends greatly on the investigative team’s exper-
tise and use of cytokines required to obtain “optimal” expansion, which generally
takes 2—6-week time.

Another important aspect is the phenotype of T cells to be amplified. Apheresis
products obtained from patients typically contain naive, central, effector, and pos-
sibly memory stem cells. Each subset could differ in their capacity to effect cytotox-
icity of the target tumor cell and persist in the patient for sufficient time to be
clinically effective. Defining the optimal composition of the “pool” of T cells to be
expanded and the phenotype of the final product before infusion to the patient will
require evaluation in clinical trials (Feldman et al. 2015).

Overall, one major challenge for CAR technology is the number of variables
that needs to be adjusted to generate a product with reproducible characteristics
from time to time and facility to facility. Ultimately, rigorous quality controls are
required to monitor closely these biological products manufactured under GMP
conditions.

3.5 Trafficking Homing and In Vivo Activity of CAR-T Cells

After infusion of CAR-T cells, they must home to the tumor cells and exert cyto-
toxic activity. As such, these engineered cells need to home to the site of the tumor,
overcome immune-suppressive signals elaborated by the cancer cells and/or the
tumor microenvironment, and persist and/or multiply to maintain effective immune
surveillance against residual cancer cells. The biology involved in most of those
steps is not fully known, but some recent findings have helped elucidate critical
steps associated with each one of these processes.

Chemotherapy or radiation therapy is used as a conditioning regimen prior to
infusion of CAR-T cells. Such conditioning improves CAR-T-cell trafficking, hom-
ing, and persistence by reducing the numbers of the patient’s own lymphocytes, a
process called lymphodepletion. Available data suggest that lymphodepletion
enables the infused T cells to take advantage of the conditions that facilitate early
stages of homing and proliferation. This process is mediated potentially by an
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inflammatory reaction of lymphoid and cancer tissues, as well as by depleting
immune cells that otherwise could complete for resources, such as cytokines/che-
mokines. The end result is an environment where CAR-T cells find appropriate
concentrations of driving cytokines as well as tissue-homing conditions for engraft-
ment and proliferation. The timing of CAR-T-cell infusion after the lymphodeple-
tion regimen also is critical and may determine the functional potential of the
infused cells (Gill and June 2015; Oluwole and Davila 2016; Davila et al. 2012;
Brentjens et al. 2011).

Another problem is defining the optimal dose of CAR-T cells that are required to
mediate an effective antitumor effect. Most clinical trials have based CAR-T-cell
dose on body surface area or the patient’s weight. However, other factors may be
more relevant, such as the extent of the patient’s tumor burden, the type of condi-
tioning regimen, the timing of the CAR-T-cell infusion, and the presence of in vivo
cytokines or immune-suppressive factors that may enhance or mitigate the function
of CAR-T cells (Lee et al. 2015; Chen et al. 2016).

The site of CAR-T-cell distribution and expansion has been studied using track-
ing techniques. In general, it appears that T cells are distributed throughout highly
perfused organs, such as the lung, liver, and spleen (Dobrenkov et al. 2008; Parente-
Pereira et al. 2011). After this initial phase of global distribution, CAR-T cells
migrate toward tissues that bear the target antigen and/or may be induced to prolif-
erate upon chance encounter with cells bearing the target antigen. Problems with the
biodistribution of CAR-T cells and off-target effects can generate significant toxic-
ity (Brudno and Kochenderfer 2016). Recruitment of the infused CAR-T cells and
expansion in or near the tumor microenvironment depends on the microcirculation,
expression level of the target antigen, and/or the tumor-cell expression of immune-
suppressive checkpoint inhibitors of T-cell activation or proliferation (Cherkassky
et al. 2016; Beavis et al. 2016).

In addition, the persistence of the CAR-T cells may be impacted by the develop-
ment of an immune response against the CAR-T cells in the treated patient (Davis
et al. 2010), thereby limiting the persistence of the CAR-T cells and limiting the
potential for subsequent re-treatment with the same CAR-T cells. The scFv binding
sites derived generally are derived from mouse antibodies, which may be more
immunogenic than scFv derived from humanized antibodies. Also, the chimeric
receptors themselves may make for neo-antigens that could be targeted by the
patient’s immune system.

After initial expansion of the CAR-T cells, it is important to maintain tumor
surveillance and persistence of memory-type CAR-T cells. Certain cytokines, such
as IL-7 and IL-15, play important roles in T-cell expansion and persistence of mem-
ory T cells without increasing the numbers of regulatory T cell (Barrett et al. 2014).
The duration of persistence of CAR-T cells that will provide superior clinical out-
come is unknown. However, one can speculate that ongoing CAR-T-cell immune
surveillance is required to eradicate minimal residual disease and enhance the
chances of achieving curative therapy. It is important to note that memory CAR-T
cells can have a life span of many years and long-term follow-up of patients with
HIV infections or hematological malignancies has shown that engineered T cells
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can be detected for more than 10 years after their infusion (Porter et al. 2011;
Scholler et al. 2012).

New emerging technologies using cotransduction/transfection of bi-specific
target-binding or cytokine domains into the CAR-T cells will allow enhancing these
steps of trafficking, homing, and persistence (Magnani et al. 2016; Liu et al. 2016;
Riet et al. 2013).

3.6 Cellular Immunotherapy for B-Cell Lymphoma
and Leukemia

Our team at the University of California, San Diego (UCSD), conducted the first
studies of cellular therapy applied to chronic lymphocytic leukemia (CLL) in the
late 1990s, using autologous CLL leukemia cells transduced ex vivo with an adeno-
virus vector expressing chimeric (mouse/human) CD154 (Ad-CD154) (Castro et al.
2003; Wierda et al. 2000; Kato et al. 1998). The goal of these studies was to gener-
ate leukemia cells that express homologs of CD154 so that these cells would stimu-
late themselves and bystander leukemia cells into becoming proficient
antigen-presenting cells capable of inducing antileukemia immune responses.

Transduction of CLL B cells with Ad-CD154 induced the leukemia cells to
express immune co-stimulatory molecules, thereby enhancing their capacity to
present antigens to autologous T lymphocytes (Kato et al. 1998). Eleven patients
received a single infusion of autologous CLL cells transduced ex vivo with
Ad-CD154 (Wierda et al. 2000). Nearly all treated patients exhibited increased
serum levels of IL-12 and IFN-y, enhanced expression of immune co-stimulatory
molecules on bystander leukemia cells, increased absolute numbers of blood T
cells, and reduced blood leukemia cell counts and lymph node size. After additional
infusions of Ad-CD154-transduced cells, patients experienced stabilization of dis-
ease and/or regression, obviating early additional treatment. Two of the treated
patients did not require additional therapy 4 years after treatment (Castro et al.
2003).

On subsequent studies, we tested an adenovirus vector expressing a membrane-
stable humanized homolog of CD154 (Ad-ISF35) (Wierda et al. 2010). Patients
with CLL (two previously untreated and seven with relapse/refractory disease)
received dose-escalation administration of autologous leukemia cells transduced
with Ad-ISF35. Similar to what was observed in patients receiving Ad-CD154, the
infusions were well-tolerated; clinical benefit was observed in most patients, includ-
ing patients with high-risk CLL cells that had deletions in the short arm of chromo-
some 17 (dell7p).

We also investigated whether Ad-ISF35 could be directly injected into tumor-
infiltrated lymph nodes of patients with CLL. Fifteen patients with CLL received a
single ultrasound-guided injection into an enlarged lymph node of 1-30 x 10"
Ad-ISF35 viral particles in four different dose cohorts. Injections were well-
tolerated with some patients developing local swelling, erythema, and “flu-like”
symptoms. Some patients in the highest-dose cohorts had transient and
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asymptomatic hypophosphatemia and neutropenia. Ad-ISF35 intranodal injection
resulted in significant reductions in blood leukemia cell counts, lymphadenopathy,
and splenomegaly in the majority of patients. Although there was no evidence for
dissemination of Ad-ISF35 beyond the injected lymph node, direct intranodal injec-
tion of Ad-ISF35 induced CLL cells circulating in the blood to express death recep-
tors, pro-apoptotic proteins, and immune co-stimulatory molecules, suggesting a
“bystander” systemic effect (Castro et al. 2009).

These studies using transduced autologous CLL cells with homologs of CD154
showed the potential to elicit an antileukemia immune response even in patients
who have been pretreated with immunosuppressive therapy. Moreover, the antileu-
kemia effect was associated with antibody production against a leukemia-associated
surface antigen, which we identified as ROR1 (Fukuda et al. 2008). ROR1 is an
oncoembryonic surface antigen and survival-signaling receptor for Wnt5a. We con-
cluded that patients treated with Ad-CD154 transduced CLL cells had significant
immune stimulation leading to a break in immune-tolerance to leukemia-associated
antigens, such as RORI.

Our current efforts have focused on development of CAR-T cells that express a
svFV specific for ROR1, with the goal of engineering T cells that are cytotoxic for
cells bearing this antigen, which is expressed on the neoplastic cells of a variety of
human cancers, but not on normal postpartum tissues (Deniger et al. 2015). Using
the Sleeping Beauty transposon system, we constructed second-generation ROR1-
specific CARs, signaling through CD3( and either CD28 (designated ROR1RCD28)
or CD137 (designated ROR1RCD137). After transfection, we selected and expanded
T cells expressing CARs through co-culture with gamma-irradiated artificial APC
cells (AaPC), which co-expressed ROR1 and immune co-stimulatory molecules.
Such T cells produced interferon-gamma and had specific cytotoxic activity against
RORI1* tumors. Moreover, such cells could eliminate ROR1* tumor xenografts,
especially T cells expressing ROR1RCD137. We anticipate that current and future
clinical trials will help us investigate the ability of RORI-CAR-T cells to specifi-
cally eliminate tumor cells, while maintaining normal B cells, in patients with CLL
and other ROR1* malignancies (NCT02194374).

3.7 CAR-T Cells for B-Cell Lymphoma and Leukemia

The first clinical study using CAR-T cells in hematological malignancies was
reported in patients with indolent lymphoma that received T cells that had been
electroporated to express an anti-CD20 target-binding domain (Till et al. 2008).
Most patients achieved stable disease and toxicities that were manageable; the engi-
neered T cells persisted in treated patients for up to 9 weeks. This proof-of-concept
study inspired a rapid development in the field; since 2010 the number of publica-
tions has been expanding exponentially (Table 3.1).

Different subtypes of B-cell malignancies have been treated with CAR-T cells to
date, including acute and chronic lymphocytic leukemia, as well as low- or high-
grade lymphoma. Collectively, these clinical trials have allowed us to evaluate
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different genetic transfer methods, construct designs, immune co-stimulatory mol-
ecules, different T-cell expansion protocols, cell doses, and lymphodepletion
regimens (Jensen et al. 2010; Oluwole and Davila 2016; Savoldo et al. 2011; Porter
etal. 2011).

The following are important conclusion from those studies: (1) lymphodepletion
can promote engraftment and expansion (cyclophosphamide, with or without fludara-
bine, is most commonly used); (2) second-generation constructs that carry at least one
co-stimulatory molecule are more potent; (3) the most responsive disease to date is
B-cell ALL; (4) adverse events can be of high grade and include CRS and neurotoxic-
ity; (5) there does not appear to be a clear dose-response relationship between the
amount of infused CAR-T cells and the clinical response; (6) CAR-T cells can pene-
trate the central nervous system, making it possible that CAR-T cells are responsible,
at least in part, to the neurotoxicity observed in some treated patients; (7) CRS is medi-
ated in part by the activation of macrophages; and (8) allogeneic donor cells conserve
their proliferative and cytotoxic potential and do not appear to induce GvHD (Table 3.2)
(Davila et al. 2014; Feldman et al. 2015; Brudno et al. 2016; Cruz et al. 2013).

Despite the excellent initial response observed in patients with B-cell ALL after
anti-CD19 CAR-T-cell therapy, it is of concern that some patients relapse with blast
cells that are CD19 negative. This appears to result from the selection of variant
tumor cells that have lost expression of this B-lineage surface antigen, indicating the
potential need for CAR-T cells that target different surface antigens to completely
eradicate residual disease; target surface antigens that have been examined in pre-
clinical models for the treatment of B-cell malignancies include CD22, CD23, or
RORI (Deniger et al. 2015; Haso et al. 2013; Giordano Attianese et al. 2011; Berger
et al. 2015). As expected, there are potential advantages and disadvantages of each
model, the level of expression of the target molecule in each pathological subtype,
variability of expression within the tumor, expression in healthy cells/tissue, and
potential for off-target effects are some of the limiting factors that will affect the
development of CAR-T cells specific for such target antigens.

3.8 CAR-T-Cell Therapy for Acute Myeloid Leukemia (AML)

Patients with relapsed/refractory AML have a very poor prognosis and high mortal-
ity rate. The standard treatment for such patients is allo-HCT, which carries a high
risk for complications, such as infection or GvHD, leading to high transplant-related
mortality (Schiller 2013). Immune-effector mechanisms may account for the fact
that patients with AML appear to have a better outcome following allogeneic stem
cell transplantation than autologous stem cell transplantation. However, because
AML is a malignancy of the hematopoietic stem cell, it is challenging to find a tar-
get antigen that is expressed by AML blast cells that is not expressed on normal
hematopoietic stem cells.

For sure, a clinical trial has used CAR-T cells to treat patients with AML. The
group at the University of Melbourne treated four patients with a CD28-co-
stimulated retrovirus-transduced CAR-T-cell product targeting the Lewis Y
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antigen, a carbohydrate antigen that is expressed by many human tumors (Ritchie
et al. 2013). Minimal toxicity was observed and two patients experienced minor
responses. Of interest, trafficking studies, using radiolabeled CAR-T cells,
showed migration of T cells to sites of the disease. Moreover, one patients with
leukemia cutis developed inflammation in a cutaneous lesion, which upon biopsy
was found to have CAR-T cells. However, clinical responses were not evident in
most patients, despite prolonged persistence of the CAR-T cells, suggesting more
work needs to be done to define the target antigen(s) and/or type of CAR-T cell
that may be most effective.

Another potential target in AML for development of CAR-T cells is CD123
(IL-3 receptor), expressed both on AML blasts and hematopoietic precursor cells.
There is an ongoing clinical study at the City of Hope in Los Angeles, investigating
the use of a lentivirus vector to generate CAR-T cells expressing a CD123-binding
CAR, which is the CD123-specific, hinge-optimized, CD28-costimulatory con-
struct (NCT02159495).

CD33 also is a potential target, based on the noted clinical activity of the anti-
CD33 antibody gemtuzumab ozogamicin in patients with AML (Laszlo et al.
2014). Preclinical studies demonstrated that cytokine-induced killer (CIK) T cells
genetically modified to express anti-CD33, or anti-CD123, CARs are cytotoxic for
human AML cells engrafted on NOD-SCID IL2Rynull mice. However, because
CD33, like CD123, is expressed by hematopoietic precursor cells, there is a risk
that CD33-directed CAR-T cells also may be cytotoxic for hematopoietic stem
cells. Early preclinical studies suggest that CD33 CAR-T cells may be more toxic
for hematopoietic stem/progenitor cells (HSPCs) than CD123-directed CAR-T
cells (Pizzitola et al. 2014).

Other antigens include CD44v6, a CD44 isoform expressed on some AML blasts
and myeloma cells. Anti-CD44v6 CAR-T cells mediated potent antitumor effects in
mouse models (Casucci et al. 2013). However, this splice variant is expressed on
keratinocytes, potentially contributing to the skin inflammation observed in patients
treated with anti-CD44v6 mAbs (Casucci et al. 2013). Other antigens that are
expressed on HSPCs and could be potential targets for CAR-T cells include CD123,
CD47, or CD96, CLL-1, (CLEC12A). However, because expression of these anti-
gens is not restricted to the tumor cells, there is the risk for side effects due to off-
target cytotoxicity, constituting perhaps the major obstacle for translation of such
CARs to the clinic.

A series of AML-associated antigens were identified using SEREX screening of
recombinant cDNA expression libraries from newly diagnosed acute myeloid leu-
kemia (AML) patients. The antigens found included PASDI1, SSX2IP, and
GRINL1A. RT-PCR analysis showed that these antigens are expressed in AML
cells, but not in blood cells of healthy adults. Moreover, antigen presentation assays,
using monocyte-derived dendritic cells (mo-DCs), showed that PASD1 could stimu-
late autologous T cells, suggesting that PASD1 could be a promising target for
future immunotherapy clinical trials, including CAR-T-cell-based adoptive immu-
notherapy (Guinn et al. 2005).
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3.9 CAR-T-Cell Therapy for Hodgkin Lymphoma

The hallmarks of Hodgkin lymphoma (HL) are Reed-Sternberg (HRS) cells and a
lack of B-cell-associated surface antigens. Instead, HL has intense expression of
CDI15 and CD30. CD30 can be targeted with brentuximab vedotin, which is an
antibody-drug conjugate (ADC) that has produced clinical responses in HL patients
who were refractory to chemotherapy. Because of that success, CD30 appears to be
a suitable candidate for CAR-T-cell therapy. This has been confirmed through
in vitro studies of HL cell lines targeted with anti-CD30 CAR-T cells, as well as in
preclinical and clinical studies using an anti-CD30/CD16A bi-specific antibody
construct AFM 13 (Rothe et al. 2015). There are at least two trials targeting CD30
for treatment of patients with HL (NCT01192464 and NCT01316146).

3.10 CAR-T-Cell Therapy for Myeloma

Multiple myeloma (MM) is still a non-curable disease, despite advances in bone
marrow transplantation and biological targeted therapy (Rajkumar 2015). Therefore,
there is a need for novel immunotherapy-based strategies. Currently, there are two
mAbs approved by the FDA for treatment of patients with refractory MM, daratu-
mumab (anti-CD38 antibody) and elotuzumab (antibody directed against signaling
lymphocyte activation molecule family 7—SLAMF?7). The clinical activity of these
two mAbs makes use of the antigens they find attractive targets for the development
of CAR-T cells.

The initial encouraging results from early-phase clinical trials of anti-CD19
CARs for B-cell malignancies prompted interest to test these CAR-T cells in
patients with MM. The group from the University of Pennsylvania reported on one
patient with refractory MM who received an infusion of anti-CD19 CAR-T cells
after myeloablative chemotherapy and autologous stem cell transplantation. One
patient achieved a complete response with no evidence of disease progression and
no measurable MM protein. What is probably more remarkable is the fact that
99.9% of the malignant plasma cells from this patient did not express CD19, raising
the intriguing possibility that the CD19-CAR-T cells targeted a myeloma precursor/
stem cell that expresses CD19 and that this was responsible for the observed clinical
activity (NCT02135406) (Garfall et al. 2015).

Both CD138 and CD38 are highly expressed by plasma cells but also by epithe-
lial cells and erythrocytes, respectively. This is a potential problem for the develop-
ment of CAR-T cells that target these antigens. Currently, there is an ongoing phase
I/II clinical trial of a CD137-costimulated CAR-T cells against CD138 in Beijing
(NCTO01886976). Other ongoing preclinical work and CAR-T cell clinical studies
are focusing on alternative MM targets, including immunoglobulin kappa light
chains, CD138, Lewis Y antigen, B-cell maturation antigen (BCMA), CD38, or the
cell surface glycoprotein SLAMF7 (CD319, CS1), which is targeted by elotuzumab,
as noted above (Rotolo et al. 2016; Oden et al. 2015; Peinert et al. 2010; Jiang et al.
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2014; Drent et al. 2016; Chu et al. 2014). Most of these clinical trials are designed
to infuse the CAR-T cells after treating the patients with high-dose chemotherapy
and autologous hematopoietic cell transplant; this is to examine whether such
CAR-T cells can eradicate minimal-residual disease and/or prolong progression
free survival.

3.11 CAR-T-Cell Therapy for T-Cell Malignancies

Patients with T-cell non-Hodgkin lymphoma (NHL) typically have a poor progno-
sis. Contrary to B-cell lymphomas, standard treatments are not defined, owing to
the rarity of T-cell lymphomas relative to B-cell lymphoma and relative dearth of
clinical trials. Consequently, there has been only very modest clinical progress in
this area.

Targeting T cells with immune-based strategies also is proving to be challenging,
mainly because the T cells are cellular vehicles of CAR-T-cell therapy; as such, it is
challenging to find T-cell tumor antigens that are expressed by T-cell lymphomas,
but not by normal T cells.

Based on previous clinical and preclinical data, T-cell-associated antigens that
may be targeted include:

(1) CD30—this is based on the good responses to brentuximab observed in patients
with anaplastic large cell lymphoma (Batlevi et al. 2016).

(2) CD52—this is based on the observed activity of alemtuzumab (an anti-CD52
antibody) in T-cell prolymphocytic leukemia and T-cell NHL (Gribben and
Hallek 2009).

(3) CD25 (IL-2 receptor)—this is based on the anti-T-NHL activity of CD25-
directed denileukin diftitox (Ontak), a fusion protein with interleukin-2
linked to enzymatically active, membrane translocation domains of diph-
theria toxin. This chimeric protein is approved by the FDA based on clini-
cal responses in patients with recurrent or persistent cutaneous T-cell
lymphoma (CTCL). In addition, the anti-CD25 antibody (basiliximab) is
active in GvHD prophylaxis and therapy of active GVHD (Schmidt-Hieber
et al. 2005).

(4) EBV-associated proteins—this is based on a recent clinical trial involving
patients with NK/T cell lymphomas who were treated with EBV LMP1- and
LMP2a-specific cytotoxic T cells.

Even though this trial did not involve the use of CAR-T cells, it showed that
specific effector cells against EBV-associated antigens expressed in NK and T
cells may be useful in patients with this type of NHL (Cho et al. 2015). However,
the problem remains that CAR-T cells engineered to express receptors could be
suicidal, making it potentially necessary to consider other effector cells to medi-
ate CAR-directed therapy for T-cell lymphomas, such as natural killer (NK)
cells.
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3.12 What Are the CARs of the Future

The technological advances in cellular engineering are moving at a fast pace, and
more and more CAR models are being tested in vitro and in animal models that are
being considered for use in clinical trials. Here are some examples of these
platforms:

3.12.1 Combinatorial Antigen-Recognition CARs

Current T-cell engineering approaches redirect patient T cells to tumors by trans-
ducing them with one antigen-specific receptor. However, using this strategy, T cells
are transduced with two CARs, one that provides suboptimal activation upon bind-
ing of one antigen and a second chimeric co-stimulatory receptor (CCR), which
recognizes a second antigen. When both CARs are engaged, the activation signal is
amplified. This increases the specificity of CAR activation and overcome the need
for expression of a solitary tumor-specific antigen on the targeted tumor cell. So far
this has been tested using the prostate tumor antigens PSMA and PSCA with good
results in vitro (Kloss et al. 2013).

3.12.2 Inhibitory Signaling CARs

This technology takes advantage of the negative feedback loops that regulate cel-
lular signaling, particularly in T cells. Using this design, two CARs are introduced
in the T cell. The first one is the activating chimeric receptor, and the second CAR
has an inhibitory component, or iCAR, derived from the cytoplasmic domains of
immune checkpoint inhibitors, such as CTLA-4- or PD-1. The activation and expan-
sion of these iCARs are modulated by the balance provided by the activation/inhibi-
tory signal, potentially allowing for less toxic antigen recognition, proliferation, and
cytotoxic effects. These iCARs provide a dynamic, self-regulating safety switch,
which could prevent consequences of inadequate T-cell specificity.

3.12.3 Off-the-Shelf (OTS)-CARs

This is probably one of the most promising strategies that are currently under devel-
opment. OTS—CARs respond to multiple challenges currently posed by the clinical
expansion and application of adoptive cellular therapy using cellular engineering.
One of those is the unparalleled logistics involved in the process of production of
the patient’s product, the rigorous quality controls involved in the process, and,
probably the most important, the time that this process takes before the cellular
product is delivered to the patient requiring therapy. The delay in generating person-
alized T-cell products could be highly problematic for patients afflicted with emi-
nently life-threatening malignancies. The ideal OTS-CAR should meet at least



46 J.E. Castro and T. J. Kipps

some of the following requirements: (1) A cellular product that can be prepared and
cryopreserved in advance. (2) The source of the immune cells ideally should be
from healthy donors previously screened for certain characteristics. (3) A biological
product that already is characterized with lots that are predetermined based on cel-
lular characteristics, activity and other quality control tests. (4) A product that has
been generated in a centralized manufacturing facility, meeting standards that allow
for reproducibility and comparability, mitigating the risk for batch-to-batch varia-
tion in cellular product. (5) A product that is ready to be shipped whenever there is
need, minimizing the time required for the patient to wait prior to therapy. (6) A
biological product that can be given to nearly all patients, using cells manipulated
through gene-editing techniques to remove endogenous TCRs, MHC antigens, and/
or minor histocompatibility antigens that potentially could be targeted by the
patient’s immune system resulting in an anti-CAR-T-cell immune response that
rejects the CAR-T cells.

An example of the clinical application of these OTS-CARs was recently
reported on a pediatric patient with ALL who was treated on a single-patient pro-
tocol under a compassionate-use IND (Qasim et al. 2015). In this report alloge-
neic HLA-mismatched donor T cells were transduced using a third-generation
self-inactivating lentivirus vector encoding a 4g7 CAR19 (CDI19 scFv-41BB-
CD3Q) linked to RQR&, an abbreviated sort/suicide gene encoding both CD34 and
CD20 epitopes. Alloreactivity and the risk of lethal GYHD were mitigated using
transcription activator-like effector nucleases (TALENs), which allowed for gene
editing of endogenous TCR and CD52 (rendering the cells insensitive to alemtu-
zumab (anti-CD52 antibody), which was used in vivo as conditioning agent). This
universal CAR19 (UCART19) cell bank has been characterized in detail, includ-
ing sterility, molecular and cytometric analyses, and human/murine functional
studies. The patient treated was an infant with refractory B-cell ALL who already
had allo-HCT. As part of the cytoreductive chemotherapy regimen, the patient
received alemtuzumab prior to infusion of UCART19 cells. The patient tolerated
the T-cell infusion well without any observed toxicity or manifestations of
CRS. The patient showed a good clinical response with a molecular complete
response, reconstitution of donor chimerism, and persistence of detectable
UCARTI19 T cells. This example represents the first-in-man application of
TALEN-engineered T cells and provides proof of concept for OTS-CAR-T-cell
applications that currently are undergoing testing in early-phase clinical trials
(NCT02808442).

3.13 Expert Point of View

The applications of adopted cellular therapy are expanding exponentially, bring-
ing exciting therapeutic alternatives to patients with intractable cancers.
Moreover, the expectation is that CAR-T-cell-based immunotherapy will expand
beyond oncology into areas such as infectious diseases, autoimmunity, or immune
deficiency.
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As we see the brisk progress in the field, we also need to realize the importance
to address and resolve critical questions before translating these discoveries to the
clinic.

The CAR design in itself possesses a big challenge. As described at the begin-
ning of this chapter, there are at least five domains that constitute the basic structure
of a CAR, and each one of them could and will be modified and improved in the
near future. Evaluation of first-generation and second-generation CARs showed an
enhanced persistence and expansion capabilities from the latter (Savoldo et al.
2011). In addition, most CARs are currently derived from murine antibodies, and
this increases the risk of human anti-mouse antibodies. Humanization or the target-
binding domain will probably abrogate the development of this immunological
reaction (Gattenlohner et al. 2006). How to assemble the most efficient and appro-
priate CAR for each medical condition will require significant amount of basic
research and ultimately evaluation in human subjects. Hence, it is important to con-
duct clinical trials in a safe and cost-efficient manner.

Optimization of gene transfer methods and large-scale production and expansion
of engineered T cells will be required to meet future demands of these new treat-
ments. This will require the development of new equipment and specialized facili-
ties, implementation and optimization of standard operating procedures and the
training of expert technicians in the field. Several pharmaceutical companies had
established strategic partnerships with academic institutions in an effort to lead this
effort (Brewer 2015).

It is likely that the development of adoptive immunotherapy will need to parallel
the redundancy that is observed in the normal immune system, which is used to tackle
complex problems such as infection and cancer (Casadevall and Pirofski 2003). Most
likely, we will need to engineer cells that express more than one CAR to provide that
immunological redundancy or infuse a mixture of engineered T cells with different
CAR targets/specificities. Furthermore, we might be able to infuse more than one type
of effector cell to generate the “perfect immunological cocktail,” using redirected
engineered T and NK cells, macrophages, dendritic cells, etc. Most likely, “One size
will not fit all,” and consequently, we will need to develop tailored immune-reconsti-
tution protocols based on adoptive cellular therapy for each specific disease.

Auvailability of these new immunotherapy treatments is going to be limited and
initially accessible only to patients in large specialized centers in the USA, Europe,
Australia, Japan, and China (countries that currently have open CAR-T-cell-based
protocols). Broadening the coverage of adoptive cellular therapy will require the
development of simplified protocols, the use of more effective and safer versions of
CARs, and most likely the availability of universal OTS-CARs that can guarantee
easier logistics and shorter times for release and shipment of the cellular product.

Once approved by the FDA, the cost of these novel adoptive cellular therapies
will become one of an important factor limiting wider use. As we have observed
with any new therapy approved in oncology, the cost of the new therapy is always
higher than the one of its predecessor. The financial aspects of drug cost and cover-
age may limit accessibility. In the particular case of CAR-T-cell therapy, we will
need to take into consideration not only the cost of manufacturing and administering
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the engineered T cells but also the cost of management of adverse events and poten-
tially prolonged hospitalizations.

Although the most dramatic results using adoptive immunotherapy have been
seen with CAR-T cells, their main problem is that their recognition is limited to cell
surface structures. Contrary to that, T-cell receptors (TCRs) can recognize intracel-
lular proteins that could correspond to mutated, misfolded, or overexpressed cancer-
associated proteins (Harris and Kranz 2016). Additional studies will be required to
define the role of each one of these target-binding platforms and their applicability
to cancer therapy.

Another important question is what is the preferred source of cells for adoptive
immunotherapy. The majority of studies published to date have used autologous T
cells to generate CAR-T cells. This obviates HLA matching and endogenous virus
testing. However, it is not certain whether autologous T cells from cancer patients
are optimal for generating effective CAR-T cells. Many cancer patients are elderly,
and their immune system may be debilitated due to illness, prior therapy, and the
inherent biology of their disease (Frumento et al. 2006). On the other hand, health-
ier allogeneic T cells from younger donors may be better able to proliferate and
function, particularly when barriers regarding HL A matching can be minimized by
selecting haploidentical or matched unrelated donor cells that are engineered using
genetic editing techniques (Qasim et al. 2015). Very likely, those genetic editing
tools will make it possible to provide off-the-shelf (OTS) adoptive cellular immu-
notherapy for immediate administration whenever they are needed. In fact, OTS
cellular therapy could solve some of the major obstacles related to immediacy,
logistics, and quality consistency required to expand the use of cellular immuno-
therapy beyond a few academic centers.

CAR-T-cell resistance can be a potential problem due to loss of the target anti-
gen on the surface of the tumor cell (Grupp et al. 2013). The risk for selecting
tumors that lack the target antigen may be mitigated using CAR-T cells with two
(or more) CARs that react with different target antigens (Roybal et al. 2016;
Hegde et al. 2013).

Overall, adoptive immunotherapy using CAR-T cells represents a tremendous
advancement toward effective cancer therapy. As seen with other discoveries, now
we probably have more questions than answers, and methodical research will help
to address those issues. Patients in desperate need for alternative treatments already
have benefited from this approach. Definitely, the road ahead looks promising for
CARs and other cellular-based therapies. Overcoming the challenges associated
with the use of this new technology should optimize the use of these powerful new
weapons against cancer.
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4.1 Introduction: “The Race”

The past few decades have brought enormous improvements in the cure rates of
childhood acute leukemia; about 85% of all children with newly diagnosed acute
lymphoblastic leukemia (ALL) and 50-60% with acute myeloid leukemia (AML)
experience long-term disease control after multimodal treatments that often include
intensified chemotherapy (Hunger et al. 2012; Sander et al. 2010). However, despite
improved supportive care resources, intensifying chemotherapeutic regimens and
harnessing the graft-versus-leukemia effect by allogeneic hematopoietic cell trans-
plantation (HCT) for relapsed and very high-risk leukemic patients, leukemia still
remains the leading cause of cancer death in children (Jeha et al. 2006). Relapsed
and refractory leukemia patients pose a challenging subset of the pediatric leukemic
population due to highly resistant disease and, very often, underlying organ dys-
function, calling for development of novel therapeutic approaches and innovative
strategies with the power to kill refractory leukemic cells. Although combinations
of unconventional chemotherapies with non-overlapping toxicities are being tested,
each subsequent relapse makes achieving and maintaining remission more difficult,
resulting in poor long-term survival. Advanced laboratory technologies have pro-
vided new insights into mechanisms of relapse and leukemic cell evolution. Newer
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formulations of older drugs, antibody-based therapies, and molecularly targeted
agents are some of the current strategies under investigation for treatment of relapsed
ALL. Whole-genome sequencing has allowed characterization of the transcriptional
profile of the leukemic cell, facilitating targeted therapy and leading us one step
closer to precision medicine (Bhojwani and Pui 2013). One successful example of
this is the efficacy of imatinib for BCR-ABL1-positive ALL; however, driver lesions
have been identified in only a small proportion of ALL (Maude et al. 2012; Roberts
et al. 2012; Schultz et al. 2014). In this rapidly evolving “race” for better and non-
toxic treatments, we find ourselves in an era of the new “CARs”—chimeric antigen
receptor(s)—that are defining a role for immunotherapy in childhood leukemia.

4.2 “The CAR”

Surveillance by the immune system may play a role in preventing malignancy, and
there is no question that there are multiple steps in carcinogenesis directed at
immune evasion. This process of evading immune surveillance is termed cancer
immunoediting (Swann and Smyth 2007) and may involve at various levels the
activites of tumor-infiltrating lymphocytes (TILs)—T cells, NK cells, or NKT
cells—of which the best known example is the strong correlation between improved
survival and presence of TILs in patients with melanoma (Mihm et al. 1996).
Immunotherapy, which is the elimination of tumor cells via harnessing the immune
system, has long been a goal and is the basis for the development of cancer vaccines
and cellular therapies including allogeneic HCT and the rationale for donor lym-
phocyte infusion (DLI) after allogeneic HCT (Loren and Porter 2008; Maude et al.
2015). These approaches have evolved into the concept of adoptive transfer of autol-
ogous CAR-T cells, which have been genetically reprogrammed to express a chime-
ric tumor-specific antigen receptor enabling identification and elimination of
neoplastic cells (Maude et al. 2015).

4.2.1 “Blueprint of CAR”

CARs are synthetic polypeptides (Fig. 4.1): they are composed of an extracellular
domain, a spacer or transmembrane domain, and intracellular signaling moieties
(Kenderian et al. 2015). The extracellular domain provides the antigen recognition
that enables the interaction between the T cell and the target cell. In currently used
CARs, these are single-chain variable fragments (scFv) derived from monoclonal
antibody, although other approaches to target recognition and binding are possible.
A key point is that CAR molecules only recognize antigens which are on the cell
surface. The intracellular signaling domains provide both signals required for full
T-cell activation. Signal 1, the initial activation signal, is provided by CD3( (zeta)
component. Signal 2, the co-stimulatory signal, can be provided by signaling
domains from CD28 or 4-1BB. These designs result in T cells bearing CAR
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Fig.4.1 Construct of a CD19-directed CAR-T cell. TCR T-cell receptor, CD cluster of differentia-
tion, CTL cytolytic, scFv single-chain variable fragment, MHC major histocompatibility complex

molecules (CAR-T cells), which combine the antigen specificity of a monoclonal
antibody with the potent cytolytic effector functions of T lymphocytes.

4.,2,2 “Manufacturing a CAR”

Modalities utilized to engineer T cells to express the CARs employ gene trans-
fer technologies which can range from messenger RNA-based vectors that con-
fer transient gene expression (hindering persistence and requiring multiple
infusions in a clinical setting) to retro- or lentiviral-based approaches that cause
permanent modification in the T-cell genome, leading to the potential for persis-
tent on-target toxicity (see Chap. 2). From a regulatory perspective, these per-
manent genetic modifications come with a theoretical risk of potential T-cell
transformation as a result of gene dysregulation. Fortunately, this has not been
observed in hundreds of patient-years of follow-up after lentivirally transduced
CAR-T therapies (June et al. 2014). The CAR-T cells recognize and bind to the
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target antigen expressed on the neoplastic cell’s surface through their scFv
domain; once engaged, T cells undergo activation and elicit a potent cytotoxic
response in a major histocompatibility complex-independent manner leading to
elimination of the target tumor cell.

4.2.3 *“Evolution of CAR Models”

CAR designs have evolved over almost 30 years of preclinical work and clinical
trials (Maude et al. 2015). The “first-generation CAR” comprised only of the anti-
body-derived scFv extracellular domain hinged to the intracellular signaling domain
CD3( of the T-cell receptor (TCR). Although this provided the initial hint of prom-
ise of efficacy, it lacked the required in vivo T-cell proliferation and persistence to
produce a sustained clinical response (Barrett et al. 2014a; June et al. 2014; Maus
et al. 2014). The “second-generation CAR” added an additional domain, CD28
(Brentjens et al. 2007) or 4-1BB (Milone et al. 2009; Seif et al. 2009), to provide a
co-stimulatory signal, thus increasing its replicative capacity and persistence (see
Chaps. 2 and 14). The “third-generation CAR,” as depicted in Fig. 4.1, incorporates
two co-stimulatory domains, usually a combination of the members of tumor necro-
sis factor (TNF) receptor family such as CD27, CD28, CD137 (4-1BB), and CD134
(OX40) or the immune checkpoint protein ICOS (inducible T-cell co-stimulator)
(Brentjens et al. 2011; Campana et al. 2014; Barrett et al. 2014b; Pegram et al.
2014). These enhanced CARs have been modeled to mimic normal physiology,
where both a primary TCR signal and a second co-stimulatory signal are required
for full activation of T cells (Till et al. 2012). All of the CAR-T-cell products show-
ing a high activity in current clinical trials are second-generation CARs (Table 4.1).
Third-generation CARs, with alternate or multiple co-stimulatory domains, have
been proposed but are in early clinical testing only (e.g., third-generation GD2-
CAR-T cells for neuroblastoma NCTO01822652) and not in setting of
ALL. Researchers at different institutions have used different vectors/components
in the CAR construct targeting ALL (Fig. 4.2). The differences in the CAR con-
struct result in variations in persistence and efficacy and are under investigation in
ongoing clinical trials.

4.2.4 “The CAR Destination”

An ideal target antigen for CARs with high specificity would have the following
characteristics: an antigen that (1) is expressed homogeneously on all cells of the
target malignancy; (2) is expressed on the cell surface, as CARs do not “see”
intracellular antigens; (3) should not be expressed on normal cells or only on an
expendable cell type; (4) is not shed into circulation; and (5) is essential to the
growth or survival of the cancer cell and thus not easily lost under selective pres-
sure (Maude and Barrett 2016). A true, tumor-specific antigen would require a
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Table 4.1 A representative listing of clinical trials evaluating CAR-T-cell therapy for pediatric

B-ALL
Ages
ClinicalTrials. eligible for
gov identifier Study title study Center(s)
1 | NCTO01626495 | Phase I/IIA Study of CART19 Cells | 1-24 years | University of
for Patients With Chemotherapy Pennsylvania, PA,
Resistant or Refractory CD19* USA
Leukemia and Lymphoma (Pedi
CART19)
2 | NCT02650414 | CD22 Redirected Autologous T 1-24 years | University of
Cells for ALL Pennsylvania, PA,
USA
3 |NCT02228096 | Study of Efficacy and Safety of 2-21 years | Multicenter
CTLO19 in Pediatric ALL Patients
(ENSIGN)
4 |NCT02374333 | Pilot Study of Redirected 1-24 years | University of
Autologous T Cells Engineered to Pennsylvania, PA,
Contain Humanized Anti-CD19 in USA
Patients With Relapsed or
Refractory CD19* Leukemia and
Lymphoma Previously Treated
With Cell Therapy NCT02374333
5 | NCT02435849 | Determine Efficacy and Safety of 3-21 years | Global, phase II,
CTLO19 in Pediatric Patients with multicenter (26
Relapsed and Refractory B-cell locations),
ALL (ELIANA) registration trial
6 | NCT02445222 | CD19 CART Long Term Follow All Multicenter (21
Up (LTFU) Study locations)
7 | NCT02588456 | Pilot Study of Autologous 18 years University of
Anti-CD22 Chimeric Antigen and older Pennsylvania, PA,
Receptor Redirected T Cells In USA
Patients With Chemotherapy
Resistant Or Refractory Acute
Lymphoblastic Leukemia
8 |NCTO01551043 | Allo CART-19 Protocol 18 years University of
and older Pennsylvania, PA,
USA
9 | NCT02030847 | Phase II Study of Redirected 18 years University of
Autologous T Cells Engineered to and older Pennsylvania, PA,
Contain Anti-CD19 Attached to USA
TCR and 4-1BB Signaling
Domains in Patients With
Chemotherapy Resistant or
Refractory Acute Lymphoblastic
Leukemia
10 | NCTO01747486 | CD19 Redirected Autologous T 18 years University of
Cells and older Pennsylvania, PA,
USA

(continued)
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Table 4.1 (continued)

Ages
ClinicalTrials. eligible for
gov identifier Study title study Center(s)

11 | NCT02623582 | CD123 Redirected Autologous T 18 years University of

Cells for AML and older Pennsylvania, PA,
USA

12 | NCT01044069 | Precursor B Cell Acute 18 years or | Memorial Sloan
Lymphoblastic Leukemia (B-ALL) | older Kettering Cancer
Treated With Autologous T Cells Center,
Genetically Targeted to the B Cell New York, USA
Specific Antigen CD19

13 |NCT01029366 | Pilot Study of Redirected 18 years University of
Autologous T-cells Engineered to and older Pennsylvania, PA,
Contain Anti-CD19 Attached to USA
TCR and 4-1BB Signaling
Domains in Patient With
Chemotherapy Resistant or
Refractory CD19* Leukemia and
Lymphoma

14 |NCT01860937 | A Phase I Trial of T-Lymphocytes Up to Dana-Farber
Genetically Targeted to the B-Cell | 26 years Cancer Institute,
Specific Antigen CD19 in Pediatric MD and
and Young Adult Patients With Memorial Sloan
Relapsed B-Cell Acute Kettering Cancer
Lymphoblastic Leukemia Center, NY, USA

15 | NCT01430390 | A Phase I Dose Escalation Trial Up to Memorial Sloan
Using In Vitro Expanded 18 years Kettering Cancer
Allogeneic Epstein-Barr Virus Center, NY, USA
Specific Cytotoxic T-Lymphocytes
(EBV-CTLs) Genetically Targeted
to the CD19 Antigen in B-cell
Malignancies

16 | NCT01044069 | A Phase I Trial of Precursor B Cell | 18 years Memorial Sloan
Acute Lymphoblastic Leukemia and older Kettering Cancer
(B-ALL) Treated With Autologous Center, NY, USA
T Cells Genetically Targeted to the
B Cell Specific Antigen CD19

17 | NCT02028455 | Pediatric and Young Adult 1-26 years | Seattle Children’s
Leukemia Adoptive Therapy Hospital,
(PLAT)-02: A Phase 1/2 Feasibility Washington, USA
and Safety Study of CD19-CAR T
Cell Immunotherapy for CD19*
Leukemia

18 | NCTO01853631 | Phase I Study of Activated T-Cells | Up to Baylor College of
Expressing Second or Third 75 years Medicine, Texas,

Generation CD19-Specific
Chimeric Antigen Receptors for
Advanced B-Cell Non-Hodgkin’s
Lymphoma, Acute Lymphocytic
Leukemia and Chronic
Lymphocytic Leukemia (SAGAN)

USA
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Table 4.1 (continued)

ClinicalTrials.

Ages
eligible for

gov identifier Study title study Center(s)
19 |NCTO01683279 | Pediatric Leukemia Adoptive 1-26 years | Seattle Children’s
Therapy (PLAT)-01: A Phase 1 Hospital,
Feasibility and Safety Study of Washington, USA
Cellular Immunotherapy for
Relapsed Pediatric CD19* Acute
Lymphoblastic Leukemia Using
Autologous T-cells Lentivirally
Transduced To Express a CD19-
Specific Chimeric Antigen
Receptor
20 | NCT02529813 | CD19* Chimeric Antigen Receptor | 1-80 years | University of
T Cells for Patients With Advanced Texas, MD
Lymphoid Malignancies Anderson Cancer
Center, Texas,
USA
21 |NCTO01362452 | Donor-Derived, CD19-Specific T 1-75 years | University of
Cell Infusion in Patients With Texas, MD
B-Lineage Lymphoid Malignancies Anderson Cancer
After Umbilical Cord Blood Center, Texas,
Transplantation USA
22 |NCT01497184 | CD19-Specific T Cell Infusion in 1-65 years | University of
Patients With B-Lineage Lymphoid Texas, MD
Malignancies After Allogeneic Anderson Cancer
Hematopoietic Stem Cell Center, Texas,
Transplantation USA
23 | NCT02028455 | A Pediatric and Young Adult Trial 1-26 years | Seattle Children’s
of Genetically Modified T Cells Hospital,
Directed Against CD19 for Washington, USA
Relapsed/Refractory CD19*
Leukemia
24 |NCT02315612 | Anti-CD22 Chimeric Receptor T 1-30 years | National Cancer
Cells in Pediatric and Young Adults Institute
With Recurrent or Refractory
CD22-expressing B Cell
Malignancies
25 | NCT02625480 | A Multi-Center Study Evaluating 2-21 years | Multisite

KTE-C19 in Pediatric and
Adolescent Subjects With
Relapsed/Refractory B-precursor
Acute Lymphoblastic Leukemia
(ZUMA-4)
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Fig. 4.2 Schematic diagram of different models of chimeric antigen receptors (CARs) used to
treat patients with ALL at (i) MSKCC, (ii) NCI, and (iii) UPenn. (i) 19-28¢ (MSKCC). (ii)
FMC63-28¢ (NCI). (iii) 19-BB- (UPenn). Groups at MSKCC and NCI have reported use of a
CD28C second-generation CAR design introduced by a retroviral vector. The UPenn and CHOP
group have used a 4-1BB( design and a lentiviral vector. The MSKCC group used the SJ single-
chain variable fragment (scFv), while researchers at NCI and UPenn have used the FMC63 scFv.
TM, transmembrane. Adapted from Davila et al. (2012)

cell surface molecule that is unique to the malignancy, either by mutation leading
to altered configuration, a fusion protein, or altered expression (Maude et al.
2015). In the realm of B-cell malignancies, CD19 is a tumor-associated antigen
that is not cancer-specific but only expressed on normal B cells, which are not
required for survival. It is expressed throughout B-cell development until the
plasma cell stage and is uniformly expressed on nearly all B-cell malignancies.
Expression on a single-cell lineage (B lymphocytes) whose function is replace-
able (i.e., by immunoglobulin administration) and given that patients can tolerate
prolonged B-cell aplasia, CD19 represents an excellent target for the CAR-
modified T cell. Additionally, CD22, another B-cell-specific surface molecule, is
also currently being investigated (Haso et al. 2013). In contrast, T-cell ALL and
myeloid leukemias pose a significant challenge. In regard to T-cell ALL, the
neoplastic cells express the same antigens as do the normal T cells, and unlike B
cells, T-cell aplasia is not tolerated and is not as easily treatable. Similarly, in
case of myeloid leukemias, currently the known repertoire of cell surface anti-
gens that are unique to neoplastic myeloid clone but which spare normal hema-
topoietic cells is very limited. In that context, CAR therapy directed against the
AML blasts would potentially be myelotoxic and therefore require time-limited
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expression (allowing hematopoietic recovery) or replacement of hematopoiesis
with allogeneic HCT (Gill et al. 2014).

4.3  Methods to Administration: “Prepping the Raceway”
4.3.1 Recipient Lymphodepletion

Induction of lymphopenia in the recipient of adoptive cell therapy has been shown
to promote in vivo T-cell expansion (Cui et al. 2009). Through this “homeostatic
proliferation,” the T cells assume an antigen-experienced or memory phenotype,
which in turn is associated with enhanced effector functions (Wu et al. 2004,
Goldrath et al. 2000; Cho et al. 2000). In a patient with cancer, lymphodepletion
before adoptive transfer of tumor-reactive T cells has been shown to provide a plat-
form for augmented in vivo function of the transferred cells and improved therapeu-
tic outcome (Klebanoff et al. 2005). In a cohort of patients with metastatic melanoma,
Dudley et al. showed that by eliminating competition for endogenous serum cyto-
kines, lymphodepletion may directly affect the survival, persistence, and prolifera-
tion of adoptively transferred TIL cells (Dudley et al. 2008).

In the setting of CAR therapy, host lymphodepletion is typically accomplished
by chemotherapy or targeted monoclonal antibodies. Most groups use cyclo-
phosphamide and fludarabine in the week prior to planned CAR-T-cell infusion
(Maude et al. 2014a). In vivo T-cell expansion can then be further enhanced by
application of supportive cytokines such as interleukin (IL)-7 and IL-15 as shown
by Klebanoff et al. (2005).

4.4 The Efficacy of CAR-T Cells in Pediatric Leukemias:
The “Speedway”

4.4.1 Acute Lymphoblastic Leukemia

The advent of CAR-T therapy for leukemias has dramatically changed the outlook
of children with relapsed/refractory disease. The unprecedented early success of
CD19-directed CAR-modified T-cell clinical trials has given rise to new optimism
and laid the foundation for further exploration of therapeutic potential of CAR-T
cells in ALL and of targeted immunotherapy. Initial studies by various groups
showed remarkable responses in a small series of patients with disease that was
chemotherapy refractory and considered incurable and provided compelling proof
of principle (Brentjens et al. 2013; Grupp et al. 2013). Subsequently, larger studies
by other groups substantiated early results and reported complete remission (CR)
rates of 70-90% (Maude et al. 2014a; Davila et al. 2014; Lee et al. 2015).

Our group reported a CR rate of 90% in 30 pediatric and adult patients with
relapsed/refractory ALL treated with CD19-directed CAR-modified T cells (Maude
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et al. 2014a). This phase I/Ila trial conducted at the Children’s Hospital of
Philadelphia (CHOP) and University of Pennsylvania (UPenn) utilized a lentiviral
engineered autologous T-cell construct expressing a second-generation CAR com-
posed of anti-CD19 scFv, CD3( as a signaling domain, and 4-1BB as co-stimulatory
domain. The cohort included two patients with blinatumomab-refractory disease
and 15 who had undergone allogeneic HCT. Sustained remission was achieved with
a 6-month event-free survival (EFS) rate of about 70% and an overall survival (OS)
rate of about 80%, and durable remission up to 24 months was observed (Maude
et al. 2014a).

The group at Memorial Sloan Kettering Cancer Center (MSKCC) reported a
complete remission (CR) of 88% in a cohort of 16 adult patients with relapsed/
refractory B-ALL; their group utilized a 19-28z CAR-T construct (Davila et al.
2014). Lee et al. reported a CR of 70% in an intention-to-treat phase I dose escala-
tion trial with the TCR { (zeta)/CD28 CAR-T construct in a cohort of 20 children
and young adults with relapsed/refractory B-ALL conducted at the National Cancer
Institute (NCI) (Lee et al. 2015). In an expanded cohort of 59 pediatric patients with
ALL reported initially at the European Hematology Association meeting in 2015
and later at ASCO annual meeting in 2016, our group reported a 93% CR and a
12-month overall survival (OS) of 79% (95% CI, 69-91%) (Maude and Barrett
2016; Maude et al. 2016). Table 4.1 lists the clinical trials evaluating CAR-T ther-
apy for pediatric B-ALL that are currently active/recruiting at various centers across
the USA.

Some initial reports demonstrating high CR rates with a CD19 CAR focused on
providing a bridge to definitive curative therapy with allogeneic HCT. However,
given that persistence out to 5 years has been observed with a 4-1BB second-gener-
ation CAR (Porter et al. 2015), it has become evident that T-cell persistence can
sustain durable remissions. This in turn suggests that patients with refractory dis-
ease could have a better quality of life (QoL) without the need for further chemo-
therapy and may be able to avoid allogeneic HCT. The CAR-T cells have additionally
been observed in the cerebrospinal fluid (CSF) of the recipients, where they have
been shown to persist at high levels for at least 12 months (Grupp et al. 2013;
Rheingold et al. 2015). The highly efficient migration of CAR-directed T cells to
the CSF potentially provides a mechanism for surveillance to prevent and perhaps
treat even isolated CNS relapses in leukemias and is being investigated in current
clinical trials. Although longer follow-up is needed to establish the most efficacious
CAR designs, including elucidating differences in the co-stimulatory domains, per-
sistent B-cell aplasia at the longest follow-up of 4-5 years with the 4-1BB CARs
provides an indirect but compelling evidence for continued effector functions of
infused CAR-T cells in the CHOP/Penn cohort (Maude and Barrett 2016). An
update to the interim analysis of the global registration trial of efficacy and safety of
CD19 directed CAR-T cells (CTLO19) in pediatric and young adult patients with
RR ALL was recently presented at EHA 2017. Of the 63 patients who were evalu-
able for efficacy, the confirmed overall remission rate as assessed by independent
central review was 82.5% (95% CI 70.9%—-91%), consisting of 63% of patients with
CR and 19% with complete remission with incomplete hematological recovery
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(CRi). All patients with a confirmed CR or CRi were minimal residual disease nega-
tive by flow cytometry. Median remission duration was not reached (range: 1.2 to
14.1+ months). The most common adverse reactions (incidence greater than 20%)
were cytokine release syndrome (CRS), hypogammaglobulinemia, infections-
pathogen unspecified, pyrexia, decreased appetite, headache, encephalopathy,
hypotension, bleeding episodes, tachycardia, nausea, diarrhea, vomiting, viral
infectious disorders, hypoxia, fatigue, acute kidney injury, and delirium. Grade 3 or
4 adverse events were noted in 84% of patients. It was these and other supporting
compelling data that led to the approval of first CAR-T-cell therapy in B-ALL in
2017 (discussed later in the chapter).

4.4.2 Acute Myeloid Leukemia

Although the leukemic blasts of AML express a host of cell surface molecules that
could potentially be attractive targets for CAR-directed therapy, the hindrance has
been the ubiquitous expression of those antigens on normal hematopoietic progeni-
tors and stem cells (Rambaldi et al. 2015). Unlike CAR-directed therapy for B-ALL,
wherein the consequences of long-term B-cell aplasia can be managed by immuno-
globulin administration, CAR-T therapy for currently known targets in AML is
likely to cause persistent suppression of marrow progenitors, which would result in
bone marrow aplasia unless the active T cells can be eliminated. Targets under scru-
tiny include CD33, CD34, CD38, CD116, and CD123 (Kenderian et al. 2015; Gill
et al. 2014; Nakazawa et al. 2016). Preclinical studies of CD123 CAR in xenograft
mouse models of AML by our group demonstrated eradication of normal myelopoi-
esis—however, this on-target/off-tumor toxicity could be recognized as the poten-
tial novel application for CARTI23 as a chemotherapy-free myeloablative
conditioning (MAC) regimen for HCT (Gill et al. 2014). This also calls for consid-
eration of CARs with in-built mechanisms for limiting expression, suicide genes or
using combinations of CARs with Boolean properties to modulate T-cell receptor
signaling that could improve specificity, thereby restricting toxicity (Maude and
Barrett 2016; Saez-Rodriguez et al. 2007; Wang et al. 2015). Table 4.1 lists a num-
ber of clinical trials evaluating CAR-T therapy for pediatric leukemias that are
active/recruiting at various centers across the USA.

4,5 Toxicities and Challenges: The “Bumps in the Road”
4.5.1 Cytokine Release Syndrome

Although in vivo proliferation (and persistence) of CAR-T cells is the desired intent
of engineered cell therapy infusions, the potent inflammatory response associated
with an exponential multiplication (100 to 100,000x) of activated cells incites
marked elevations in cytokine levels. CRS, the clinical syndrome resulting from this
phenomenon, is not unique to CAR-T cells and has been seen in other T-cell
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engaging therapies such as bispecific T-cell engaging (BiTE) antibodies like blina-
tumomab and can also be associated with many of the characteristics of macrophage
activation syndrome (MAS) (Teachey et al. 2013, 2016).

CRS is the most common and severe toxicity associated with CD19 directed
CAR-T cells. Although data from our group and others suggests a correlation
between development of CRS and efficacy, the degree of CRS has not been found to
be predictive of response to therapy (Maude et al. 2014a; Davila et al. 2014; Lee
et al. 2015). The severity of CRS has rather been found to correlate with disease
burden at the time of CAR-T-cell infusion (Maude et al. 2014a, 2015; Teachey et al.
2016).

Clinical symptoms of CRS can range from mild and flu-like (headaches, myal-
gias, fevers) to a severe inflammatory syndrome including vascular leak, hypoten-
sion, shock, pulmonary edema, and coagulopathy leading to multi-organ failure
(MOF); and recently, Gore et al. reported a CRS-related death after blinatumomab
(Maude et al. 2014b; Gore et al. 2013). Various groups have attempted to establish
criteria for grading CRS (Porteretal. 2015; Lee et al. 2014; Brudno and Kochenderfer
2016), and these systems have yet to be systematized across CAR trials, although
efforts are underway to do so. This has come out of an appreciation that the Common
Terminology Criteria for Adverse Events (CTCAE) grading for CRS is more rele-
vant to treatment with monoclonal antibodies rather than T-cell-based immunother-
apies (Health UDo 2012). Published criteria grade CRS on basis of presence of
fevers, key clinical events such as hypotension and hypoxia, and other organ dys-
functions, which may be seen in setting of elevation of characteristic cytokines
(Davila et al. 2014; Porter et al. 2015). As more is appreciated about neurologic
toxicities such as mental status changes, aphasia, and seizures, these events may
need to be graded separately or merged into CRS grading scale. Our group has used
the grading system described in Table 4.2. This approach focuses on events of great-
est clinical concern, identifying as grade 4 events that almost universally require
treatment with tocilizumab which was also recently approved by US Food and Drug
Administration (FDA). Serum cytokine measurements are not used in the grading
scale, as rapid turnaround for such tests is not feasible at most centers. CRS has
been graded as ranging from grade 1 to grade 5. Grade 1 (mild) refers to CRS
requiring only symptomatic management; grade 2 (moderate) refers to CRS requir-
ing moderate intervention such as low oxygen requirement or hypotension respon-
sive to intravenous (IV) fluids; grade 3 (severe) refers to CRS that would manifest
with clinical symptomatology that requires medical and pharmacologic intervention
such as high oxygen requirement, vasopressors, and organ toxicity; and grade 4 (life
threatening) refers to CRS requiring ventilator support or grade 4 organ toxicity
(Table 4.2).

Cytokine elevations are measurable in most patients, although some patients
manifest symptoms without marked increase in cytokine levels, whereas others
have laboratory findings out of proportion to clinical symptoms (Klinger et al.
2012). Several groups have consistently demonstrated elevations in levels of acute
phase reactants such as C-reactive protein (CRP), ferritin, lactate dehydrogenase
(LDH), and transaminases and additionally in biomarkers such as interleukins
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Table 4.2 UPenn grading system for CAR-T-cell-associated cytokine release syndrome

Grade | | Mild reaction: Treated with supportive care such as antipyretics and antiemetics
Grade 2 | Moderate: Requiring intravenous therapies or parenteral nutrition; some signs of
organ dysfunction (i.e., grade 2 renal toxicity rise or grade 3 liver toxicity) related
to CRS and not attributable to any other condition. Hospitalization for management
of CRS-related symptoms including fevers with associated neutropenia

Grade 3 | More severe reaction: Hospitalization required for management of symptoms
related to organ dysfunction including grade 4 liver toxicity or grade 3 renal
toxicity related to CRS and not attributable to any other conditions; excludes
management of fever or myalgias. Includes hypotension treated with intravenous
fluids® or low-dose pressors, coagulopathy requiring fresh frozen plasma or
cryoprecipitate, and hypoxia requiring supplemental O2 (nasal cannula oxygen,
high-flow O2, CPAP, or BiPAP). Patients admitted for management of suspected
infection due to fevers and/or neutropenia may have grade 2 CRS

Grade 4 | Life-threatening complications such as hypotension requiring multiple, escalating
or high-dose vasopressors®, hypoxia requiring mechanical ventilation, requirement
for dialysis

Grade 5 | Death

CRS cytokine release syndrome, O2 oxygen, CPAP continuous positive pressure airway, BiPAP
bilevel positive airway pressure

“Defined as multiple fluid boluses for blood pressure support

"Modified from Porter et al. (2015). Please refer to this reference for definition of high-dose
Vasopressors

(IL-2R, IL-6, IL-10, IL-13), IFNy, sgp130, MIPla, and MIP1P (Teachey et al.
2016; Chen et al. 2016). Generally, these elevations (including CRP and IL-6) cor-
relate well with the degree of CRS, but they do not predict CRS. Predictive models
are being developed by the CHOP group and others, and elevations in cytokines
such as IFNy and sgp130 can predict severe CRS when measured within the first
72 h after engineered T-cell infusion (Teachey et al. 2016). Cytokine-directed
approaches to manage CRS could be limited by the potential to inhibit T-cell activ-
ity and thereby clinical efficacy.

The interventions to limit CRS have to weigh the benefit of accelerated T-cell
proliferation against the risk of loss of efficacy/persistence of activated T cells mak-
ing the management of CRS challenging. The obvious choice is suppression of
immune activation; however, blunting the intended cytotoxic response of CAR-T
cells is undesirable. Although corticosteroids have been employed in both treatment
and prophylaxis of CRS arising secondary to BiTE therapy (see text above), the
known negative impact of steroids on therapeutic T-cell proliferation suggests the
need to avoid steroid therapy in treating CRS after CAR-T-cell therapy. This led to
the proposal that it might be worth targeting the elevated cytokines directly as a
potential management tool. IL-10, IL-6, and IFNy have been found to be the most
significantly elevated cytokines during CRS. With IL-10 being a negative regulator
while IFNy being an effector cytokine released by activated T cells and potentially
required for efficacy, they are probably not the ideal and perhaps unsavory targets
for toxicity management. IL-6, in contrast, was not thought to be required for T-cell
efficacy. For this reason, combined with the striking elevations of IL-6, we have
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observed in CAR-T patients, IL-6 signaling was first targeted by our group (Grupp
et al. 2013). IL-6 blockade with tocilizumab was found to be effective in reversing
life-threatening CRS without compromising efficacy of T-cell engaging therapies
(Grupp et al. 2013; Teachey et al. 2013).

Although early observations indicated the potential for abnormalities in standard
laboratory tests such as CRP, ferritin, LDH, etc., in predicting CRS severity, a large
comprehensive analysis of clinical and biologic manifestations of CRS after CAR-
T-cell therapy by our group gave more credence to the elevations of IFNy, IL10,
spgl130, and MIPla using multiple predictive models (Teachey et al. 2016) with
sensitivities and specificities exceeding 85-90%. Despite the frequency and
improved recognition of CRS after CAR-T-cell infusion, the underlying biology of
the interplay between the components of the inflammatory cytokines and the
homeostatic milieu in CRS is not well understood. In the future, improved under-
standing of cytokine activation in CRS could perhaps enhance the ability to prevent
the serious complications of CRS.

4.5.2 Neurotoxicity

Neurologic toxicities have been reported after T-cell engaging therapies, both with
BiTE (blinatumomab) and CD19 and CD22 directed CAR-T therapies (Davila et al.
2014; Schlegel et al. 2014; Topp et al. 2011). Neurologic symptoms ranging from
headaches to delirium to global encephalopathy and even seizures have been
reported. The CHOP/Penn group reported a distinct encephalopathy-like syndrome
in 6 of 30 ALL patients treated with CD19 directed CAR-T cells (CTL019), that
occurred after resolution of CRS. The post-CAR-T-cell encephalopathy has been
brief and self-limited, resolving over several days without apparent sequelae.
Although CAR-T cells have been identified in the CSF of the affected patients,
imaging and lumbar punctures did not provide insight into the etiology (Maude
et al. 2015). Larger studies with longer follow-ups are needed to better characterize
the pathophysiology and spectrum of neurotoxicity associated with CAR-T cells.

4,5.3 B-Cell Aplasia

Successful CD19-directed CAR-T-cell therapy entails elimination of normal B cells
as an on-target/off-tumor toxicity. Hypogammaglobulinemia as a result of chronic
B-cell aplasia is an anticipated outcome and is manageable with immunoglobulin
replacement; however, longer follow-up will be needed to help determine any late
effects of continued B-cell aplasia.

4,54 Challenges

CAR-T-cell therapy is changing the landscape of refractory/relapsed leukemias in
children, but it also brings forth several clinical challenges. Increasing access to
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improve delivery to more patients requires a comprehensive clinical care team setup
with experience in managing the toxicities of this novel therapy (Fig. 4.3).
Consistency across institutions and parallel advancements in techniques need coor-
dinated efforts and incur financial burdens.

Although striking responses have been seen with this therapy, unfortunately
relapse after CAR-T-cell therapy remains a challenge. Relapses have been seen in
two forms—reappearance of disease that remains CD19-positive and emergence of
a CD19-negative clone. Disease relapse with CD19-positive disease most likely
reflects poor persistence of CAR-T cells or suboptimal CAR-T function for another
reason. Both of these can be potentially prevented with future optimization of CAR
designs and improvements in the current manufacturing processes, including
assessment of most efficacious co-stimulatory domains. The MSKCC group has
proposed fourth-generation “armored” CARs with co-stimulatory ligands or incor-
poration of additional genes encoding pro-proliferative cytokines (Brentjens and
Curran 2012). Using serial CAR-T-cell infusions directed against a second antigen
(such as CAR-T against CD22) or using a combination or tandem of CAR joining
2 antigen moieties may prevent escape clones and needs investigation and valida-
tion with future studies.

4.,5.5 ExpertPoint of View and Future Directions

The field of highly active engineered T-cell therapy has been launched with observa-
tions from several groups of high CR rates and long-term disease control in patients
with CD19* malignancies. This advance has been the result of GMP cell manufac-
turing approaches which produce “younger” and more proliferative T cells for
adoptive transfer (particularly using CD3/CD28 beads to stimulate the
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manufactured T cells) and the addition of co-stimulatory domains to CAR con-
structs that provide signal 2 in addition to the activating signal 1 to the T cells (refer
to the text above). Even within the B-cell malignancy space, responses and toxicity
differ, with ALL studies showing very high response rates as well as higher rates of
severe CRS, while CAR therapy in CLL and NHLs has resulted in striking and
durable responses in highly resistant disease but lower rates of both CR and
CRS. The next few years will bring results from trials carried out in multicenter set-
tings, demonstrating the ability of groups to translate single-center results to larger
groups, while hopefully maintaining efficacy with acceptable safety. Each of the
large centers has developed industry partnerships, and we will see data addressing
the ability of groups to take cell manufacturing processes developed under aca-
demic GMP conditions to centralized cell manufacturing facilities run by pharma-
ceutical industries. Recently, on August 30, 2017, the US Food and Drug
Administration granted regular approval to tisagenlecleucel (CD19 CAR-T cells)
for the treatment of patients up to age 25 years with B-cell precursor ALL that is
refractory or in second or later relapse. Tisagenlecleucel consists of autologous T
cells collected in a leukapheresis procedure that are genetically modified with a new
gene containing a CAR protein allowing the T cells to identify and eliminate CD19-
expressing normal and malignant cells. Approval of tisagenlecleucel was based on
a phase II single-arm trial (Funded by Novartis Pharmaceuticals; ClinicalTrials.gov
number, NCT02435849) of 63 patients with relapsed or refractory pediatric precur-
sor B-cell ALL, including 35 patients who had a prior hematopoietic cell transplan-
tation. Patients received a single dose of tisagenlecleucel intravenously within
2-14 days following the completion of lymphodepleting chemotherapy. In this
global study, a single infusion of tisagenlecleucel produced high remission rates,
had manageable toxic effects and demonstrated durable remissions without any
additional therapy in high-risk pediatric and young adult patients with relapsed or
refractory B-cell ALL. In the near future, we hope to see results from trials extend-
ing CAR-T therapy successfully to diseases like multiple myeloma and AML as
well. The most transformative step for CAR-T therapy for the cancer field as a
whole, is also the furthest away, is a successful therapy of solid tumors. This step is
probably several years away and awaits further target identification and approaches
to improve T-cell trafficking to solid tumors, overcoming the immunosuppressive
tumor microenvironment and dealing with the greater heterogeneity of solid tumors
compared to leukemia.
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5.1 CART-Cell Therapeutics in Adult Leukemias:
A General Introduction

Within the past several years, renewed interest in immunotherapy has been observed
in multiple fields of oncology, including antibody-based therapeutics (e.g., check-
point blockade) and adoptive cellular therapies. In the field of adult leukemia, such
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interest has been driven by the limitations of presently available therapies to induce
durable remissions reliably in patients with relapsed or refractory leukemia. For
instance, while an increasing proportion of children and young adults with B-cell
acute lymphoblastic leukemia (B-ALL) have achieved long-term overall survival in
recent decades, most adults diagnosed with B-ALL continue to experience relapse,
and adults with relapsed or refractory B-ALL continue to have a poor prognosis
when treated with standard salvage chemotherapy (Kantarjian et al. 2010; Gokbuget
et al. 2012). The natural history of chronic lymphocytic leukemia (CLL) is consid-
erably more heterogeneous, and a subset of patients will never require therapy.
However, patients with unfavorable cytogenetic or molecular features, or with per-
sistent or recurrent disease following initial purine analog-based therapy, continue
to have a guarded prognosis when treated with standard therapy regimens (Tam
etal. 2008; Kay et al. 2007). The development of oral molecularly targeted therapies
such as ibrutinib has now brought a highly efficacious line of therapy to patients
with newly diagnosed or relapsed CLL (Byrd et al. 2013, 2015). However, such
therapies require an indefinite duration of treatment, are associated with few com-
plete (vs. partial) responses, and are limited by toxicity or development of resistance
in a subset of patients.

The adoptive transfer of genetically modified autologous T-cells aims to rapidly
establish specific antitumor activity. This strategy requires targeting of autologous
T-cells by means of a transgene-encoded antigen receptor, consisting of a chimeric
antigen receptor (CAR), as will be discussed herein, or T-cell receptor (TCR) chains.
The rationale for targeting CD19 specifically in B-cell malignancies is discussed in
a previous chapter. To summarize, CD19 is a surface-exposed 95 kDa glycoprotein
present on B-cells from early development until differentiation into plasma cells
and represents an integral component of a cell surface signal transduction complex
positively regulating signal transduction through the B-cell receptor (Stamenkovic
and Seed 1988; Bradbury et al. 1993; Matsumoto et al. 1993; Fearon and Carter
1995). CD19 is nearly universally expressed by B-ALL, CLL, and hairy cell leuke-
mia, while not expressed on normal tissues other than B-cells, including multipotent
hematopoietic progenitor cells (De Rossi et al. 1993; Uckun et al. 1988; Schwonzen
et al. 1993; Robbins et al. 1993). A CAR is a recombinant receptor construct com-
posed of an extracellular antibody-derived single-chain variable fragment (scFv),
linked to intracellular T-cell signaling domains of the T-cell receptor, thereby redi-
recting T-cell specificity in an HLA-independent manner (Park and Brentjens 2010).
As discussed in a previous chapter, multiple generations of CARs have been devel-
oped and investigated in clinical studies. First-generation CARs consist of a target-
specific scFv fused to the CD3{ endodomain of the T-cell receptor/CD3 complex.
As first-generation CAR T-cells exhibited limited persistence, expansion, and anti-
tumor efficacy in preclinical and clinical studies, second-generation CARs incorpo-
rated cytoplasmic signaling domains of T-cell costimulatory receptors (e.g., CD28,
4-1BB) to provide a costimulatory “signal 2” to the T-cell. Third-generation CARs
place multiple costimulatory domains in tandem (Fig. 5.1). Several groups have
presented early data demonstrating that CAR-modified T-cells targeting CD19 can
induce meaningful responses in patients with relapsed or chemotherapy-refractory
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Fig.5.1 Schematic depicting structure of chimeric antigen receptors in largest published series to
date. scFv single-chain variable region fragment, 7M transmembrane

B-cell leukemias (Park et al. 2016). In 2017, tisagenlecleucel, a CD19-targeted
CAR T-cell product bearing a 4-1BB costimulatory domain, was approved by the
US Food and Drug Administration for children and young adults <26 years old with
refractory B-ALL or in second or greater relapse and became the first commercially
available CAR T-cell product (U.S. Food and Drug Administration 2017). The larg-
est clinical series described herein, reflecting treatment of adults with B-ALL and
CLL, have employed second-generation CD19-targeted CAR T-cells. In this chap-
ter, we review clinical outcomes of adults with leukemia treated with CAR T-cells,
toxicities associated with CAR T-cell administration, present challenges limiting
therapeutic efficacy, and future directions, including novel targets and enhance-
ments to improve antileukemic activity.

5.2 CD19-Targeted CART-Cells in B-ALL

The largest series to date treating adults with relapsed or refractory B-ALL with
CD19-targeted CAR T-cells are summarized in Table 5.1. Important differences
between these studies include the use of autologous vs. allogeneic T-cells for genetic
modification, as well as different transduction methods, costimulatory domains,
regimens of lymphodepleting chemotherapy, CAR T-cell doses, and CAR T-cell
product composition. Investigators from Memorial Sloan Kettering Cancer Center
(MSKCC) were the first to report the efficacy of CD19-targeted CAR T-cells incor-
porating a CD28 costimulatory domain (19-28z) in generating durable molecular
remissions in five adults with relapsed ALL (Brentjens et al. 2013; Davila et al.
2014) and have since reported the largest series of adults with ALL treated with
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CD19-targeted CAR T-cells (Park et al. 2018). Patients’ high-risk characteristics
include >3 prior lines of treatment (n = 32), prior allogeneic hematopoietic cell
transplantation (allo-HCT, n = 19), and Philadelphia (Ph) chromosome positivity
(n = 16). Subsequent to salvage therapy or allo-HCT but prior to CAR T-cell infu-
sion, 27 patients had morphologic disease (>5% blasts in the bone marrow [BM] or
measurable extramedullary disease) and 26 patients had minimal disease (<5%
blasts in BM). Patients received cyclophosphamide (Cy) alone or Cy in combination
with fludarabine (Flu) as lymphodepleting chemotherapy 2 days prior to 19-28z
CAR T-cell infusion. Initially, all patients received 3 x 10° 19-28z CAR T-cells/kg
regardless of pretreatment disease burden. However, after observing a higher inci-
dence of treatment-related toxicities at this dose in patients with morphologic dis-
ease (see section on “Toxicities”), the CAR T-cell dose was adjusted based on the
disease burden, such that patients with morphologic disease received 1 x 10° 19-28z
CAR T-cells/kg and patients with minimal disease continued to receive 3 x 10°
19-28z CAR T-cells/kg. In the entire cohort (i.e., at all CAR T-cell doses), 44 of 53
evaluable patients achieved or remained in complete response (CR) following
19-28z CAR T-cell infusion; 32 of 44 patients in CR evaluated for minimal residual
disease (MRD) by multiparameter flow cytometry or deep sequencing achieved
MRD-negative CR. Similar rates of CR were observed regardless of age, disease
burden prior to CAR T-cell infusion, number of prior therapies, and prior allo-
HCT. Seventeen of 44 patients in CR following CAR T-cell infusion underwent
allo-HCT. However, as of most updated analysis, 6-month overall survival (OS)
appeared similar between those who did and did not undergo post-CAR T-cell allo-
HCT. Twenty-five patients achieving CR experienced morphologic relapse during
follow-up; four of these patients relapsed with CD19-negative blasts by flow cytom-
etry. Median event-free survival among all patients and among those who achieved
MRD-negative CR was 6.1 months and 12.5 months, respectively (Brentjens et al.
2013; Davila et al. 2014; Park et al. 2015, 2018). 19-28z CAR T-cells were gener-
ally detectable by flow cytometry and quantitative PCR (qPCR) for 1-6 months
post-infusion (Park et al. 2018).

Investigators from the Fred Hutchinson Cancer Research Center (FHCRC) also
reported mature results of their phase I trial of CD19-targeted CAR T-cells in 30
adults with relapsed/refractory B-ALL (Turtle et al. 2016). In contrast to MSKCC’s
approach, the FHCRC’s treatment protocol uses lentiviral transduction and a CD19-
targeted CAR bearing a 4-1BB costimulatory domain (rather than the CD28 costim-
ulatory domain). In addition, CD4* and CD8* T-cells are expanded separately
in vitro prior to infusion at a defined ratio of 1:1 CD4*:CD8* CAR T-cells, at total
infused doses of 2 x 10°, 2 x 10° and 2 x 107 CAR T-cells/kg. In support of this
methodology, investigators from FHCRC have reported preclinical data demon-
strating that transduced CAR T-cell subsets exhibit different effector functions, not-
ing weak lytic activity from isolated CD4* CAR T-cells, but greater IFN-y, TNF-«,
and IL-2 cytokine production from naive CD4* CAR T-cells after stimulation with
CD19* tumor cells, and greatest direct antitumor potency from CD8* CAR T-cells
with a central memory phenotype. In NOD/SCID/yc~'~ (NSG) mice engrafted with
the Raji/ffluc (CD19*) tumor cell lines, treatment with patient-derived CAR T-cells
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products with defined subset composition resulted in enhanced survival
(Sommermeyer et al. 2016). As such, this strategy may allow for a lower requisite
overall CAR T-cell dose and more uniform product composition between patients.
In the FHCRC trial, the 30 treated patients had received a median of 3 prior inten-
sive chemotherapy regimens (range, 1-11), and 11 had experienced relapse follow-
ing prior allo-HCT. Most had morphologic B-ALL at the time of infusion (median
BM blast burden 21%, range, 0.014-97%), and seven had extramedullary disease.
Thirteen patients received lymphodepleting chemotherapy consisting of Cy-based
regimens without Flu; 10 of 12 evaluable patients achieved BM CR without evi-
dence of disease by flow cytometry, though 7 of 10 experienced relapse at a median
of 66 days following CAR T-cell infusion (Turtle et al. 2015, 2016). While five of
these patients were retreated, no response was observed; an endogenous CD8* T-cell
response directed against the murine scFv component of the transgene was observed
and hypothesized to contribute to CAR T-cell rejection and in vivo expansion fail-
ure. Of note, investigators from the National Cancer Institute (NCI) reported T-cell
mediated anti-CAR responses in several pediatric patients with relapsed or refrac-
tory B-ALL treated with CD19-targeted CAR T-cells (Lee et al. 2015). As the
FHCRC investigators hypothesized that greater lymphodepletion would reduce the
risk of CAR T-cell rejection, they added Flu 25 mg/m*day for 3-5 days to Cy
60 mg/kg prior to CAR T-cell infusion in 17 subsequent patients, observed BM CR
by flow cytometry and cytogenetic studies in 16 of 17 patients, and noted signifi-
cantly improved disease-free survival compared with patients in the prior cohort
who had not received Flu (Turtle et al. 2016). Additionally, greater CD4* and CD8*
CAR T-cell levels were observed 28 days following infusion of 2 x 105 CAR T-cells
in patients receiving Flu/Cy vs. Cy-based lymphodepleting chemotherapy (Turtle
et al. 2016). Of note, due to greater toxicity observed in patients with >20% BM
blasts treated with >2 x 10° CAR T-cells, the investigators ultimately adopted a
risk-adapted strategy in which these patients received a lower dose of 2 x 105 CAR
T-cells, similar to MSKCC'’s approach as above (Turtle et al. 2016).

As discussed in a separate chapter, investigators from the University of
Pennsylvania (UPenn) and Children’s Hospital of Philadelphia (CHOP) have
reported on the use of CTLO19, a CD19-targeted CAR T-cell product containing a
4-1BB costimulatory domain, in children and adolescents with relapsed or refrac-
tory B-ALL (Maude et al. 2014, 2018). This group has additionally reported on 12
adults with relapsed or refractory B-ALL treated with CTLO19 following investiga-
tor’s choice of lymphodepleting chemotherapy. Eight of nine evaluable patients
achieved MRD-negative CR at 1 month. However, substantial toxicity was observed
as noted in a subsequent section (Frey et al. 2014). While mature data reflecting
CTLO19 persistence in adults with B-ALL has not yet been reported, this group has
noted CTLO19 persistence by qPCR and B-cell aplasia for >2 years following infu-
sion in pediatric patients with B-ALL who achieved MRD-negative CR (Grupp
et al. 2015).

While most studies of CD19-targeted CAR T-cell therapeutics to date have
employed autologous T-cells, investigators from the NCI have additionally investi-
gated the use of donor-derived (i.e., allogeneic) CAR T-cell products in patients



5 CAR-T Cells for Leukemias in Adults: Methods, Data and Challenges 81

with progressive B-ALL or other B-cell malignancies post-allo-HCT. Eligible
patients had <grade I acute graft-versus-host disease (GvHD) and <mild chronic
GvHD; DLI was not required for recipients with B-ALL. The investigators modified
T-cells derived from the related or unrelated donor used for the patient’s allo-HCT
to express a CD19-targeted CAR incorporating a CD28 costimulatory domain. The
five reported patients with progressive or relapsed B-ALL at infusion received a
single dose of 4.2-7.1 x 10° CAR T-cells/kg (median 5.6 x 10%/kg) without anteced-
ent lymphodepleting chemotherapy. Four of these patients achieved MRD-negative
CR, with recovery of normal hematopoiesis, including normal polyclonal B-cells;
remission was durable (16+ months) in one patient with B-ALL treated with this
approach, and another patient underwent second allo-HCT while in MRD-negative
CR (Brudno et al. 2016).

5.3 CD19-Targeted CART-Cells in CLL

Following several early clinical reports of CD20- and CD19-targeted CAR T-cells
in patients with relapsed or refractory B-cell non-Hodgkin lymphoma, several
groups reported their early experience treating patients with relapsed or refractory
CLL with CD19-targeted CAR T-cells (see Table 5.2 for largest/most mature series).
MSKCC initially reported on eight patients with purine analog-refractory CLL and
bulky lymphadenopathy treated with 19-28z CAR T-cells. Seven of eight patients
had additional adverse cytogenetic or molecular features (dell7p, delllq, and/or
unmutated IgHV). No objective responses were observed in three patients who
received 1.2-3.0 x 107 19-28z CAR T-cells/kg without any prior lymphodepleting
chemotherapy. A fourth patient developed fevers, hypotension, and renal failure fol-
lowing 19-28z CAR T-cell therapy and died within 48 h of a suspected sepsis syn-
drome, possibly related to subacute infection prior to CAR T-cell therapy (Brentjens
et al. 2010). Four subsequent patients received Cy 1.5-3.0 g/m* followed by 0.4—
1.0 x 10" CAR T-cells/kg, infused in split doses over 2 days. One patient demon-
strated marked reduction of peripheral adenopathy after an initial period of stable to
progressed disease, two others demonstrated stable disease, and another demon-
strated progression (Brentjens et al. 2011). Updated clinical results have noted
objective responses in a subset of patients with CLL receiving conditioning chemo-
therapy prior to 19-28z CAR T-cell therapy, however (Geyer et al. 2016a). In a
subsequent phase I trial at MSKCC, we enrolled patients with untreated CLL and
administered 19-28z CAR T-cells to patients with residual disease following initial
chemoimmunotherapy consisting of pentostatin, Cy, and rituximab (PCR). Eight
such patients attained PR and then subsequently received Cy 600 mg/m? followed
2 days later by escalating doses of 19-28z CAR T-cells (3 x 105 n =3; 1 x 107,
n=3;3x%x 10", n=2,in 19-282 CAR T-cells/kg), administered outpatient. Most
treated patients had unfavorable cytogenetic or molecular features (unmutated
IgHV, n = 7; delllq, n = 1). Two patients achieved CR as best response, three
achieved stable disease (with BM PR in one), and three had progression of disease,
one of whom had a rising ALC by the time of 19-28z CAR T-cell infusion and two
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of whom achieved BM response (MRD-positive CR in one, PR in the other) with
progression noted in lymph node; median PFS was 13.6 months (Geyer et al. 2016b;
Park et al. 2014). CAR T-cells were detectable for a maximum of 48 days post-
infusion by flow cytometry and/or gPCR.

Investigators from UPenn have treated >40 patients with relapsed or refractory
CLL with CTLO19 (Frey et al. 2014). This group published an initial report describ-
ing durable CR in a patient with refractory, p53-deficient CLL following pentostatin
+ Cy followed by 1.5 x 10° CTLO19/kg (Porter et al. 2011). The investigators sub-
sequently published detailed follow-up on 14 patients with relapsed or refractory
CLL treated on their pilot study with CTLO19. Treated patients had several high-
risk features, including a median of five prior therapies, loss of TP53 or chromo-
some 17p (n = 6), and unmutated IgHV (n = 9). Patients received one of several
lymphodepleting regimens, including bendamustine (n = 6), Cy/Flu (n = 3), or Cy/
pentostatin, followed by infusion of CTL0O19 (median dose, 1.6 x 10 CTL019) over
1-3 days. Eight of 14 patients completed the full 3-day regimen, with others receiv-
ing only one (n = 3) or two fractions (n = 3) due to fevers within 24 h of infusion.
Eight of 14 patients attained objective response at median follow-up of 19 months,
including 4 patients who achieved MRD-negative CR, of whom 3 have experienced
durable responses (28-53 months), while 1 died of unrelated causes 21 months
post-CTLO19 infusion with no evidence of disease. Four patients achieved PR
within the first month of infusion, lasting 5-13 months, and two patients with PR
completely cleared detectable CLL from the blood and BM. Six patients had no
objective response and experienced progressive disease within 9 months of CTLO19
infusion. Median OS for all patients was 29 months, 18-month OS was 71%, and
18-month PFS was 28.6%. Though subgroup analysis is limited considerably by the
small number of patients, number of previous therapies, abnormalities of chromo-
some 17p, IgHV mutation status, and CTLO19 dose did not appear to be correlated
with response (Porter et al. 2015). CTLO19 expansion peaked within 1 month of
infusion, and patients achieving CR exhibited greater peak expansion than those
who did not achieve CR. Persistence of CTL019 by qPCR or flow cytometry and
B-cell aplasia were noted through last follow-up (as long as >4 years) in patients
achieving MRD-negative CR (Porter et al. 2015). UPenn additionally presented a
phase II dose optimization study in which 28 patients with relapsed or refractory
CLL were randomly assigned to receive either 5 x 107 or 5 x 108 CTLO19 (stage 1)
and subsequent patients received 5 x 10® CTLO19 (stage 2) following conditioning
chemotherapy. Among 17 patients who received the higher CTLO19 dose, 9 achieved
objective response (CR, n = 6, and PR, n = 3) (Porter et al. 2014, 2016).

Several other groups have reported results in patients with CLL treated with
CD19-targeted CAR T-cells on prospective studies enrolling patients with different
B-cell malignancies. Investigators from the NCI have included several patients with
CLL in their prospective trials of CD19-targeted CAR T-cell therapies in B-cell
NHL. In their initial series, they treated eight patients with indolent B-NHL, includ-
ing CLL, with Flu/Cy followed by CD19-targeted CAR T-cell, and IL-2 post-
infusion. Three of four patients with CLL experienced objective response, including
one patient who achieved a durable CR (Kochenderfer et al. 2012). In a subsequent
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study that omitted IL-2 following CAR T-cell infusion, they again observed
responses in all four enrolled patients with relapsed CLL; three of these patients
achieved CR, ongoing as of the time of publication (Kochenderfer et al. 2015).
Investigators from the FHCHC also reported on 19 patients with relapsed and
refractory CLL treated with CD19-targeted CAR T-cells, with 4 patients achieving
CR (Turtle et al. 2017). Finally, as above, investigators from the NCI have addition-
ally investigated the use of CD19-targeted allogeneic CAR T-cell infusion post-allo-
HCT, including in patients with progression of CLL post-allo-HCT who had <grade
I acute GvHD (aGvHD), including following at least >1 donor lymphocyte infusion
(DLI). Patients received no antecedent lymphodepleting chemotherapy. Best
responses were CR (n = 1), PR (n = 1), and stable disease (n = 1) among the five
enrolled patients with CLL (Brudno et al. 2016).

5.4 Toxicities Associated with CD19-Targeted CAR T-Cells

The principal toxicities of CD19-targeted CAR T-cells observed to date include
cytokine release syndrome (CRS), a spectrum of neurologic toxicities, and the on-
target/off-tumor effect of B-cell aplasia. CRS may be defined broadly as a systemic
inflammatory response in the hours to days following CAR T-cell infusion charac-
terized by fevers, myalgias, malaise, and, in more severe cases, capillary leak syn-
drome with hypotension, hypoxia, and, more rarely, acute kidney injury and
coagulopathy. CRS appears to arise in the setting of brisk CAR T-cell activation and
expansion and marked elevations in pro-inflammatory cytokines (Davila et al.
2014). Severe CRS may be treated initially using the IL-6 receptor inhibitor tocili-
zumab, with the addition of lymphotoxic corticosteroids if symptoms persist.
Intravenous immune globulin (IVIG) may be used to manage hypogammaglobu-
linemia in the setting of B-cell aplasia.

Among adults with B-ALL treated with CAR T-cells, the incidence and severity
of severe CRS appears to be associated with underlying disease burden and with
CAR T-cell dose (Davila et al. 2014; Park et al. 2018; Turtle et al. 2016; Frey et al.
2014). Classification systems for CRS severity vary between reported studies to
date, complicating cross-trial comparisons (Lee et al. 2015; Porter et al. 2015). At
MSKCC, severe CRS (i.e., requiring vasopressors or mechanical ventilation) has
been observed almost exclusively among adults with morphologic B-ALL (vs.
MRD alone) at the time of CAR T-cell infusion. After 3 of 11 patients at MSKCC
with morphologic B-ALL experienced fatal treatment-related toxicity following
infusion of 3 x 10° 19-28z CAR T-cells/kg, CAR T-cell dose was lowered to 1 x 10°
19-28z CAR T-cells/kg for patients with morphologic B-ALL and maintained at
3 x 10%/kg for those patients with MRD only. Subsequently, no grade 5 toxicity was
observed in patients treated according to this risk-adapted approach (Park et al.
2015, 2018). The FHCRC reported 25 of 30 adults with B-ALL treated with CD19-
targeted CAR T-cells developed any CRS between 6 h and 9 days following CAR
T-cell infusion, most commonly characterized by fevers and/or hypotension and
elevated levels of IL-6 and IFN-y; 7 patients had severe CRS requiring ICU care,
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and 2 patients died of treatment-related toxicity (severe CRS in one, irreversible
neurologic toxicity in the other). Pretreatment disease burden and CAR T-cell dose
were correlated with the incidence of CRS. After the first two patients were treated
with 2 x 10" CAR T-cells/kg developed severe treatment-related toxicities, this dose
level was determined to be too toxic. Moreover, as all six patients with >20% BM
blasts treated with >2 x 10° CAR T-cells/kg required ICU care for CRS and devel-
oped severe neurologic toxicity, they implemented a risk-adapted approach in which
patients with >20% BM blasts received 2 x 10° CAR T-cells/kg and those with
<20% BM blasts received 2 x 10° CAR T-cells/kg. Thereafter, only one of ten
patients with >20% BM blasts required ICU care (Turtle et al. 2016). Investigators
from UPenn noted severe CRS in 11 of 12 adults with B-ALL treated with CTL019
on a phase I trial, including 3 patients with CRS refractory to tocilizumab and cor-
ticosteroids who died within 3—15 days of infusion; all treated patients had high
pretreatment disease burden, and patients with fatal CRS had received a higher dose
of CTLO19 compared to the others (Frey et al. 2014). While data describing CRS in
patients with CLL treated with CD19-targeted CAR T-cells are more limited, a pre-
liminary report describing MSKCC’s initial phase I trial utilizing 19-28z CAR
T-cells in patients with CLL noted that all patients became febrile following 19-28z
CAR T-cell infusion and two developed hypotension (Brentjens et al. 2011). In their
subsequent trial of CAR T-cell therapy as consolidation following PCR chemoim-
munotherapy in patients with CLL, four of five patients receiving >1 x 107 19-28z
CAR T-cells/kg were readmitted with fevers and mild, self-limited CRS not requir-
ing ICU transfer, anti-cytokine therapy, or corticosteroids (Geyer et al. 2016b; Park
et al. 2014). UPenn reported 9 of 14 CLL patients treated with CTLO19 on their
phase I trial developed >grade 1 CRS, 5 of whom required tocilizumab and/or cor-
ticosteroids and 4 of whom required ICU admission; in abstract form, they reported
19 of 35 patients with CLL treated with CTLO19 on their phase II study developed
any CRS, of whom 4 required tocilizumab + corticosteroids (Porter et al. 2014,
2015, 2016). A similar proportion of patients with CLL or other B-NHL treated by
the NCI with CD19-targeted CAR T-cells experienced fever (12 of 15) or hypoten-
sion (4 of 15) consistent with CRS (Kochenderfer et al. 2015).

A range of generally reversible neurologic toxicity has been observed following
CAR T-cell infusion in children and adults, including delirium, seizure-like activity,
confusion, word-finding difficulty, aphasia, and frank obtundation (Davila et al.
2014; Turtle et al. 2016; Porter et al. 2015; Kochenderfer et al. 2015). These neuro-
logic toxicities may occur independently of CRS. Twenty-two of 53 adults with
B-ALL treated with 19-28z CAR T-cells at MSKCC have experienced >grade 3
neurologic toxicity, including 14% of patients with MRD only at the time of CAR
T-cell infusion, suggesting a less intimate correlation between the development of
such toxicity and tumor burden (Park et al. 2015, 2018). FHCRC reported >grade 3
neurologic toxicity in 15 of 30 adults with B-ALL treated with CD19-targeted CAR
T-cells, either concurrent with or after resolution of CRS, including generalized
seizures in 3 patients (Turtle et al. 2016). Investigators from UPenn reported neuro-
logic toxicity including hallucinations, confusion, and delirium in 6 of 14 adults
(Zgrade 2, n = 5) with relapsed/refractory CLL treated with CTLO19 (Porter et al.
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2015). The NCI has reported a similar incidence and spectrum of neurologic toxic-
ity in patients with CLL and other B-NHL treated with CD19-targeted CAR T-cells
(Kochenderfer et al. 2015). A correlation between CAR T-cell concentrations in the
CSF has been postulated, but not consistently observed, and the pathogenesis of
such toxicity remains uncertain (Davila et al. 2014; Lee et al. 2015).

5.4.1 Expert Point of View

CD19-targeted CAR-modified T-cells have emerged as one of the most effective
available therapies in treating adults with relapsed or refractory B-ALL, including
those with relapse following allo-HSCT, with high rates of MRD-negative CR now
observed in multiple reported series, despite differences in therapeutic strategies,
including differences in CAR design (e.g., scFv, costimulatory domain), lym-
phodepleting chemotherapy, and CAR T-cell dose, source (e.g., autologous vs.
allogeneic), and product composition. A more modest proportion of patients with
refractory CLL treated with second-generation CAR T-cells achieve durable clini-
cal benefit, though long-term CRs have been observed in several reports. Potential
strategies for extending this technology to non-B-cell leukemias are noted in the
following section.

CAR T-cell therapies remain a new and evolving approach in the treatment of
refractory adult leukemia, and further review of mature data will be required to
draw firm conclusions regarding optimal therapeutic strategy. The broad, clini-
cally relevant themes of studies to date have suggested the importance of costimu-
lation and adequate lymphodepletion in promoting CAR T-cell persistence and
expansion. Limited data suggests a trend toward longer persistence of CAR T-cells
containing a 4-1BB (vs. CD28) costimulatory domain, such as CTL0O19. However,
treatment with this 4-1BB-containing CAR T-cell product additionally appears
associated with a greater incidence of CD19~ B-ALL escape variants when relapse
occurs post-CR following CAR T-cell therapy. Additionally, differences in clini-
cal trial design and patient selection make it extremely difficult to conclude
whether costimulatory domain selection affects the incidence of relapse after
achieving CR or long-term EFS/OS (Park et al. 2018; Turtle et al. 2016; Maude
et al. 2014; Grupp et al. 2015).

Several lines of evidence support the need for adequate lymphodepletion prior to
CAR T-cell therapy; while the exact mechanisms remain unclear, lymphodepleting
chemotherapy may enhance antigen-presenting cell activation and eradicate
immune-suppressive regulatory T-cells and homeostatic cytokine “sinks.” The
absence of significant rise in pro-inflammatory cytokine levels, poor CAR T-cell
expansion, and limited clinical efficacy have been observed in adults with B-cell
malignancies treated with CAR T-cell products without antecedent lymphodeplet-
ing chemotherapy (Brentjens et al. 2011; Cruz et al. 2013). Additionally, investiga-
tors from the FHCRC noted that the addition of Flu to Cy appeared to enhance CAR
T-cell persistence and expansion, decrease the incidence of transgene-directed
immune responses, and possibly improve EFS in adults with relapsed B-ALL
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treated with CAR T-cells (Turtle et al. 2016). Potential strategies for enhancing the
persistence, expansion, and clinical efficacy of CAR T-cells in patients with CLL
are discussed in a subsequent section.

Optimizing CAR T-cell therapeutics in adult leukemias additionally warrants
consideration of management following CAR T-cell therapy. Challenges proximal
to therapy include acquiring greater understanding of the pathogenesis and optimal
management of treatment-related neurologic toxicity and in prevention and man-
agement of refractory CRS. Challenges more distal to therapy include defining an
optimal consolidation strategy for patients with B-ALL achieving MRD-negative
CR and management of escape variants (i.e., loss of target tumor-associated anti-
gen) at relapse. In MSKCC’s experience to date treating refractory B-ALL with
19-28z CAR T-cells, we have identified no significant difference in OS among
patients achieving MRD-negative CR, regardless of whether the patient underwent
subsequent allo-HCT (Park et al. 2015, 2018). However, in other series utilizing this
approach, including the NCI'’s experience in treating pediatric patients with relapsed
B-ALL, most patients achieving MRD-negative CR have undergone allo-HCT (Lee
et al. 2015); whether consolidative allo-HCT or >1 cycle of CAR T-cell therapy will
improve long-term EFS in this setting remains uncertain. We and others have addi-
tionally described loss of detectable CD19 by flow cytometry in relapsing B-ALL
blasts in a subset of patients with B-ALL treated with CD19-targeted CAR T-cell
therapy, a finding that parallels reports of CD19-negative relapse following therapy
with the bispecific T-cell engager blinatumomab (Park et al. 2018; Turtle et al. 2016;
Lee et al. 2015; Maude et al. 2014; Frey et al. 2014; Grupp et al. 2015; Topp et al.
2014). One of several potential mechanisms underlying this phenomenon appears to
be alternative splicing of CD19 mRNA compromising the target epitope, and in
turn, CAR T-cell efficacy, while preserving cytoplasmic domains required for kinase
recruitment and signaling to permit leukemic maintenance (Sotillo et al. 2015).
Antigen escape might be treated by the use of CAR T-cells targeting other immature
B-cell antigens (e.g., CD22), as is being investigated in several ongoing studies
(NCT02650414, NCT02315612), and might be prevented by use of CAR T-cells
targeting multiple tumor-associated antigens at once or by therapies designed to
enhance early T-cell expansion and overcome inhibitory effects of the tumor micro-
environment as described in the next section.

5.4.2 Future Directions

The dramatic responses observed in many patients with refractory B-ALL treated
with CD19-targeted CAR T-cells have led several groups of investigators to con-
sider potential strategies for extending CAR T-cell therapy to acute myeloid leuke-
mia (AML) and T-cell leukemias. While CD19 is in many ways an ideal target
surface antigen for B-cell malignancies, as previously discussed, selection of a tar-
get for AML is far more challenging given the lack of known surface antigens
unique to malignant myeloid blasts and not expressed on normal hematopoietic
cells or myeloid precursors. Using a lentiviral anti-CD123 vector costimulated via
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4-1BB, investigators from UPenn noted that CDI123-targeted CAR T-cells
(CART123) exhibited potent antileukemic activity in NSG mice bearing human
AML cell lines (e.g., MOLM14) as well as NSG mice transgenic for IL-3, stem cell
factor, and GM-CSF (NSGS mice) bearing patient-derived AML samples. However,
CART123 administration appeared to ablate normal hematopoiesis in NSG mice
engrafted with human CD34* hematopoietic progenitor cells, even at 1 month post-
infusion (Gill et al. 2014). Administration of T-cells transduced with an anti-CD33
lentiviral vector (encoding an scFv derived from the anti-CD33 monoclonal
antibody-drug conjugate gemtuzumab ozogamicin and a 4-1BB costimulatory
domain) leads to severe hematopoietic toxicity in similar humanized xenograft
models (Kenderian et al. 2015). As such, this group subsequently investigated a
transiently expressed mRNA CD33-targeted CAR as a potential means to circum-
vent the myeloablation observed with CART123 and CART33 and thereby expand
the therapeutic index of CAR T-cell therapy for AML. The mRNA construct is elec-
troporated into human T-cells to generate the RNA-CART33 product, resulting in
high-level CAR expression that diminished over 7 days, with cytotoxicity decreas-
ing over time post-electroporation. MOLM14-engrafted NSG mice exhibited
enhanced survival following Cy + RNA-CART33 vs. Cy + untransduced T-cells
(Kenderian et al. 2015). Further development of “biodegradable” CAR T-cells and
other strategies to modulate the therapeutic effect of CAR T-cells with potent anti-
leukemic activity may permit safer application of CAR T-cell therapeutics in
AML. Alternatively, CAR T-cells with greater hematologic toxicity might be used
in patients with AML as a bridge to allo-HCT, as is being investigated in ongoing
clinical trials utilizing CD33-targeted and CDI123-targeted CAR T-cells
(NCT02623582, NCT01864902). There also remains an unmet need for effective
therapies for patients with relapsed or refractory T-cell malignancies, including
T-ALL. However, the potential use of CAR T-cells targeted to T-cell antigens raises
immediate concerns of on-target/off-tumor toxicity against endogenous T-cells and
infused CAR T-cells (i.e., fratricide). Investigators from the Baylor College of
Medicine/Texas Children’s Hospital have conducted preclinical studies of CD5-
targeted CAR T-cells, as CD5 is expressed on the surface of most T-ALL and
T-NHL. Specifically, human T-cells transduced with a retrovirus encoding a CD5-
targeted CAR costimulated via CD28 eliminate malignant T-cell lines in vitro and
in xenograft NSG mouse models in vivo while exhibiting only limited fratricide,
with sparing of native central and effector memory T-cells as well as virus-specific
T-cells (Mamonkin et al. 2015).

The more modest observed clinical efficacy of CD19-targeted CAR T-cells in
CLL, compared with B-ALL, may be related in part to a hostile tumor microenviron-
ment. CLL cells exploit a variety of mechanisms to escape elimination from the
endogenous immune system, including upregulation of inhibitory ligands inducing
impairment of T-cell immunologic synapses (e.g., CD200, PD-L1), production of
soluble plasma factors leading to suppression of NK cytotoxicity (e.g., BAG6), release
of exosomes promoting a cancer-associated fibroblast phenotype in stromal cells and
supporting leukemic maintenance, and induction of CD8* T-cell exhaustion (as
marked by decreased proliferative and cytotoxic capacity and increased expression of
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exhaustion markers PD-1, CD160, and CD244) (Reiners et al. 2013; Ramsay et al.
2012; Gorgun et al. 2005; McClanahan et al. 2015; Riches et al. 2013; Paggetti et al.
2015). Several strategies to overcome this inhibitory microenvironment have been
described and are being investigated in forthcoming clinical studies, including further
genetic modification of CD19-targeted CAR T-cells with an additional costimulatory
ligand, such as 4-1BB ligand (4-1BBL) or CD40 ligand (CD40L), or incorporation of
the pro-inflammatory cytokine IL-12 (Pegram et al. 2012, 2015; Stephan et al. 2007).
Several investigators have hypothesized that coadministration of checkpoint inhibi-
tors targeting the programmed death-1 (PD-1)/PD-L1 pathway may abrogate CAR
T-cell exhaustion, deplete myeloid-derived suppressor cells at disease sites, and
thereby enhance antitumor response (John et al. 2013). Additionally, ibrutinib appears
to have immunomodulatory effects independent of inhibition of Bruton’s tyrosine
kinase (BTK), including inhibition of interleukin-2-inducible T-cell kinase (ITK),
which may in turn enhance Th1 responses (Sagiv-Barfi et al. 2015). Investigators from
the University of Pennsylvania have observed decreased levels of PD-1 expression on
endogenous CD8* T-cells in patients with CLL treated with ibrutinib, as well as supe-
rior CTLO19 expansion ex vivo in patients treated with ibrutinib for >5 months, and
enhanced proliferation and engraftment in vivo in patients with CLL treated with ibru-
tinib prior to CTLO19 infusion (Fraietta et al. 2016). Early clinical data from MSKCC
supports the potential efficacy of ibrutinib in promoting ex vivo T-cell expansion and
enhancing clinical response (Geyer et al. 2016a). These findings suggest a potential
role for combination therapy with ibrutinib and CD19-targeted CAR T-cells in future
clinical studies in CLL.
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6.1 Introduction

The cluster of differentiation antigen 19 (CD19) is a 95 kD transmembrane glyco-
protein ubiquitously expressed on B cells from pro-B to mature B-cell phenotypes,
thus making it an optimal target for targeted cellular therapy against all B-cell non-
Hodgkin lymphomas (B-NHL)/chronic lymphocytic leukemia/small lymphocytic
lymphoma (CLL/SLL) and B-cell acute lymphoblastic leukemia (B-ALL). CD19 is
not expressed on other hematopoietic, or organ, cell populations. Targeting CD19
can hypothetically result in prolonged B-cell aplasia. Given the clinical experience
with the anti-CD20 monoclonal antibody rituximab with temporary B-cell aplasia,
severe clinical consequence has not been observed. Intravenous gamma globulin
has proven to effectively supplement humoral immunity in hypogammaglobulin-
emic patients. Thus, CD19 continues to serve as an acceptable tumor antigen to
target with cellular therapy. Genetically engineered recombinant T-cell receptors
directed against a specific tumor antigen (chimeric antigen receptors, CARs) can
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recognize and kill tumor cell targets. This review will focus on the clinical experi-
ence of targeting CD19 with CAR-modified T cells (19-CAR-T) for B-cell lympho-
mas, excluding CLL/SLL and multiple myeloma.

The initial CAR constructs consisted of a single-chain antigen recognizing vari-
able fragment (scFv) extracellular domain from an antibody in conjunction with a
transmembrane link to a functional CD3( intracellular signaling domain (Eshhar
et al. 1993). While this initial design had demonstrable effector function, prolifera-
tion and expansion were greatly enhanced by the incorporation of signal transmem-
brane co-stimulatory domains into later-generation constructs (Hombach et al.
2001). This translated into marked improvement of antitumor efficacy in early ani-
mal models (Brentjens et al. 2003). The clinical experience of 19-CAR-T for
relapsed and/or refractory (rel/ref) B-NHL and Hodgkin lymphoma (HL) reviewed
in this chapter will largely focus on “second-generation” 19-CAR-T constructs with
TCR/CD3 signal 1 coupled to signal 2 co-stimulation with either CD28 or
4-1BB. Additionally, there will be brief mention of data with other tumor targets
including kappa light chain and CD30 as well as later-generation constructs.

6.1.1 Clinical Studies: 19-CAR-T for Patients with Rel/Ref B-NHL

The initial clinical experience in 19-CAR-T for patients with rel/ref follicular lym-
phoma (FL) n = 2 and diffuse large B-cell lymphoma (DLBCL) n = 2 was with a
first-generation construct from the City of Hope (Jensen et al. 2010). The two
DLBCL patients received 19-CAR-T 1 month following high-dose therapy and
autologous stem cell transplantation (HDT-ASCT), and one of the two patients had
progressive disease following CAR-T infusion. The two patients with FL experi-
enced disease progression following therapy. Interleukin-2 (IL-2) was infused
adjunctively in the two patients with FL. with the intent of providing proliferative
stimulus to the CAR-T cell. Significant toxicity was not observed, and 19-CAR-T
failed to persist with only one of four patients demonstrating persistence of
19-CAR-T in the peripheral blood at 1 week post-infusion.

The National Cancer Institute (NCI) was the first group to publish a case report of
a second-generation 19-CAR-T incorporating a CD28 co-stimulatory domain (along
with exogenous IL-2) in a patient with FL. (Kochenderfer et al. 2010). The patient
experienced a partial remission (PR) lasting approximately 10 months, and the
19-CAR-T product was noted to persist for >6 months. This group subsequently
updated their prospective experience of 19-CAR-T incorporating CD28 co-stimula-
tion for re/ref B-NHL preceded by lymphodepleting chemotherapy consisting of
cyclophosphamide 60-120 mg/kg and fludarabine at a total dose of 125 mg/m?
(Kochenderfer et al. 2015). All six patients with indolent B-NHL (including splenic
marginal zone lymphoma n = 1 and CLL/SLL n = 4) responded with either a partial
(PR, n=2) or complete remission (CR, n =4). Six of the seven evaluable patients with
DLBCL, including three patients with primary mediastinal B NHL, responded with
either a PR (n=2) or CR (n =4). Two of the patients were not evaluable for a response
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and one patient experienced stable disease. The longest durations of responses were
12 and 23 months from treatment for DLBCL and indolent B-NHL, respectively.
Peripheral expansion of the 19-CAR-T product peaked at 7-17 days. Because of tox-
icity, predominately in the form of cytokine-release syndrome (CRS), the dose of
19-CAR-T was subsequently lowered from 5 x 10%kg to 1 x 10%kg. Greater than or
equal to grade 3 toxicity, again predominately CRS, was observed in 13 of 15 patients.
A subsequent study by the same group of lower-dose chemotherapy (cyclophospha-
mide 900 mg/m? and fludarabine 90 mg/m?) presented at the American Society of
Hematology (ASH) meeting in 2014, noted less toxicity related to severe CRS with
six of nine patients responding to 19-CAR-T therapy (Kochenderfer et al. 2014). They
have subsequently updated their experience reporting increased IL-15 post-infusion
correlated to CAR-T expansion and clinical response (Kochenderfer et al. 2017a) with
remissions lasting greater than 4 years (Kochenderfer et al. 2017b). Following these
studies, this CAR-T construct was licensed to Kite Pharma as KTE-C19 and subse-
quently axicabtagene ciloleucel (axi-cel), a 19-CAR-T with CD28 co-stimulation fol-
lowing fludarabine and cyclophosphamide conditioning, for rel/ref B-NHL with
initial presentation by Locke et al. at ASH 2015 wherein six patients had been treated
and three patients experienced >grade 3 toxicity including a grade 4 encephalopathy
and grade 4 CRS. Three patients were evaluable for response, in short follow-up at
1 month, with ORR of 100% (CR, n = 2; PR, n = 1) (Locke et al. 2015). This leads to
the multicenter phase II, Zuma-1 trial that led to FDA approval of the first CAR-T-cell
therapy for the treatment of adult patients with rel/ref large B-cell lymphoma after at
least two lines of standard therapy. In this study, axi-cel was administered to 101
patients with DLBCL (n = 77), primary mediastinal B-cell lymphoma, or transformed
FL (n = 24) following low-dose fludarabine and cyclophosphamide conditioning. At
6-month follow-up, ORR was 82% (CR, n = 55 [54%]; PR, n = 28 [28%]. At median
follow-up period (15.4 months), 42% of patients maintained a response (CR, 40%).
The overall rate of survival at 18 months was 52%. Ninety-three percent of all patients
experienced CRS, while 64% experienced neurotoxicity (NT), which were all
resolved. Forty-three percent of patients were treated with tocilizumab, and 27%
received glucocorticoids for the management of CRS and/or NT with no apparent
effect on response rates (Neelapu et al. 2017).

The group at the University of Pennsylvania recently published their phase Ila
study treating chemorefractory FL. and DLBCL patients with 19-CAR-T (Schuster
et al. 2017a). In contrast to a CD28 second-signal co-stimulatory domain, their con-
struct incorporates a 4-1BB co-stimulatory transmembrane molecule. Patients were
treated with variable lymphodepleting chemotherapy per treating physician prior to
administration of 19-CAR-T. This report included 14 evaluable patients with FL
and 14 evaluable patients with DLBCL. Of the 28 patients treated with 19-CAR-T,
18 (64%) had a response. CR was achieved with 6 of the 14 patients (43%) with
DLBCL and 10 of the 14 patients (71%) with FL. Continuous response was observed
at the median follow-up of 28.6 months in 86% of patients with DLBCL and in 89%
of patients with FL. Following infusion, median peak expansion of 19-CAR-T cells
was 8 days in patients with a response and 10 days in patients without a response.
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Fourteen of 16 patients who achieved CR had PCR-detectable levels of 19-CAR-T
DNA between 6 and 24 months after infusion. Eight of 16 patients in CR proceeded
to sustained B-cell recovery at median of 6.7 months. The investigators observed
severe CRS in five patients (18%) and severe encephalopathy in three patients
(11%) among which two cases were self-limiting and one case was fatal. This treat-
ment was further explored in a multicenter, multinational phase II study (The
JULIET Trial) presented at ASH 2017 (Schuster et al. 2017b). The investigators
reported best ORR of 53% with 39.5% CR rate in 81 patients infused and evaluable.
The CR rate at 6 months was 30% with CTLO19 detectable in the peripheral blood
up to 1 year post-infusion. CRS occurred in 58% of patient and 23% grade 3—4.
They reported a 12% incidence of neurotoxicity. This study led to FDA approval of
Novartis Pharmaceuticals licensed, tisagenlecleucel, on May 1, 2018 for rel/ref
adult DLBCL following at least two lines of chemotherapy.

The group from the Fred Hutchinson Cancer Research Center (FHCRC) pub-
lished their experience of treating rel/ref B-NHL with lentivirus transduced
19-CAR-T with a secondary 4-1BB co-stimulatory molecule in a fixed 1:1 ratio of
CD4:CD8, based largely upon preclinical modeling of improved persistence and
efficacy of the 19-CAR-T product (Riddell et al. 2014). These investigators tested
the effects of adding fludarabine to conditioning regimen preceding variable doses
of 19-CAR-T infusion. In the cyclophosphamide and fludarabine conditioning arm,
18 B-NHL patients achieved an ORR of 72% (CR, n = 9; PR, n = 4). In the cyclo-
phosphamide-based conditioning without fludarabine arm, 12 B-NHL patients
achieved an ORR of 50% (CR, n = 1; PR, n = 5) (Turtle et al. 2016). Of the total 32
evaluable patients, 20 developed any grade CRS, and 9 developed severe NT associ-
ated with treatment. Severe CRS was observed in four patients, all of whom had
received cyclophosphamide and fludarabine conditioning. There was also a correla-
tion between 19-CAR-T dose and severe CRS and NT. Thus, adding fludarabine to
the conditioning regimen and treatment with higher doses of 19-CAR-T correlated
with increasing toxicities. Three of six patients (50%) treated at the highest dose
(2 x 107/kg) after cyclophosphamide and fludarabine conditioning developed severe
CRS, and four of six patients (67%) developed severe NT. Of note, peak serum
concentrations of IL-6, interferon gamma (IFN-y), ferritin, and C-reactive protein
correlated with development and severity of CRS. The highest IL-6 and IFN-y lev-
els were seen in patients who received cyclophosphamide and fludarabine condi-
tioning followed by infusion of the highest 19-CAR-T dose. This technology was
subsequently licensed to Juno Therapeutics, and a multi-institutional trial was initi-
ated. In a preliminary update at the 2017 ASH meeting, investigators reported all
grade CRS rate at 30% (12/69), severe CRS rate at 1% (1/69), and NT rate at 20%
(14/69) (Abramson et al. 2017). At the time of the report, best ORR was 75%
(51/68), with a CR at 56% (38/68).

A complete summary of the clinical studies for rel/ref B-NHL with second-gen-
eration 19-CAR-T is summarized in Table 6.1.
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6.1.2 Clinical Studies: 19-CAR-T Following Hematopoietic Cell
Transplantation (HCT)

6.1.2.1 19-CAR-T in Consolidation Following High-Dose Therapy
and Autologous HCT (HDT-AHCT)

Investigators at the NCI initially leveraged microenvironmental biologic optimiza-
tion of adoptive cellular therapy demonstrating improved antitumor efficacy with
increasing intensity of chemo-/radiotherapy conditioning for patients with meta-
static melanoma (Dudley et al. 2008). Additionally, elegant animal experiments
suggest reinfusion of hematopoietic progenitor cells potentiates proliferative expan-
sion of adoptive cellular therapy by providing lymphoproliferative cytokines includ-
ing IL-7 and IL-15 (Wrzesinski et al. 2007). DLIs as adoptive therapy have improved
efficacy in a minimal residual state (Chang and Huang 2013). These aforemen-
tioned lines of evidence provide rationale for exploring 19-CAR-T in consolidation
following standard-of-care HDT-AHCT wherein historically approximately
40-50% of patients experience progression of disease following transplantation for
rel/ref DLBCL, the most common indication (Gisselbrecht et al. 2010; Vose et al.
2013). These studies are summarized in Table 6.2. The first large prospective pub-
lished experience was recently reported in manuscript form by investigators at the
City of Hope (Wang et al. 2016). The authors report on two sequential clinical trials
of 19-CAR-T following HDT-AHCT for B-NHL. In the first study, NHL-1, eight
patients were treated with a first-generation 19-CAR-T transduced into CD8+
enriched central memory cells, and in the second study, NHL-2, the 19-CAR-T
product was a fixed 1:1 CD4:CD8 with a second-generation construct containing a
CD28 co-stimulatory transmembrane domain. Most of the patients on study were in
a functional imaging complete metabolic remission (Barrington et al. 2014) at the
time of HDT-AHCT. In the NHL-1 study, with a median follow-up of approxi-
mately 2 years in the nonprogressors, a 2-year progression-free survival (PFS) was
observed in 50% of the patients (95%CI: 16-84%). In the NHL-2 study, wherein all
eight patients treated were in a chemosensitive remission (7/8 in complete meta-
bolic remission) at the time of HDT-AHCT, at a median follow-up of 12 months, the
1-year PFS was 75% (95% CI, 35-97%). The authors noted improved persistence
of the second-generation 19-CAR-T product in NHL-2. No CRS or other >grade 3
toxicity was attributable to the 19-CAR-T product on either study.

Two additional centers have presented their prospective experience, of 19-CAR-T
following HDT-AHCT for B-NHL, MD Anderson Cancer Center (MDACC) and
Memorial Sloan Kettering Cancer Center (MSKCC). The group from MDACC pub-
lished their prospective experience with 19-CAR-T constructed by the Sleeping
Beauty transposon with two phase 1 studies that enrolled 26 patients with advanced
NHL or ALL (Kebriaei et al. 2016). Patients underwent HCT in autologous (n = 7)
or allogenic (n = 19) settings followed by 19-CAR-T infusion as an adjuvant ther-
apy. Patients who underwent auto-AHCT experienced progression-free and overall
survival rates of 83% and 100% at 30 months, while the same end points for patients
who received allo-HSCT were 53% and 63%, respectively, at 12 months. Three
patients that received allo-HCT developed GvHD. One patient that developed
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GvHD died of preexisting conditions, while GVHD of the other two patients was
resolved. Genomic analysis of 19-CAR-T cells generated by transposition showed
uniform and stable insertion events through the genome with low rates of aberrant
recombination. Of note, investigators could detect 19-CAR-T cells in blood for an
average of 201 days in auto-HCT and 51 days in allo-HCT recipients.

Lastly, investigators from MSKCC have tested CAR-T in consolidation for high-
risk rel/ref DLBCL/aggressive histology B-NHL in partial chemosensitive remis-
sion following a HDT-AHCT (Sauter et al. 2015). All patients on this study had
either functional imaging-positive disease and/or bone marrow involvement charac-
terizing them as high-risk per phase I study eligibility criteria. The 19-CAR-T uti-
lized by this group includes a CD28 co-stimulatory molecule. Interim data presented
at the 2015 ASCO meeting revealed 4 of 10 evaluable patients in continuous com-
plete remission at a median of 14 months post-HDT-ASCT and 19-CAR-T and up
to nearly 2 years in two patients, following study treatment (Sauter et al. 2015). The
most common grade >3 toxicity attributable to 19-CAR-T was NT in 7/11 patients
that was fully reversible.

6.1.2.2 19-CAR-T Following Allogeneic (Allo-HCT)

To test safety of 19-CAR-T post-allo-HCT, the group at the NCI reported a phase I
dose escalation trial in B-NHL patients that progressed following allo-HCT (Brudno
et al. 2016). The protocol did not include a lymphodepleting conditioning regimen
before infusion. Of 20 patients, none developed GvHD after 19-CAR-T infusion, and
an ORR of 40% (CR, n = 6; PR, n = 2) was achieved. The response rate was highest
for ALL, and the longest ongoing CR was greater than 30 months in a patient with
CLL. Anti-malignancy response of 19-CAR-T infusion was rapid; blood
B-lymphocytes decreased from 3372 to 0/pl over 11 days in a case of CLL, compared
to several weeks observed in standard donor lymphocyte infusion (DLI) treatment. Of
note, after infusion 19-CAR-T cells had a significant elevation in programmed cell
death protein 1 (PD-1) expression before reaching peak blood levels.

6.1.2.3 Later-Generation CAR Products

Two abstracts were presented at ASH 2015 with third- and fourth-generation con-
structs, respectively. Investigators from Sweden reported short interim follow-up on
a phase I/II study testing a third-generation 19-CAR-T construct incorporating
CD28 and IL-2 for rel/ref B-cell malignancies (including CLL and ALL). They
reported 6/14 initial complete responses in lymphoma (n = 11) and ALL (n = 3) with
investigation ongoing (Enblad et al. 2015). Lastly, investigators from China reported
on a phase I/II clinical trial of a fourth-generation 19-CAR-T construct consisting
of CD28/CD137/CD27 and iCasp9 apoptosis-inducible safety switch (4SCAR19)
(Chang et al. 2015). Thirteen patients with rel/ref B-NHL (including 12 with either
DLBCL or Burkitt’s lymphoma) were treated with 4SCAR19 preceded by fludara-
bine and cyclophosphamide conditioning, and eight experienced a CR at
3—-10 months post-4SCARI19 treatment. Three patients died of non-disease-related
causes with or without severe CRS, and two patients died of progressive lymphoma
with a 120-day disease-free survival of 53% (95% CI: 36-69%) (Chang et al. 2015).
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6.1.3 Clinical Studies: Alternate Tumor Antigen Targets for CAR
Therapy (CD20, Kappa Light Chain, CD30, and CD22)

The earliest clinical experience with CAR-T therapy for B-NHL was with a scFv
targeting CD20 in a first-generation construct (Till et al. 2008). In conjunction
with adjunctive IL-2, the 20-CAR-T persisted in vivo up to 9 weeks post-infusion.
Of the seven patients treated with MCL or FL, two patients achieved a CR, one
patient a PR, and four had experienced stable disease. A second study utilized a
first-generation neomycin-resistance selected 20-CAR-T following HDT-ASCT
detected 20-CAR-T up to only 1 week post-infusion by quantitative polymerase
chain reaction (QPCR), and no clinical responses were detected (Jensen et al.
2010). Given that B cell NHL is clonally restricted to either kappa (k) or lambda
(M) immunoglobulin light chain, the group from Baylor College of Medicine
investigated targeting k-light chain with CAR-T and presented results on seven
patients with rel/ref B-NHL at the 2013 ASH meeting (Ramos et al. 2013). Per
PCR, the k-CAR-T peaked in the periphery at 1-2 weeks post-infusion and per-
sisted for up to 6 months. Three of the seven patients responded to k-CAR-T (CR,
n=2,PR,n=1).

With the success of the antibody-drug conjugate brentuximab vedotin (BV) tar-
geting CD30 in patients with CD30+ hematologic malignancies including Hodgkin
lymphoma (HL) and anaplastic large cell lymphoma (ALCL) (Younes et al. 2010),
the group from Baylor has developed a CAR construct targeting CD30 (30-CAR-T)
in conjunction with a functional CD3¢ and CD28 co-stimulatory domain transduced
via a retrovirus. They reported interim results of a prospective phase I study of
30-CAR-T wherein 18 products were transduced and 9 patients were treated (HL,
n =17, ALCL, n = 2). Eight of the patients had previously failed BV. Importantly, no
patients received lymphodepleting chemotherapy prior to infusion of 30-CAR-T on
study. Following safe administration to dose level #3 on the phase I study, at 6-week
evaluation post-infusion, n = 1 CR and n = 1 PR, four patients with stable disease
and three patients with progression of disease (Ramos et al. 2015). Given the safe
administration, the Baylor investigators plan to incorporate 30-CAR-T following
HDT-ASCT in the subsequent study.

CD22 emerged as a target tumor antigen for CAR-T therapy in B-ALL, as its
expression is largely restricted to B-cell lineage. Recently, the first clinical experience
of 22-CAR-T therapy in 21 patients (age range 7-30 years) with B-ALL was reported
by the investigators at the NIH (Fry et al. 2018). The 22-CAR-T construct included a
4-1BB co-stimulatory domain, and patients were administered doses >1 x 10° per kg.
All patients had at least one bone marrow transplantation, and notably 17 patients had
received CD19-targeted immunotherapy wherein 15 had received 19-CAR-T therapy
prior to this trial. A dose-dependent anti-malignant response was observed. Of 21
patients, 12 (57%) achieved CR, 9 of whom had received prior CD19-directed immu-
notherapy and had CD19 diminished or CD19-negative B-cell populations. Eight
patients in CR experienced relapse at a median of 6 months following 22-CAR-T
infusion. Given their experience with CD22 as a valid CAR-T therapy antigen, the
investigators plan to extend their studies to CD19-CD22 multispecific CAR therapy to
decrease the possibility of relapses associated with antigen escape.
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6.2 Expert Point of View

Despite the above encouraging data, 19-CAR-T therapy for B-NHL appears less
active than in B-ALL wherein the vast majority of patients achieve CR (Davila
et al. 2014; Maude et al. 2014). Whether this is due to differences in the microen-
vironment (marrow- versus nodal-based disease) or other biologic features
between B-ALL and B-NHL histologies remains unknown. Most recently, to ana-
lyze the genomic, phenotypic, and functional mechanisms of success or failure of
CAR-T-cell therapy, the group at the University of Pennsylvania presented a trial
of 41 patients with advanced and high-risk CLL, who received at least one dose of
19-CAR-T cells (Fraietta et al. 2018). They reported that intrinsic properties of
19-CAR-T isolated from patients who responded to CAR-T-cell therapy were
markedly different than 19-CAR-T cells isolated from patients who were unre-
sponsive. 19-CAR-T cells of the responders had elevated expression profiles of
early memory differentiation, as well as comparatively enriched IL-6 signatures,
and these cells had superior expansion during clinical manufacturing, while the
19-CAR-T cells of the unresponsive patients had elevated expression of late mem-
ory, apoptosis, and aerobic glycosylation that are associated with T-cell exhaus-
tion, as well as poor expansion profiles. Of note, CD27*PD1-CD8" 19-CAR-T-cell
population expressing high levels of the IL-6 receptor correlated with a therapeu-
tic response.

Currently, the two major toxicities of 19-CAR-T therapy include CRS and NT
manifestations including, but not limited to, seizures, seizure-like activity, focal
motor deficits, aphasia, and global encephalopathy (Lee et al. 2014). These toxici-
ties temper the encouraging activity of this treatment modality, and strategies to
abrogate the associated morbidity (and potential mortality) are mentioned in the
section below. Lastly, it is important to note that many of the previously reviewed
studies are in short follow-up. To this end, it is important to await longer follow-up
from phase II studies. Given the time and resource necessary for autologous leuka-
pheresis and CAR-T production, it will be imperative to analyze forthcoming effi-
cacy data in later phase studies by intention to treat. This is particularly relevant in
the rel/ref setting of aggressive histology disease, i.e., DLBCL, wherein patients’
disease phenotype and natural history may preclude proceeding to CAR-T
treatment.

6.3 Future Directions

Much of the clinical development around CAR-T therapy is strategies to prevent or
treat toxicity related to treatment, most notably the use of anti-IL-6 receptor block-
ade to abrogate CRS (Davila et al. 2014). Additionally, engineering suicide genetic
elements to “turn off”” the activated cellular product when toxicity is observed are
being developed (Di Stasi et al. 2011). Safety and management cohort of the
ZUMA-1 trial reported results of an IL-6 receptor blocker, tocilizumab, used as
CRS prophylaxis at day 2 of infusion. Rates of patients with grade >3 CRS were
lower in the prophylaxis cohort, 1 of 34 (3%), compared to 13 of 101 (13%) in the
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main cohort (Locke et al. 2017). However, a concern of potentially greater severe
NT in the experimental group may provide insight into the pathophysiology of NT
in the setting of IL-6 receptor blockade. A recent report from MSKCC described
factors associated with NT in ALL patients receiving 19-28z CAR-T including
cytokines such as IL-6, as well as others that may be produced by other cellular
lineages (Santomasso et al. 2018). Another complication of CAR-T therapy are
infections that are potentially related to prior cytotoxic treatments and/or lymphode-
pleting conditioning regimens. A recent phase I/II study that enrolled 133 patients
reported that incidence of infections after 19-CAR-T-cell therapy was comparable
to other salvage chemo-immunotherapies. Prior cytotoxic treatments, 19-CAR-T
dose, CRS severity, and ALL malignancy were associated with more frequent infec-
tions (Hill et al. 2018).

Future investigation toward improvement in 19-CAR-T efficacy for B-NHL
may involve additional pharmacologic adjuncts to catalyze the therapeutic poten-
tial of this adoptive cellular therapy. The Bruton’s tyrosine kinase inhibitor ibruti-
nib, which has demonstrated impressive single-agent activity in many histologies
of B-NHL (Smith 2015), has been found to inhibit Th2 responses while enhancing
Thl1-based immunity via inhibition of the interleukin-2-inducible kinase (ITK) in
preclinical models. Subsequent to this discovery, CLL patients previously exposed
to ibrutinib demonstrated enhanced ex vivo and in vivo expansion of 19-CAR-T
in addition to decreased expression of programmed cell death 1 (PD-1) on the
product (Fraietta et al. 2016; Long et al. 2017). PD-1 is a T-cell exhaustion recep-
tor serving as a downregulator of T cells upon engagement of PD-1 ligand-1 (PD-
L1) or PD-L2 and is upregulated on adoptive transfer of CAR-T (Abate-Daga
et al. 2013). This receptor is pharmacologically targetable by checkpoint inhibi-
tors in active clinical investigation for various lymphoma histologies (Matsuki
and Younes 2016). Clinical trials combining checkpoint inhibitors and 19-CAR-T
are being designed. A clinical experience of 19-CAR-T in CLL patients that had
received ibrutinib was reported by the FHCRC investigators wherein 24 patients
achieved an ORR of 71% (Turtle et al. 2017). Furthermore, in a case report, ongo-
ing treatment with a PD-1 inhibitor antibody after 19-CAR-T therapy resulted in
a durable CR response in a DLBCL patient that was otherwise unresponsive to
19-CAR-T (Chong et al. 2017). Ibrutinib has also been shown to enhance
19-CAR-T cytotoxic killing of MCL in cell lines, in vivo, as well as in xenograft
mouse models (Ruella et al. 2016). Additional potential combinatorial strategies
could include immune modulatory agents, such as lenalidomide, which has previ-
ously been shown to enhance T-cell synapse formation and downregulation of
tumor cell inhibitory molecules (Ramsay et al. 2012) and has demonstrated
enhanced antitumor efficacy of 19-CAR-T and 20-CAR-T in animal models
(Otahal et al. 2016).

Lastly, active development of third- and later-generation CAR-T is ongoing.
Included in these investigations is development of constructs with co-stimula-
tory elements and/or lymphoproliferative cytokine genes engineered into the
19-CAR product (Pegram et al. 2012). Additionally, combinatorial antigen
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specificity is under active investigation (Kloss et al. 2013; Zah et al. 2016)
toward the goal of circumnavigating antigen escape (Jackson and Brentjens
2015; Gardner et al. 2016).
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Aaron P. Rapoport and Jean A. Yared

7.1 Introduction

The potential for cellular immunotherapy to offer significant therapeutic benefit to
patients suffering from advanced forms of cancer was highlighted by the success of
allogeneic blood and marrow hematopoietic cell transplants (HCTs) for hemato-
logic malignancies and tumor-infiltrating lymphocytes (TIL) therapy for solid
tumors, especially melanoma. These forms of therapy carry risks and technical
challenges including potentially lethal graft-versus-host disease (GvHD) in the case
of allogeneic HCTs and the inability to isolate and successfully prepare TIL for up
to 50% of patients (Tran et al. 2008). Furthermore while the high frequency of clini-
cal responses to TIL therapy amply demonstrated that autologous T cell therapy of
cancer was possible, the cure rates from TIL were very low and likely limited by the
prevalence of tumor-reactive T cells bearing low-affinity TCRs for tumor-associated
antigens (TAA) as a result of thymic selection as well as the reestablishment of
immunosuppressive mechanisms. For tumors characterized by genomic instability
which display higher levels of patient tumor-specific neoantigens, the therapeutic
potential for TIL may be greater (Maby et al. 2015). The identification of key
immune checkpoints (e.g., CTLA-4/CD80 and PD-1/PDL-1) and the development
of antibodies (e.g., ipilimumab, nivolumab, pembrolizumab) which block these
inhibitory receptors and pathways have led to durable systemic responses in patients
with a variety of advanced solid tumors including melanoma, lung cancer, and head
and neck cancer—an unprecedented occurrence in the history of cancer therapy
(Hodi et al. 2010; Brahmer et al. 2015; Seiwert et al. 2016). Nonetheless, the overall
impact of such therapies may still be limited by the restricted repertoire and low

A. P. Rapoport (D<) J. A. Yared

University of Maryland School of Medicine, Greenebaum Comprehensive Cancer Center,
Department of Medicine, Hematology/Oncology, Baltimore, MD, USA

e-mail: arapoport@umm.edu; jyared @umm.edu

© Springer Nature Switzerland AG 2019 109
M.-A. Perales et al. (eds.), Cell and Gene Therapies, Advances and

Controversies in Hematopoietic Transplantation and Cell Therapy,
https://doi.org/10.1007/978-3-319-54368-0_7

7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-54368-0_7&domain=pdf
mailto:arapoport@umm.edu
mailto:jyared@umm.edu

110 A. P.Rapoport and J. A. Yared

affinity of the naturally occurring endogenous T cells present in the patient.
Therefore, there remains a strong rationale for the engineering of tumor specificity
into a patient’s own T cells, in order to overcome these limitations.

Progress in the understanding of TCR structure and function and advancements
in synthetic biology and cell transduction methodologies have converged to make it
feasible to engineer patient-derived T cells to express novel receptors or receptor
constructs which can redirect the T cells to known tumor targets. Eshhar and col-
leagues were among the first to demonstrate that T cells could be redirected to
tumors by introducing tumor-specific “T-body” or “CAR (chimeric antigen recep-
tor)” constructs by gene modification (Gross et al. 1989). Through a series of ele-
gant experimental advancements, these and other investigators have generated
second- and third-generation CARs against the B cell antigen CD19 which exert a
high frequency of durable responses in patients with advanced and refractory
chronic lymphocytic leukemia, B cell lymphoma, and perhaps most impressively
relapsed and resistant pediatric and adult acute lymphoblastic leukemia (ALL)
(Maus et al. 2014; Porter et al. 2011; Grupp et al. 2013; Kochenderfer et al. 2015).
While the CAR approach offers a cellular immunotherapy strategy that is not HLA-
restricted and thereby expands the scope of patients who can be treated with each
construct while avoiding the problem of MHC downregulation in tumors (Gross and
Eshhar 1992), several limitations and clinical challenges exist: The tumor antigens
for CAR-engineered T cells must be expressed on the cell surface and absent from
critical non-tumor target organs and tissues. Also, the “non-physiologic” signaling
mechanisms for CARs which are composed of the CD3-zeta cytoplasmic domain
and one or more costimulatory domains (e.g., CD28 or 41BB or both) may lead to
rapid proliferation and cytokine release syndrome (CRS) which requires careful
clinical management and sometimes can be fatal (Barrett et al. 2014). However
other factors including the density and accessibility of target antigen and the distri-
bution of tumor cells may also contribute to the magnitude of T cell proliferation
and the occurrence of CRS following adoptive transfer of both CAR T cells and
TCR-engineered T cells.

Immunotherapy using TCR-engineered T cells involves the transfer of gene
constructs encoding TCR alpha and beta chains which recognize 8—10 amino acid
peptides processed from TAA and expressed in the context of HLA molecules. To
date, the most common HLA-restricted TCRs tested in humans have been specific
for HLA-A*02:01 which is found in about 50% of Caucasians, about 40% of
Hispanics, and about 20-24% of African-Americans (Ellis et al. 2000; Gonzalez-
Galarza et al. 2015). The frequency of HLA-A*02:01 is about 22% among
Japanese, about 18% among US Asians, and highly variable in Chinese (0-24%).
Because these peptides can be drawn from both the intracellular and extracellular
proteins, the range of TAA which can be recognized by TCR-engineered T cells is
estimated to be five- to tenfold higher than that for CARs based in part on the fact
that only about 28% of all cellular proteins are expressed on the cell membrane in
whole or in part (Uhlen et al. 2015). Furthermore, these TCR-engineered T cells
typically employ physiological signaling pathways which may offer a safety
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advantage with respect to CRS. In this chapter, we will discuss the development of
tumor-specific TCRs, their clinical applications and safety considerations, and
future directions.

7.2 TCR Structure and Function

Physiologic T cell responses are primarily dependent upon the intermolecular inter-
action between the clonotypic alpha-beta TCR and the cognate peptide-MHC
(major histocompatibility complex). This interaction is stabilized by CD4 and CD8
which bind to specific constant regions of the MHC class II and class I molecules,
respectively, as well as by interactions between CD2 and CTLA-4 and CD28 on the
T cells and CD58 (for CD2) and CD80 (for CTLA-4 and CD28) on the antigen-
presenting or tumor target cells (Bridgeman et al. 2012). The interface between the
TCR and the peptide-MHC complex (pMHC) involves the pMHC surface and the
three hypervariable complementarity determining regions (CDRs) of the alpha and
beta chains (Rudolph et al. 2006). The CDR1a and CDR2« regions are encoded by
one of 47 TCR-a germline variable genes, while the CDR 1 and CDR2f regions are
encoded by one of 57 TCR-p germline variable genes. The CDR2 loops mainly
contact the MHC molecule, while the CDR1 loops can contact both the MHC and
the peptide. On the other hand, the CDR3a and CDR3p loops of the alpha and beta
chains are encoded by variable (V), diversity (D, p chains only), and joining (J) seg-
ments and further diversified enzymatically by random nucleotide insertions at the
junctional regions of the V-D-J gene segments. As predicted, the hypervariable
CDR3a and CDR3p loops mainly contact the antigen peptide. Altogether the TCR
generation mechanism can produce ~10' to 10 unique alpha and beta pairs able to
recognize an enormous range of antigenic structures (Miles et al. 2011). TCRs on
the surface of T cells bind to the pMHC with a certain affinity which is determined
during T cell ontogeny. During T cell development and maturation in the thymus, T
cells bearing TCRs that bind to cognate antigens too strongly are eliminated by
negative selection, while T cells that bind too weakly are eliminated by apoptosis
(Jameson et al. 1995). More specifically, early-stage double-positive (CD4*/CD8*)
T cells are first positively selected through interaction with peptide-MHC molecules
expressed by thymic cortical epithelial cells, while in the medulla of the thymus,
single-positive (CD4*/CD8~ or CD47/CD8") T cells encounter medullary epithelial
cells which express an abundance of peptides derived from genes expressed in all
somatic tissues (Nitta et al. 2010; Groettrup et al. 2010). As a result of this interac-
tion, T cells which bear TCRs which exhibit high-affinity interactions with self-
peptides are negatively selected. This affinity maturation process results in a vast
repertoire of TCRs that bind to their cognate antigens in the context of the MHC,
strongly if derived from nonself (e.g., microbial) antigens but weakly if derived
from self-antigens (dissociation constant or Kp ~ 0.1 to 500 uM or greater). Of note,
antibodies typically bind their cognate antigens with K, values in the nM or pM
range (van der Merwe and Davis 2003).
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This editing mechanism significantly reduces the risk of autoimmune disease
but conversely also limits the ability of the native immune system to recognize
TAA since in most cases these are peptides that are derived from self-proteins that
have been re-expressed or overexpressed in the tumor. This model of T cell ontog-
eny helps to explain the lack of success of cancer vaccination strategies which
have thus far yielded limited clinical benefits with an objective response rate of
3.3% among more than 1300 patients who received a variety of cancer vaccines
both at the NIH Surgery Branch and in the published literature (Rosenberg et al.
1994, 2004). It also explains the differential affinity ranges that have been
observed for virus and cancer-specific TCRs with markedly higher affinities for
TCRs that bind viral antigens than cancer-related antigens (Aleksic et al. 2012).
In general the binding affinity of TCRs for cancer-related antigens that are “self”-
antigens is about tenfold lower than the binding affinity of TCRs for nonself and
microbial antigens.

Another important principle is that the avidity of a TCR for its cognate pMHC
and the kinetics of the interaction are major determinants of T cell activation
(Zoete et al. 2013; Davis et al. 1998; Irving et al. 2012; Stone et al. 2009). Using
techniques such as surface plasmon resonance (SPR) and isothermal titration cal-
orimetry, the biophysical characteristics have been calculated for dozens of TCR-
pMHC interactions (Bridgeman et al. 2012). On the basis of this work, two major
models of T cell activation have been developed: the “affinity model” which pro-
poses that the level of T cell activation depends on the total number of TCRs
bound to peptide-MHC complexes and the “half-life model” whereby optimal T
cell activation requires that the TCR engage the peptide-MHC complex with suf-
ficient binding strength and time to induce signaling (Zoete et al. 2013). It follows
that strategies which generate TCRs with higher affinity for cognate tumor anti-
gens could lead to superior therapeutic effect especially when combined with
forced expression of those affinity-enhanced TCRs on cytotoxic T cells. Indeed
multiple investigators have shown that affinity enhancement of TCRs for cognate
peptide-MHC complex within the physiologic TCR affinity range (Kp ~ 200 pM
to 1 pM) and in the presence of low levels of peptide-MHC complexes which is
typical for most tumors results in improved T cell function (Robbins et al. 2008;
Zhao et al. 2007). On the other hand, affinity enhancement into the supraphysio-
logic range (Kp < 1 pM) often led to functional impairment due in part to dimin-
ished expression of costimulatory molecules accompanied by increased PD-1
expression and upregulation of SHP-1 and SHP-2 phosphatases which serve to
downregulate T cell function (Irving et al. 2012; Hebeisen et al. 2013, 2015).
Further enhancement of affinity to Ky, levels of <1 nM may lead to cross-reactivity
with other peptide-MHC complexes. Thus an overarching principle has emerged
that optimal function (including T cell activation and target specificity) of a given
TCR occurs within a certain window of binding affinities. Within the physiologic
range of TCR affinity mentioned above, the specific affinity for optimal T cell
function is not possible to predict for each TCR-p-MHC complex and must be
empirically determined in each case.
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7.3  Isolation of Therapeutic TCRs and Strategies
for Functional Enhancement

Candidate TCRs for therapeutic applications have generally been identified initially
by isolating TIL from patient tumors. To illustrate the process of generating a TCR
for therapeutic application, the steps taken to generate an affinity-enhanced TCR for
anaturally processed peptide that is derived from the cancer-testis antigens (CTAgs)
NY-ESO-1 and LAGE-1 is described in some detail. This process involved both
experimental iteration and serendipity. Among the various classes of TAA which
could be targeted by T cells, the CTAgs or cancer-germline antigens (CGs) are
attractive because of their relatively clean expression profiles, being mainly
restricted to germ cells and cancers (Ilyas and Yang 2015; Kvistborg et al. 2013). In
addition, these antigens are shared by a variable but significant proportion of patients
who develop specific cancers, and some may promote cancer cell survival and con-
fer chemotherapy resistance (Monte et al. 2006), thus increasing the potential clini-
cal benefit from targeting these antigens with TCR-modified T cells. Other classes
of TAA including tissue differentiation or lineage-specific antigens and neoantigens
derived from patient-specific mutations may be less desirable targets for TCR-
engineered T cells due to “off-tumor” expression leading to damage of normal tis-
sues and application to very small numbers of patients, respectively.

NY-ESO-1 was originally identified as a putative human tumor antigen by a
method called serological expression cloning of recombinant cDNA libraries from
human tumors (SEREX) using tissue obtained from a patient with squamous cell
carcinoma of the esophagus (Chen et al. 1997). The function of NY-ESO-1 is
unknown. NY-ESO-1 expression is detected in testis, ovary, and weakly in uterus
specimens, but no mRNA can be detected by reverse transcription-polymerase
chain reaction (RT-PCR) in any other normal tissue. NY-ESO-1 (CTAG-1B) is an
immunogenic cancer-testis antigen (CTA) associated with spontaneous and vaccine-
induced immunity that can lead to clinical cancer responses (Hunder et al. 2008;
Yuan et al. 2008). Up to 60% of advanced myelomas have been reported to express
NY-ESO-1, a feature correlated to tumor proliferation and high-risk features (van
Baren et al. 1999; Jungbluth et al. 2005; Condomines et al. 2007; Atanackovic et al.
2007; van Rhee et al. 2005).

In addition to myeloma, multiple solid tumors express NY-ESO-1 at rates of up
to 50% including melanoma and cancers of the bladder, lung, ovary, uterus, and
esophagus (Chen et al. 1997). Reported expression rates vary between different
studies; RT-PCR is more sensitive than immunohistochemistry (IHC) and tends to
give higher figures for NY-ESO-1 expression. Figures derived from IHC are more
reliable, since this technique detects protein rather than RNA. A feature of CTAgs
like NY-ESO-1 is that they can have heterogenous expression in the tumor and so it
is informative to measure both aspects in tissue sections by RNA- or protein-based
approaches. CTLs recognizing the HLA-A*0201-restricted epitope NY-ESO57_;¢s
(SLLMWITQC) have been grown from the blood and lymph nodes of myeloma
patients by several different groups (Atanackovic et al. 2007; van Rhee et al. 2005).
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LAGE-1, a highly homologous TAA with a very similar expression pattern as
NY-ESO-1, also shares the same epitope, and T cell clones specific for this epitope
also kill antigen-positive tumor cells (van Rhee et al. 2005).

TCR gene cDNA sequences were isolated from the NY-ESO-1 HLA-A*0201-
SLLMWITQC-restricted T cell clone 1G4 (Jager et al. 1998). This CTL clone was
cultured from a metastatic lymph node derived from an 81-year-old woman with
melanoma who exhibited both strong serologic and cytolytic reactivities against
autologous tumor cells. The CTL clone (1G4) was found to recognize the
SLLMWITQC peptide corresponding to amino acids 157-165 of NY-ESO-1 in
an HLA-A*02:01-restricted manner. Note that the SLLMWITQC peptide
sequence is the identical sequence derived and expressed from the LAGE-1 anti-
gen, and therefore LAGE-1 antigen-positive tumors are also targeted by the 1G4
T cell clone.

The cDNA coding sequences for the mature extracellular regions of the a and
B chain TCR proteins were cloned into separate E. coli plasmid vectors and
expressed as protein inclusion bodies. These inclusion bodies were purified, solu-
bilized, and then refolded as soluble a/f heterodimeric TCR proteins (sTCR).
Both TCR chains were genetically truncated at the C terminus immediately before
the native intra-chain cysteine residues and joined together by means of an artifi-
cial disulfide bond engineered between the o and f chain TCR constant regions.
The 1G4 sTCR protein was purified, and its HLA-peptide antigen-binding kinet-
ics were analyzed by surface plasmon resonance (SPR) using a BIAcore 3000.
The 1G4 gene sequences also served as a platform to generate variants with
enhanced antigen-binding affinity using bacteriophage display of large numbers
of mutated 1G4 TCR proteins.

The HLA-A*0201-SLLMWITQC-peptide antigen complex was required for
validation of antigen binding of the 1G4 T cell clone and the soluble version, as well
as for testing and selection of affinity-enhanced variants generated by phage dis-
play. This complex was made by cloning the HLA-A*0201 protein and 2 micro-
globulin into E. coli expression vectors. These proteins were then expressed
separately as protein inclusion bodies prior to solubilization, mixing with the
SLLMWITQC peptide and refolding. The refolded pMHC antigen complex was
then purified by ion exchange and size exclusion chromatography.

A 1G4 sTCR phage-display library was constructed with mutations cover-
ing the hypervariable complementarity determining region (CDR3 region) of
the P chain. Three rounds of selection/enrichment for high-affinity TCR clones
were performed. Competition ELISA assays for high-affinity mutant TCR
phage identified several candidate TCR p-chain CDR3 mutations. These high-
affinity p chain mutants then formed the basis of a library where the CDR3 «o
chain was also mutated in a similar manner (Li et al. 2005). This complex
library was then used to isolate still higher affinities. Later, mutations were
introduced into the CDR2 regions of both chains, and these libraries were then
reselected (Dunn et al. 2006).
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7.4  Biochemical Validation and Efficacy Testing
of the Affinity-Enhanced NY-ESO-1 sTCR Clones

High-affinity mutant TCR alpha and beta chain genes were cloned separately
into E. coli expression vectors. These mutant TCR chains were expressed and
refolded in various paired combinations including with wild-type chains. They
were then purified and analyzed for binding to HLA-A*0201-SLLMWITQC
antigen by SPR. As mentioned, earlier studies using T cells transfected with
high-affinity TCRs indicated that TCRs with very high affinities could exhibit
diminished function and altered target specificity suggesting that TCRs with
moderately increased affinity should be preferentially evaluated (Zhao et al.
2007). Thus, the high-affinity mutant CDR3a chain TCR sequences (Li et al.
2005) and mutant CDR2p chain TCR sequences (Dunn et al. 2006) were partially
back-mutated to the wild-type 1G4 TCR sequence. A panel of these phage-
derived 1G4 TCR mutants was then assessed in TCR-transfected T cells (Robbins
et al. 2008). From these data TCRs with single or dual amino acid substitutions
in the antigen-binding region and which were anticipated to have optimal cellular
properties were selected for comparison in lentiviral T cell transduction and
functional studies. These studies consisted of cytokine release assays and cyto-
toxicity assays against a panel of NY-ESO-1 positive and negative tumor cell
lines. From these studies, an affinity-enhanced NY-ESO-1-TCR construct
emerged as the “winner” based on enhanced binding properties, enhanced cyto-
kine release, and target cell killing as well as retention of antigen specificity. This
construct consisted of an alpha-chain variant (c259) carrying amino acid substi-
tutions at positions 95 (threonine — leucine) and 96 (serine — tyrosine) of the
CDR3 region of the 1G4 NY-ESO-1 TCR clone combined with the wild-type
beta chain of the 1G4 NY-ESO-1 TCR clone. This affinity-enhanced TCR had a
Ty, of 19 s and Kp of 730 nM vs 2.2 seconds and 9.3 pM for the wild-type 1G4
TCR, indicating about tenfold higher “dwell” time and binding strength for the
1G4 NY-ESO-1 TCR variant known as ¢259 (Robbins et al. 2008).

It should be noted that other investigators have taken a structural approach start-
ing with crystallographic structures of TCR-peptide-MHC complexes in order to
elucidate points of contact. Amino acid substitutions can then be made logically
rather than randomly based on structure compatibilities in order to achieve affinity
enhancements (Zoete et al. 2013; Haidar et al. 2009; Malecek et al. 2014). This
approach has also led to development of affinity-enhanced variants of the HLA-
A*02:01-restricted TCR for NY-ESO-1,57_1¢s (Schmid et al. 2010). Furthermore, a
high-throughput TCR gene-capture methodology has also been developed to more
rapidly isolate and identify tumor antigen-specific TCR sequences from human
tumor tissue both with and without prior knowledge of antigen specificities. This
methodology was used to develop a library of CTAg-specific TCRs and may also
facilitate TCR-engineered T cell immunotherapy against private neoantigens which
are expressed by individual patient tumors (Linnemann et al. 2013).
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The cytotoxic effects of T cells transduced with the affinity-enhanced variant of
the HLA-A*02:01-restricted TCR for NY-ESO-1,5;_45s were then evaluated in the
immunodeficient NSG (NOD/scid/y.™") mouse model using the human B cell pre-
cursor acute lymphoblastic leukemia cell line (NALM-6) as the tumor target. The
immunodeficient NOD/scid/y.™" (NOG) mouse is an excellent xenotransplantation
model to measure the in vivo repopulation of human CD4 T cells (Ito et al. 2009).
Following engraftment, the human hematopoietic cells can be maintained in NSG
mice for at least 2 months or until fatal xenogeneic GvHD. Intravenous injection of
NALM-6 into NSG mice provides a systemic tumor model with rapid evolution
toward animal death within 20-23 days. Parental NALM-6 cells express both HLA-
Al and HLA-A2 molecules and also low levels of certain cancer-testis antigens
including MAGE A3, but no NY-ESO-1 antigen. To achieve higher expression of
this antigen, NALM-6 cells were transduced with lentiviruses expressing NY-ESO-1
proteins in conjunction with the green fluorescent (GFP) protein (NALM6-GFP-
NY-ESOL1). As a control cell line, NALM-6 cells were transduced with GFP only
(NALMO6-GFP). In previous experiments, the NALMO6-GFP-NY-ESO1 cells
induced mouse death within 23 days, similar to the parental NALM-6 cells.

The efficacy study used parental and transduced NALM-6 cell lines and evalu-
ated the impact of CD4 and CD8 T cells which were genetically modified by lenti-
viral transfection to express NY-ESO-1 TCR on animal survival. The infused study
cell number was 5 x 10° CD4 and CD8 T cells. This dose was chosen based on pilot
data in the NALM-6 model which indicated that this is the effective dose required
to observe an antitumor effect. Since a human is on average 3000-fold larger than an
average mouse, a cell dose of 5 x 10° cells in a mouse roughly corresponds to a
human dose of ~10 billion cells. The starting dose in human trials was expected to
be about 1 x 10° and so the dose evaluated in the preclinical murine experiments
represented about ten times greater than the human dose that would be administered
in phase I trials.

As expected, all the control mice (injected with saline and mock/untransduced T
cells) died between day 19 and 23. Also, the high-affinity NY-ESO1 TCR (c259)-
transduced T cells did not give the mice any survival advantage when mice were
inoculated with the NY-ESO-1-negative NALMG6 tumor cells. However when mice
carrying the NALMO-NY-ESO-1 positive tumor cells were treated with the
NY-ESO-1-TCR-transduced T cells, a significant survival advantage was seen
regardless of the TCR affinity (wt or the affinity-enhanced ¢259 TCR variant).
These data suggested that both NY-ESO-1 TCRs were effective against tumor cells
expressing the cognate antigen.

7.5 Clinical Translation of the Affinity-Enhanced
NY-ESO-1 (c259) TCR

In the course of translating the affinity-enhanced NY-ESO-1 (c259) TCR to the
bedside, several additional considerations merited attention including optimization
of function by the transduced T cells and preclinical testing to minimize the risk of
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off-tumor effects. Two potential impediments to tumor targeting and killing by
TCR-modified T cells include the potential problem of “mispairing” of transduced
alpha and beta chains with the native T cell alpha and beta chains as well as the
limited availability of components of the CD3 signaling complex. Second, both
mispairing and the physiological redundancy of any TCR to potentially recognize a
large number different peptides in the context of HLA molecules can lead to “off-
target” recognition and off-tumor toxicities. The formation and surface expression
of a functional TCR requires pairing of the new alpha and beta chains followed by
association with the four invariant chains of the CD3 complex, namely, CD3y,
CD38, CD3e (two subunits), and CD3C (two subunits). Furthermore, the availability
of the CD3 subunits particularly CD3( is limited and partially formed TCR-CD3
complexes that undergo degradation in the endoplasmic reticulum (Minami et al.
1987, Mallabiabarrena et al. 1992). Ex vivo studies have shown that introduction of
anovel TCR into a lymphocyte which expresses its native TCR results in mispairing
between exogenous alpha and beta chains and endogenous beta and alpha chains
sufficient to generate neoreactivities which are either HLA class I or class II
restricted and directed against both allogeneic and autologous targets (van Loenen
et al. 2010). Furthermore, such mispairing with generation of autoreactive T cells
was thought to contribute to lethal GVHD in a mouse model which utilized an
unusually intensive conditioning regimen (Bendle et al. 2010). It should be noted
that to date, no known immunotoxicity has been demonstrated to occur in humans
on the basis of mispairing between native and exogenous TCR chains. Potential
strategies for reducing mispairing and enhancing the surface expression and func-
tion of transduced therapeutic TCRs include the optimization of equimolar transla-
tion of the introduced alpha and beta chains using the internal ribosome entry site
(IRES) sequence of the encephalomyocarditis virus or more recently the “self-
cleaving” 2A sequences from picornaviruses or porcine teschovirus which allows
the ribosome to skip from one chain sequence to an adjacent one in order to achieve
nearly equivalent translation and production of each peptide chain (Furler et al.
2001; Szymczak et al. 2004). Two other strategies to augment preferential pairing of
the exogenous TCR chains include introduction of a second cysteine residue to
generate an extra disulfide bond between the introduced alpha and beta chains and
use of murine TCR sequences to facilitate species-specific pairing (van Loenen
et al. 2010; Cohen et al. 2006, 2007). The molecular techniques which promote
equimolar synthesis of the exogenous TCR alpha and beta chains have already been
employed in the development of therapeutic TCRs for human studies.

The issues of “on-target, off-tumor” and “off-target, off-tumor” toxicities whereby
adoptively transferred TCR gene-modified T cells recognize cognate peptide antigen
on non-tumor cells and elicit damage to normal tissues or recognize unintended,
“cross-reactive” peptides or HLA molecules on non-tumor cells and elicit normal tis-
sue injury are likely more common causes of TCR-engineered T cell toxicities. These
toxicities will also be discussed further in the context of the clinical studies. Steps
taken during preclinical development to mitigate against these toxicities include the
following: (i) alanine substitution scanning to identify which amino acid residues in
the antigen peptide are critical for TCR binding and thereby identify structurally
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similar peptide sequences in other genes which the TCR could potentially recognize,
followed by binding assays to test for potential cross-reactivity; (ii) testing of the TCR
against an “alloreactivity panel” to search for cross-reactivity with other HLA mole-
cules in addition to the one that the TCR is known to bind; (iii) testing of the TCR
against a large panel of primary cells and tissues; and (iv) careful assessment of the
true distribution of the target antigen to minimize the risk of “on-target/off- tumor”
effects. As mentioned, on-target/off-tumor toxicity and off-target/off-tumor toxicity
will also be discussed further in the context of the clinical studies.

7.6  Early Clinical Studies of TCR-Engineered Lymphocytes

The first clinical trial of TCR-engineered T cells for cancer immunotherapy focused
on the melanocyte differentiation antigen MART-1 which is expressed in 80-90%
melanoma cases and frequently recognized by melanoma TIL. Using a TCR isolated
from a melanoma TIL which was HLA-A*02:01 restricted and recognized the MART-
1:27-35 epitope AAGIGILTY, investigators cloned a cDNA for this TCR into a retro-
virus and then transduced autologous peripheral blood lymphocytes from 15
HLA-A*02:01+ patients with advanced melanoma (Morgan et al. 2006). After mye-
loablative therapy to enhance the impact of the T cell immunotherapy through various
mechanisms, these patients received the transduced T cells followed by maintenance
therapy using IL-2. Of the 15 patients who were treated, 1 had a complete regression
that lasted for 23 months, while a second patient exhibited a complete regression of an
axillary mass and a 90% reduction in the size of a liver lesion which was resected
10 months later, and the patient remained disease-free 9 years after treatment.

To augment response rates, a higher-affinity TCR for the MART was identified and
tested. TCRs for the MART-1:27-35 AAGIGILTV were isolated from TIL derived
from 24 melanoma patients and tested for avidity for the HLA-peptide complex and
IFN-y production by transduced lymphocytes. A specific TCR termed DMFS5 exhibited
the strongest response and was selected for further clinical development (Johnson et al.
2006). Similar preclinical studies for another melanocyte differentiation antigen gp100
led to development and selection of a relatively high-affinity TCR directed against the
gp100:154-162 epitope KTWGQYWQYV which was isolated from a T cell clone gen-
erated from an HLA-A*02:01+-transgenic mouse that had been immunized with the
gp100:154-162 epitope. Treatment of patients with autologous T cells engineered to
express the high-affinity MART-1 TCR (DMF?5) led to objective responses in 6 of 20
patients (30%) with advanced melanoma and in 3 of 16 patients (17%) who received
autologous lymphocytes transduced with the high-affinity gp100 TCR (Johnson et al.
2009). Of the 36 total patients treated in these two studies, 34 eventually relapsed,
while 1 patient was an ongoing partial responder nearly 8 years after receiving treat-
ment with the MART-1:27-35 TCR, and a second patient had an ongoing complete
response nearly 8 years after receiving treatment with the gp100:154-162 TCR.

Importantly, severe “on-target, off-tumor” toxicities were observed in most of
the patients who were treated with cells engineered to express both the MART-1 and
the gp100 TCRs including skin rash in 29 of 36 patients which culminated in loss of
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the majority of epidermal melanocytes (Robbins 2015). In addition, uveitis devel-
oped in 11/20 patients who received the MART-1 TCR-modified T cells and 4/16
patients who received the gp100 TCR gene-modified T cells; 13 of the 15 affected
patients were successfully treated with steroid eye drops. Acute hearing loss devel-
oped in 10/20 patients who received MART-1 TCR-expressing T cells and 5/16
patients treated with gp100 TCR-expressing T cells, while 9 of the 36 total patients
developed vertigo presumably due to engineered T cell attack on inner ear melano-
cytes; all patients responded to intratympanic steroid injections (Robbins 2015).
The higher objective response rates and also the on-target/off-tumor toxicity rates in
these latter studies suggest that affinity enhancement may increase the potency of
TCR-modified T cells.

Another clinical trial was conducted involving the adoptive transfer of T cells
engineered to express an affinity-enhanced TCR for an HLA-A*02:01 restricted
immunogenic peptide composed of amino acids 691-699 from the carcinoembry-
onic antigen (CEA) found on most colon cancers but also normal colonic epithelial
cells found in the crypts. This TCR also contained a serine — threonine substitution
at codon 112 in the CDR3 region of the TCR-a which seemed to augment recogni-
tion of the CEA peptide on colon cancer cell lines (Parkhurst et al. 2009). Treatment
of HLA-A*02:01+ patients with metastatic colon cancer who had high levels of
circulating CEA using CEAg goo-directed TCR-expressing T cells elicited a
6-month partial response in one of three patients but predictably led to severe
inflammatory colitis and grade 1 diarrhea in one patient but grade 3 diarrhea in two
patients requiring administration of oral corticosteroids in two of the three patients
(Robbins 2015; Parkhurst et al. 2009). While these autoimmune toxicities resolved
in 4-6 weeks, the trial was terminated early. The clinical experience with autolo-
gous T cells engineered to express TCRs directed against lineage-specific or “dif-
ferentiation” antigens which are expressed on tumors but also normal tissue
counterparts suggests that occasional clinical responses can be obtained which are
sometimes durable, but the benefits seem more than offset by “on-target, off-tumor”
immunotoxicities. The lack of selectivity against tumor tissue may be explained in
part by the presence of immuno-inhibitory factors which are operative in the tumor
bed but not in the normal tissue. This has led to studies using T cells engineered to
carry TCRs which are directed against antigens that are mainly or exclusively
expressed by tumors including the cancer-testis antigens (CTAs) or cancer-germ
line antigens (CGs), most notably NY-ESO-1.

7.7  Clinical Studies of NY-ESO-1 TCR-Expressing T Cells
in Solid Tumors

The NY-ESO-1 cancer-testis or cancer-germline antigen is widely expressed in
solid tumors including melanoma, lung, breast, ovarian, prostate, and bladder
tumors where the expression frequency ranges between 10 and 50% (Chen et al.
1997). NY-ESO-1 is abundantly and even more frequently expressed in synovial
cell sarcomas where it is found in approximately 60—70% of tumors (Jungbluth
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et al. 2001). Based on the higher frequency and selectivity of expression in syno-
vial cell sarcoma and melanoma, a clinical trial was conducted using autologous T
cells engineered to express the affinity-enhanced HLA-A*02:01-restricted (c259)
variant of the 1G4 NY-ESO-1 TCR carrying amino acid substitutions at positions
95 (threonine — leucine) and 96 (serine — tyrosine) of the alpha-chain CDR3
region combined with the wild-type beta chain of the 1G4 NY-ESO-1 TCR clone.
After lymphodepleting chemotherapy consisting of fludarabine and cyclophospha-
mide, patients received retrovirally transduced autologous T cells carrying the
affinity-enhanced NY-ESO-1 TCR followed by IL-2 maintenance therapy (Robbins
et al. 2011). Four of six HLA-A*02:01+ patients with synovial cell sarcoma and
five of eleven advanced melanoma patients exhibited clinical responses by RECIST
criteria; 2/11 melanoma patients had complete responses that persisted for more
than 1 year, while a partial response in one patient with synovial sarcoma lasted for
18 months. A recent report using a similar experimental design with expanded
cohorts of patients and longer follow-up included 18 patients with progressive
synovial cell sarcoma, 11 of whom had objective responses, and 20 patients with
advanced melanoma, 11 of whom had objective responses (Robbins et al. 2015).
The projected 3- and 5-year overall survival rates for the synovial cell sarcoma
patients were 38% and 14%, respectively, while the projected survivals for the
melanoma patients were 33% at both timepoints. Using this larger study, the inves-
tigators sought to identify predictors of response. Although some patients in this
study were also immunized with a peptide vaccine derived from the NY-ESO-15; 65
epitope, receipt of this vaccine did not correlate with response, while higher T cell
numbers and one measure of enhanced functionality (IFNy production in response
to peptide-pulsed EBV-transformed lymphocyte targets) did seem to correlate to
better clinical response. Importantly, no toxicities attributable to the transduced T
cells were observed in accordance with the restricted expression of NY-ESO-1 to
tumors and germ cells.

7.8  Clinical Studies of NY-ESO-1 TCR-Expressing
T Cells in Myeloma

Up to 60% of advanced myelomas have also been reported to express NY-ESO-1, a
feature which is correlated to enhanced tumor proliferation and other high-risk fea-
tures including relapsed and extramedullary disease (van Baren et al. 1999;
Jungbluth et al. 2005; Condomines et al. 2007; Atanackovic et al. 2007; van Rhee
et al. 2005). High-dose chemotherapy followed by autologous stem cell transplanta-
tion (AHCT) has been a mainstay of therapy for myeloma and better clinical out-
comes following AHCT for myeloma and other hematologic neoplasms that may be
associated with rapid post-transplant lymphocyte recovery (Porrata et al. 2001;
Porrata and Markovic 2004). In addition, tumor-reactive T cells are present at low
frequencies in the marrow and blood of myeloma patients which may target
myeloma cells upon activation (Dhodapkar et al. 2002; Noonan et al. 2005). Thus
autologous immune-mediated control of myeloma may be possible.
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We and other investigators have studied whether cancer vaccines administered
post-AHCT could be immunogenic and improve outcomes. Our studies involved
combined cellular and vaccine strategies under the hypothesis that transfers of
ex vivo costimulated autologous T cells will improve functional T cell recovery,
thereby providing a platform for enhanced vaccine-directed immune responses.
For these studies autologous T cells were stimulated by coculture with immuno-
magnetic beads conjugated with anti-CD3 and anti-CD28 monoclonal antibodies
to prevent T cell anergy through combined CD3 and CD28 signaling (Li et al.
1999; Boussiotis et al. 2000). Using microbial vaccines including a pneumococ-
cal conjugate vaccine (Prevnar®) and an influenza vaccine as well as a cancer
antigen vaccine based on peptides derived from hTERT and survivin, these stud-
ies showed that an early post-transplant infusion of 1-5 x 10'° in vivo vaccine-
primed and ex vivo costimulated T cells followed by booster immunizations led
to protective antimicrobial antibody responses in a majority of patients and can-
cer vaccine-directed T cell responses in about 1/3 of patients (Rapoport et al.
2005, 2011; Stadtmauer et al. 2011). The addition of novel adjuvants such as the
toll-like receptor-3 (TLR3) agonist Poly-ICLC (Hiltonol®) to a MAGE-A3 tumor
antigen vaccine led to functional T cell responses in more than 2/3 of patients and
a marginally significant better EFS for patients who developed IFN-y responses
on both CD4* and CD8* T cells (Rapoport et al. 2014). Furthermore, a pattern of
schedule-dependent T cell expansion was observed, whereby the most robust
CD4* and CD8" T cell recoveries post-AHCT occurred when the ex vivo costim-
ulated T cells were infused very early after high-dose chemotherapy (on day +2
after autologous stem cell transplantation rather than day +14 or day +100) pre-
sumably as a result of the homeostatic expansion mechanisms (e.g., unbound
IL-15) that prevail after lymphodepleting chemotherapy (Rapoport et al. 2009).
Using this platform of high-dose, lymphodepleting chemotherapy followed by
AHCT and then adoptive transfer of ex vivo costimulated autologous T cells, we
conducted and reported a phase I/II clinical trial (NCT01352286) designed to
evaluate the safety and activity of autologous T cells genetically engineered to
express the affinity-enhanced TCR (NY-ESO®*) that recognizes the NY-ESO-1/
LAGE-1 peptide complex HLA-A*0201-SLLMWITQC (NY-ESO-1,57_65) and
infused post-AHCT (Rapoport et al. 2015). Patients with high-risk or relapsed
multiple myeloma (MM), who were HLA-A*0201 positive and whose myeloma
was positive for NY-ESO-1 and/or LAGE-1 by quantitative qRT-PCR, were eli-
gible. Figure 7.1 shows a flow diagram for this clinical trial. Briefly, autologous
CD25-depleted CD4 and CD8 T cells were activated and expanded using anti-
CD3/anti-CD28 antibody-conjugated microbeads, and genetically modified with
a self-inactivating (SIN) lentiviral vector encoding the affinity-enhanced
NY-ESO/LAGE-1 TCR. Engineered T cells were administered 4 days after high-
dose melphalan and 2 days following auto-HCT (day +2 of AHCT), at a dose
range of 1-10 billion total cells. We hypothesized that adoptive transfer of
NY-ESO“** TCR-engineered T cells would improve the duration and depth of
post-AHCT clinical responses in HLA-A201-positive patients with advanced
NY-ESO-1/LAGE-1-expressing MM.
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ADOPTIVE TRANSFER of NY-ESO-1 TCR-ENGINEERED
T-CELLS AFTER ASCT for MYELOMA

Autologous Infusion of
Blood Cell Collection T-Cells

COLLECTION TO INFUSION
T-Cell
Product

Activation and Bead Removal
Expansion of T-Cells and Formulation

Antibody-
* Coated Beads

NY-ESO-1 TCR
Vector u{?

Fig. 7.1 Autologous leukapheresis is performed. CD25-depleted CD4 and CD8 T cells are acti-
vated and expanded using anti-CD3/anti-CD28 antibody-conjugated microbeads, and genetically
modified with a self-inactivating (SIN) lentiviral vector encoding the affinity-enhanced NY-ESO/
LAGE-1 TCR. Engineered T cells are administered 4 days after high-dose melphalan or 2 days
following auto-HCT (day +2 of AHCT), at a dose range of 1-10 billion total cells

Prior to enrollment on study, patients had received a median of three prior
therapies (range 1-4) including five with prior AHCT. Sixty percent (12/20) of
tumors contained cytogenetic abnormalities most of which were considered high
risk. Twenty patients (median age of 58, range 44—72 years) received a mean of 8
billion total CD3 T cells (range 1-10 billion) which were genetically modified at
an average of 33% (range 18-49%, study minimum was 10%). Thus a mean of 2.4
billion transduced CD3 T cells (range 0.45-3.9 billion) were infused. Infusions
were well-tolerated, and no clinically apparent CRS was detected although sig-
nificant elevations of serum IL-6 were detected in all patients (median 22-fold
increase; range 8- to 2272-fold) within 7-28 days post infusion which overlapped
with the period of maximum T cell expansion. A subset of responding patients
with high levels of engineered T cells were evaluated by flow cytometry for cyto-
kine production (IFN-y) and cytotoxic potential (granzyme B production and
CD107a surface expression) in response to peptide-loaded targets. The data
showed that polyfunctional T cells which were generated during manufacturing
engrafted in the patients where they remained functional in the peripheral blood
for up to a year after infusion.
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The majority of adverse events were related to the high-dose melphalan.
Importantly, there were no treatment-related fatalities. All serious adverse events
(SAEs) (5) were resolved, and the 17 adverse events which were at least probably
related to the treatment were grade 3 or lower. Notably a skin rash with lymphocy-
tosis occurred in 3/20 patients, and some patients had a diarrheal syndrome that
occurred later than expected for melphalan-induced mucositis, and three cases were
confirmed by biopsy to be autologous graft-versus-host disease (autoGvHD).
However, analysis of engineered T cells in inflamed and normal colonic tissue and
peripheral blood was performed in patients who developed autoGvHD, and while
engineered T cells were present in inflamed tissue, they were diluted at sites of
inflammation compared to adjacent non-inflamed tissues, suggesting that they were
not driving the event. Also we previously observed acute GvHD (aGvHD) involving
the GI tract after adoptive transfer of activated but non-gene-modified T cells
(Rapoport et al. 2009).

The median progression-free survival (PES) of this high-risk cohort was
19.1 months (the lower bound of the 95% CI was 8.5 months, upper bound has not
been reached yet), while 15/20 (75%) patients remained alive at the time of the
initial report. Engineered T cells were found to expand, traffick to marrow, and per-
sist for at least 6 months in all but one patient as determined by Q-PCR and/or flow
cytometry. Engineered cells were detected in the blood or marrow by flow cytome-
try for as long as 2 years after infusion in two patients. This length of persistence is
unusual for TCR gene-modified T cells and for gene-modified T cells in general and
may reflect adoptive transfer in the setting of AHCT (after intensive lymphodeplet-
ing chemotherapy), the use of ex vivo costimulation of the transduced T cells and/
or properties of the NY-ESO-1-TCR, and expression vector. Evidence for specific
targeting of antigen-positive myeloma cells came from several directions: Compared
to enrollment levels, loss of NY-ESO-1 and LAGE-1 transcripts by qRT-PCR analy-
sis on marrow specimens was observed in 12/15 evaluable patients at day 100 and
in 11/13 evaluable patients at day 180. Conversely, the 3/15 patients who had detect-
able levels of NY-ESO-1 and LAGE-1 transcripts in the marrow at day 100 also had
very low or undetectable levels of engineered T cells in the peripheral blood which
was followed by a relapse in two patients. Four patients had an increase in CD138
transcripts (as a measure of plasma cells in general) in the absence of NY-ESO-1/
LAGE-1 transcripts, suggesting that pressure from the immune response was poten-
tially selecting for tumor escape subclones that lacked target tumor antigen. Two
patients with prolonged persistence of gene-modified T cells developed durable par-
tial responses associated with residual NY-ESO-1/LAGE-1-negative myeloma cells
also consistent with the phenomenon of antigen-negative tumor escape. Furthermore,
on a statistical basis, between days 0 through 180 post-transplant, the persistence of
gene-modified T cells in peripheral blood was inversely correlated with the level of
NY-ESO-1 expression in the marrow (p = 0.022) and possibly with LAGE-1
(p = 0.098). In contrast, there was no relationship over time between T cell persis-
tence in blood and CD138 expression (reflecting total plasma cells) in the marrow.
Altogether, these data suggest induction of a robust and tumor antigen-specific
memory immune response.
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7.9 Risks of TCR-Engineered T Cell Therapy:
The MAGE-A3 and MART-1 Experiences

The three major categories of toxicity resulting from TCR-modified T cell therapy
include (1) on-target/off-tumor toxicity, (2) off-target/off-tumor toxicity, (3) and
CRS presumably resulting from excessive T cell activation. The clinical studies
using affinity-enhanced MART-1 (DMF5) and gp100 TCR-engineered T cells that
were described earlier amply illustrated examples of “on-target/off-tumor toxicity”
resulting from T cell attack on normal melanocytes in the skin and inner ear. These
studies suggest that further development of TCR immunotherapy against lineage-
specific or tissue differentiation antigens may be difficult. The following studies
provide examples of “off-target/off-tumor toxicity.”

A companion myeloma trial involving post-AHCT adoptive transfers of autolo-
gous T cells engineered to express an affinity-enhanced TCR for the HLA-A*01-
restricted MAGE-A3 peptide (EVDPIGHLY) complex was also developed and
implemented. This high-affinity MAGE-A3 TCR (MAGE-A3** TCR) carried four
substitutions in the alpha chain of the CDR2 region, while the beta chain remained
wild type. As with the NY-ESO-1 affinity-enhanced TCR, this MAGE-A3 TCR
underwent extensive preclinical development involving synthetic biology, biophysi-
cal and immunological testing, and extensive screening of normal tissues and cells.
After high-dose melphalan (day 2), AHCT (day 0), and T cell infusion (day +2), the
first patient treated on this study developed cardiogenic shock accompanied by
fever, hypoxia, and hypotension on days +3 to +5 and died 5 days after T cell trans-
fer (day +7) (Linette et al. 2013). PCR analysis of the peripheral blood for the
MAGE-A3% TCR sequences revealed robust in vivo gene-modified T cell expan-
sion which was >400 cells/pl just 3 days after T cell transfer. By the time of the
patient’s death, the transduced T cells were estimated to have expanded ~200-fold
in vivo. The transduced T cells localized to the bone marrow, lung, heart, and liver,
but the highest concentrations were in the blood and pericardial fluid. At autopsy,
there was extensive myocardial necrosis with a striking CD3* lymphoid cellular
infiltration in the myocardium; similar infiltration was not observed in the skeletal
muscle or other examined organs. Cytokine analysis of the blood and pericardial
fluid was consistent with immune cell activation (including ~100-fold increases in
IFN-y and ~1000-fold increases in IL-6). A similar clinical course and cardiac his-
topathology were observed in a second patient who had melanoma and received
MAGE-A3% TCR-transduced T cells after conditioning with high-dose cyclophos-
phamide (Linette et al. 2013). Elegant post-SAEs in vitro studies using an alanine-
scanning methodology to delineate critical TCR-binding residues in the MAGE-A3
peptide EVDPIGHLY ultimately identified a peptide (ESDPIVAQY) derived from
the very large (3-megadalton) cardiac muscle protein titin as the likely target of off-
tumor, off-target TCR cross-reactivity (Cameron et al. 2013). Interestingly exten-
sive preclinical testing revealed no concerns for off-target activity, and post-SAEs
testing of 38 cardiac-derived primary cells (including 10 which were HLA-A*01+)
showed no evidence for activation of MAGE-A3%* TCR-transduced T cells by
IFN-y ELISpot analysis. The only model which demonstrated robust reactivity with
the affinity-enhanced TCR was an iCell cardiomyocyte culture system which was
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derived from induced pluripotent stem cells and included a mixture of spontane-
ously electrically active atrial, nodal, and ventricular-like myocytes which may be
more representative of normal heart tissue.

In another clinical trial using an affinity-enhanced HLA-A*2:01 TCR against the
MAGEA3: 112-120 peptide (KVAELVHFL), two of seven melanoma patients who
received chemotherapy conditioning followed by adoptive transfer of transduced
autologous T cells along with IL-2 had complete responses, one lasting more than
4 years, and two additional patients had objective partial responses (Morgan et al.
2013). A single patient with synovial cell sarcoma also had a partial response which
lasted for 5 months. However severe neurological toxicity occurred in three patients
characterized by mental status changes in all, seizures in two, and white matter
vacuolation in one. A possible explanation was cross-reactivity of the affinity-
enhanced TCR against a peptide derived from MAGE-A12 which is expressed at
low levels in brain tissue. Nonetheless it is unclear why this neurological toxicity
was observed in only a subset of treated patients. These studies highlight both the
clinical potency of affinity-enhanced TCR-engineered T cells as well as the poten-
tial danger of serious and even fatal off-tumor and off-target toxicities. Improvements
in the margin of safety for these reagents may require more complex preclinical
testing using (i) amino acid (alanine) scanning methodologies to identify critical
binding residues and thereby expand the search for potentially cross-reactive pep-
tides in the human genome as well as (ii) more relevant human tissue models such
as organ-like structures derived from induced pluripotent stem cells.

Although not thought to be as common as in CAR T cell trials, a fatality apparently
due to CRS from excessive T cell activation was recently reported in a study of autolo-
gous T cells engineered to express a TCR for the HLA-A*0201-restricted 26-35 epit-
ope of MART-1, which was not affinity enhanced (van den Berg et al. 2015). A patient
with very bulky and widely metastatic melanoma (including an 18 cm retroperitoneal
mass, a 16 cm pelvic mass, malignant abdominal ascites, and brain and pulmonary
metastases) was treated with MART-1 TCR-modified T cells after conditioning with
cyclophosphamide and fludarabine. Six days after T cell infusion, the patient had sei-
zures, cerebral hemorrhage, and cardiac arrest and died several days later with multi-
organ failure and irreversible brain injury. Following T cell infusion, levels of IL-6,
IFN-y, C-reactive protein (CRP), and procalcitonin were extremely elevated sugges-
tive of CRS or excessive T cell activation. Although the gene-modified T cells were
widely distributed in known tumor sites as well as in multiple vital organs including
the heart, there was no evidence for any cross-reactivity with any experimental models
of cardiac tissue including beating heart cardiomyocyte cultures.

7.10 Current Clinical Trials Using TCR Gene-Modified T Cells

A number of clinical trials have demonstrated the feasibility and efficacy of geneti-
cally modified TCR therapies for different types of cancer as reported above, with
clinical activity including tumor regression being reported in a significant subset of
patients. These early studies have spawned an outgrowth of promising TCR trials
directed against an increasing array of tumor-associated targets. Table 7.1 below



126

A. P.Rapoport and J. A. Yared

Table 7.1 Active clinical trials using TCR-engineered T cells

Target Target Clinical
antigen malignancy phase Sponsor/collaborators NCT trial ID#
NY-ESO-1 | Melanoma Phase 2 | Adaptimmune NCTO01350401
NY-ESO-1 | Multiple solid Phase 2 | NCI NCT00670748
cancers
MART-1 Melanoma Phase 2 | NCI NCT00910650
Gpl100 Melanoma Phase 1 | Immunocore NCTO01211262
NY-ESO-1 | Multiple Phase 2 | Adaptimmune NCTO01352286
myeloma
NY-ESO-1 | Ovarian cancer Phase Y2 | Adaptimmune NCTO01567891
Tyrosinase | Melanoma Phase 1 | Loyola University/NCI NCT01586403
WT1 AML/CML Phase Y2 | Cell Therapy NCT01621724
CatapultlLeukemia-lymphoma
research|Department of Health,
United Kingdoml|University
College, London
WT1 Hematological Phase Y2 | Fred Hutchinson Cancer NCT01640301
malignancies Research CenterINCI
MAGE-A4 | Solid tumors Phase 1 | Tianjin Medical University NCT01694472
Cancer Institute and Hospital
NY-ESO-1 | Solid tumors Phase 2 | Jonsson Comprehensive Cancer | NCT01697527
Center
CEA Adenocarcinoma | Phase 2 | Roger Williams Medical Center | NCT01723306
NY-ESO-1 | Multiple Phase /2 | Adaptimmune NCT01892293
myeloma
NY-ESO-1 | Solid tumors Phase 1 | Jonsson Comprehensive Cancer | NCT02070406
CenterINCI
MAGE-A4 | Solid tumors Phase 1 | Mie UniversitylTakara Bio NCT02096614
Inc.IShionogilFiverings Co.,
Ltd.IStatcom Co. Ltd.
NY-ESO-1 | Solid tumors Phase 1 | Mie UniversitylTakara Bio NCT02366546
Inc.IShionogilFiverings Co.,
Ltd.IStatcom Co. Ltd.
WTI NSCLC/ Phase Fred Hutchinson Cancer NCT02408016
mesothelioma 172 Research CenterINCI
NY-ESO-1 | Multiple solid Phase 1 | Shenzhen Second People’s NCT02457650
tumors HospitallShenzhen Institute for
Innovation and Translational
Medicine
Gp100 Melanoma Phase Immunocore Ltd.IMedImmune NCT02535078
172 LLC
WTI AML/MDS Phase 2 | Cell Therapy NCT02550535
CatapultlLeukemia-lymphoma
research|Department of Health,
United Kingdom|University
College, London
Gp100 Uveal melanoma | Phase 1 | Immunocore Ltd NCT02570308
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Table 7.1 (continued)

Target Target Clinical
antigen malignancy phase Sponsor/collaborators NCT trial ID#
NY-ESO-1 |NSCLC Phase Adaptimmune NCTO02588612
172
MART-1 Melanoma Phase The Netherlands Cancer Institute | NCT02654821
172
HBV HCC Phase 1 | Lion TCR Pte. Ltd.IFirst NCT02686372
Affiliated Hospital, Sun Yat-sen
UniversitylAgency for Science,
Technology and ResearchlSun
Yat-sen Memorial Hospital of
Sun Yat-sen University
HBV HCC Phase Lion TCR Pte. Ltd.IFirst NCT02719782
172 Affiliated Hospital, Sun Yat-sen
UniversitylAgency for Science,
Technology and ResearchlSun
Yat-sen Memorial Hospital of
Sun Yat-sen University

AML acute myeloid leukemia, CEA carcinoembryonic antigen, CML chronic myeloid leukemia,
Gpl100 glycoprotein 100, HBV hepatitis B virus, HCC hepatocellular carcinoma, MART-1 mela-
noma antigen recognized by T cells 1, NCI National Cancer Institute, TCR T cell receptor, WT'/
Wilms tumor 1

lists current clinical trials that are registered with the National Cancer Institute.
Notably, some of these new trials also target epitopes of TAA such as WT1 that are
expressed at low levels in normal hematopoietic stem cells but at much higher levels
in leukemia.

7.11  Expert Point of View and Future Directions

A therapeutic “proof of principle” for affinity-enhanced TCR-engineered autolo-
gous T cells has been amply demonstrated for both certain hematological malig-
nancies (e.g., myeloma) and solid tumors (e.g., melanoma, synovial sarcoma).
Several challenges remain before this form of therapy can be more widely appli-
cable. High-affinity TCRs will need to be developed against a greater variety of
new targets including peptides derived from established tumor-specific genes such
as the widely expressed cancer-testis or cancer-germline antigens. Other candi-
dates could be peptides derived from recurring cancer-specific mutations (e.g.,
IDH-1/IDH-2 in acute leukemia or KRAS in solid tumors) or the common break-
point regions of cancer-specific fusion genes (e.g., BCR-ABL in CML) since these
mutations may also generate ‘“‘shared” tumor-associated antigenic peptides.
Investigators will need to address the inherent problem of HLA-restriction by
offering TCRs that reach a wider range of HLA molecules beyond the traditional
and common targets of HLA-A*2:01 and HLA-A*01. As noted above preclinical
testing will need to expand significantly beyond studying cell lines and normal
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tissue arrays to ensure a greater margin of safety for these powerful cell-based
therapies. Additional barriers to successful cellular immunotherapy using TCR-
modified T cells and CAR T cells include the myriad of mechanisms that cancers
(particularly solid tumors) and the tumor microenvironment deploy to suppress
effector immune responses including surface expression of PDL-1, PDL-2, and
CTLA-4 and elaboration of indoleamine-2,3-dioxygenase (IDO) which depletes
tryptophan, increases kynurenine, and thereby promotes formation of T, and
myeloid-derived suppressor cells (MDSCs). In this regard, the advent of the check-
point inhibitors including PD-1, PDL-1, and CTLA-4 antibodies and the small
molecule inhibitors of the IDO enzyme may provide a logical pathway for develop-
ing novel combination approaches.
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8.1 Introduction

Allogeneic haematopoietic cell transplantation (HCT) results in a period of pro-
found immunosuppression, with both quantitative and functional deficiencies in
virus-specific T cells, rendering recipients susceptible to opportunistic and latent
viruses. These infections can cause significant morbidity and contribute to mortality
post-transplant. The main viral pathogens causing life-threatening disease in the
post-transplant period include Cyfomegalovirus (CMV) and Epstein-Barr viruses
(EBV), both of which are often asymptomatic in immunocompetent hosts. Although
there are pharmacological antiviral therapies available, these have significant side-
effects, may not be effective for each virus, do not reconstitute viral immunity and
may provoke drug resistance. Therefore, research has focused on developing adop-
tive cellular therapies, consisting of virus-specific cytotoxic T lymphocytes (CTLs),
to correct the deficiencies in viral immunity post-transplant. In this review, we begin
by detailing the advances made in producing single-virus-specific T cells, in par-
ticular for CMV and EBYV, and then proceed to describe the progress in developing
multi-virus-specific T cells and in broadening the repertoire of available donor
sources with the generation of virus-specific T cells from virus-naive individuals
and the use of third-party donors.
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8.2  Cytomegalovirus-Specific T Cells

Cytomegalovirus (CMV), also known as human herpesvirus 5 (HHV-5), is a mem-
ber of the Betaherpesvirinae family. It is an opportunistic, ubiquitous virus. The
seroprevalence rate in the general population is between 50 and 80%, although in
some high-risk subgroups it can be as high as 90% and is influenced by birthplace
and age, being positively associated with lower household income and increasing
age (Zhang et al. 1995; Bate et al. 2010; Staras et al. 2006). In the majority of immu-
nocompetent individuals, primary CMV infection is asymptomatic although in a
small minority of people a syndrome similar to infectious mononucleosis may occur
(Peggs 2009). Following primary infection, the virus has a period of clinical latency
whereby it resides in mononuclear leucocytes, evading immune surveillance and
being controlled by the composite immune cells of the innate and adaptive systems
(Hanley and Bollard 2014). The complications of CMV infection are seen acutely
in patients who are severely immunocompromised when an absolute and functional
deficiency in CMV-reactive T lymphocytes can lead to viral dissemination and the
development of CMV disease, including pneumonitis, retinitis, colitis, encephalitis
and hepatitis.

The importance of the recovery of protective CM V-specific immune responses
post-allogeneic HCT was initially identified by Reusser et al. (1991) who observed
that none of the patients with a detectable CMV-specific CTL response post-trans-
plant developed CMV pneumonitis compared with a 60% mortality rate from
CMYV pneumonitis in those without a detectable response. Despite advances in
antiviral therapies, which are associated with an improved outcome when insti-
gated early in the reactivation process, CMV pneumonia post-HCT still has a
reported overall survival of 30% at 6 months after diagnosis (Erard et al. 2015).
CMYV serostatus is an independent risk factor for outcome following unrelated
donor transplant (Boeckh and Ljungman 2009), and having a CMV-seropositive
donor has also been identified as a risk factor for bacterial and fungal infection
(Nichols et al. 2002).

Although there are a number of active pharmacological antiviral therapies, treat-
ment is often accompanied by undesirable side-effects such as nephrotoxicity and
myelosuppression, the drugs do not offer a long-term solution to the deficiency in
CMV-reactive T cells and they may provoke drug resistance in some cases.

The foundation for CMV-specific adoptive cellular therapy was established in
proof-of-concept research performed by Riddell et al. (1992) with the demonstra-
tion that adoptive cellular therapy (ACT) using donor-derived CM V-specific CD8*
T-cell clones could effectively restore immunity to CMV. Three patients were given
ACT weekly for 4 weeks in escalating doses, following which CTL responses were
detected and none of the patients subsequently developed CMV disease. An
expanded Phase I clinical study was reported in 14 recipients of matched related
CMV-seropositive donor allogeneic HCT (Walter et al. 1995). The cells were
infused as a prophylactic therapy with no major side-effects and all of the patients
reconstituted CM V-specific CTLs.
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Following this initial research, a number of Phase I-II studies were performed to
assess the safety and efficacy of CMV-specific T cells as adoptive cellular therapy
(Table 8.1). These studies were heterogeneous in design, hindering direct compari-
son between studies, particularly with respect to the indication for therapy, cellular
selection techniques, cell doses and transplant conditioning regimens. Early studies
examined the use of CMV-specific T cells as a prophylactic therapy (Walter et al.
1995; Blyth et al. 2013; Micklethwaite et al. 2007), whilst, with the advent of poly-
merase chain reaction (PCR)-guided CMV surveillance, other studies examined
their usage as a pre-emptive therapy to prevent the development of CMV disease
once CMV reactivation had been detected (Cobbold et al. 2005; Peggs et al. 2009,
2011). A minority of studies focused on those with refractory CMV viraemia or
disease (Feuchtinger et al. 2010; Einsele et al. 2002). One Phase II study (Peggs
et al. 2009) which investigated the use of CMV-specific T cells in both the prophy-
lactic and pre-emptive setting included 30 patients, 10 of whom received the cells as
prophylaxis. Only three patients, in the prophylactic group, developed a primary
infective episode that required additional antiviral therapy, whereas the remaining
patients in the study experienced no secondary episodes of viral reactivation follow-
ing the initial clearance, suggesting the effectiveness of the therapy in different
indicative settings.

Graft-versus-host disease (GvHD) is a potentially serious complication follow-
ing allogeneic HCT and is a known side effect following therapy with donor lym-
phocyte infusions (DLIs) (Nikiforow and Alyea 2014; Tomblyn and Lazarus 2008).
Therefore, there was concern that the adoptive transfer of virus-specific cytotoxic T
lymphocytes could cause or worsen GVHD in transplant recipients. The studies per-
formed so far have reported only low rates of the induction of GvHD (Table 8.1)
which are predominantly grades 1-2, including in those studies comprising of
patients who would normally be at high risk for the development of GvHD (Perruccio
et al. 2005). Notably, however, most studies have excluded patients with active
GvHD, both because of the risk of exacerbation and because the enhanced immuno-
suppression would likely render the cells ineffective, and hence the patients at great-
est risk for CMV complications are perhaps least well served by such approaches.

The largest published Phase II study to date was performed by Blyth et al. (2013).
Fifty patients with CMV-seropositive donors received 2 x 107 cells/m? on or after
day 28 post-transplant as prophylaxis and were compared with a contemporary con-
trol cohort who received pharmacotherapy. The median follow-up of 26 months was
longer than most studies previously reported. There was no statistically significant
difference in the development of acute GvHD between the 2 groups, despite the
CMV T-cell group including more mismatched donors—12 out of 50 (24%) patients
who received CMV T cells developed GvHD grades 2—4 (although 5 of these
patients had developed acute GvHD prior to the CTL infusion) compared with 18%
of the control group. Although there was no statistically significant difference in the
cumulative incidence of CMV reactivation between the CMV T-cell group and
cohort control group, there was a statistically significant difference in the peak
CMV titre which was lower in the T-cell group (median peak CMV titre 0 vs 600



M. A. V. Marzolini and K. S. Peggs

140

Uuonog[as peaq peo| €OV
onoudew £q pamor[oy [BIIA UT UOTJONPAI 210J9q
1-1 10 godd AIND poyrew = | juasaid BIWORIIA
wouy sopndad Sururejuod paajosar | oq) 7—1 Jjuysiszad = ¢
394,01 X €°¢ s1owrena) apnded-yTH SI0UOp ¢ =dnNN UONBANOBAI sopeId aposida (S002)
01 3Y/.01 X T'T WIm SOINEJ Sururels | aanisodorag 9 =qIS AND—6/8 6/C Is1g Ioje = [ 6 ‘[€ 39 P[09q0D
AJND 103 oygroads
3/SI199 401 X € SOUO[D [[99-], 9onpord
013 o1 apndad AND yrim T=—/+ AND | (g opeid) (5000)
/STI99 (0T X 1| Pporeqnour sOINEJ Jouo CT=+/+ sojdeyy |  peyeanoear gz// ST/l sixe[Aydoig 67 | 'Te 10 oronidg
AD jo dposida
puodas e pey sid
uognue J[qen[eAd $1/¢
AD Wim pasind IT=adIn S[elTAnUE (£uo | erweerA AJND
SO YA saImndod ¥ =dNN moymim AIND [ 9peis) Jo apostda (€000)
SY/SI199 01 X | SOINEd fouo( 91 = +/+ [ = ukg PaIea[d 91/8 91/¢ snoraald 91 ‘Te 30 $3594
U/ S[[0 UOT[[Iq pajeIauas souord
[ O3 uorru LD +8dD "sise[qolqy louop 9SBasip
€¢ :sasop AJAD PIM paImnood 6=—/+ pajear IO BIWIOBIIA (S661)
Suneeos? 4 SOINEd fouo(q S=++ POYIIIAL | AIAD PEY #1/0 vI/E sixe[Aydoiq 4! Te 10 Tol[eA\
LoV o
Jorid uoneAnoeax
AND
opndod padofaap 9z /1)
g9dd AJND wa pasind vi=—/+ vI=dnnN UONBATIORSI (€102)
W/SII99 01 X T SOA—SDINEd touod 9¢ = +/+ 9¢ = als AND 08/9C 0S/L sixe[Aydoiq 0s Te 10 WAlg
9SOPp [[99-L STLD oyads-AJND Jo | smeis AJND | 2dK) zouo(q QWONNO AJAND dHyADe uoneotpuy | syuaned Qwreu Apmg
uononpoid 10J onbruyoay, juardroar Jo ajey Jo 'oN
Jlouo

LOH oreuadoqre-sod LD oy1oads-ATAD JO SAIPMS [I/1 3seyd 18 3|qelL



141

8 Cytotoxic T Cells for Infections: From Donor Specific to “Off the Shelf”

(panunuoo)
Pa109)ap
QesA| € = ANININ 193u0] ou YN
AJND U sKep (] 10y sIouop € =AdNN [exia :sjuoned Kdeloyy remanue (2002)
JU/S[[99 ,0T X 1| pareqnout sOINFJ Jouoq | danisodorog 7=qI1S J[qenyeas //g QUON 03 K10308139y 8 ‘e 30 oasurg
(urjord godd-ATND
WOl PaALIap) AIN 1oV
opndadeuou pajornsar 0 zotxd
TV-V'TH Wism paspd = TININ dHAD
SO YN paInynood =-/+ I=dnn uoneAnsealr pey (L00D) T8 10
SDINEd 1ouod 9=+/+ 9=dsSIN AND PEU T 11®) 6/¢ onoe[Aydoid 6 ANMEMPIPIN
sonn
[ea1A Suisearour
0} onp s3nip
[BIIAIJUR POPAU ¢—¢ | onoejAydoxd o1
AesA| I1e :oandwe-a1g soperd S[EIIAIIUR (1M
1199 AIND Y pasind S=anNININ| oposide Arewrtad 0/ JUQIINOUOD ()]
SO WIM SDOINEJ woly =—/+ 8 =dNN e peyQr/¢ [opeis |  Aandwo-oxd (6002)
BY/ST199 (0T X | PaIeIduad saul| [[29-], ¥T =+/+ LT =qIS sonoe[Aydorq 0¢/L 01 0¢ JUBEEEEER |
speoq
O1OUSBUI—UOIIAIOAS
NAT 9JenIural 0} pauLrem Kdeoy) [eranue
pue juoFear armded papasu [1/6
A-NLAT s paffeqey s[ro) -oandure-o1g
"6oddAND 105 sepnidad SYIUOW 9 UIYITM (T1
Surddefroao jo jood 10 Kdeioyy fenanue sope1d
3/S[100 Godd jueurquiodar ym =—/+ sIouop Ppapasu auou 81/L) onoefAydoxd / (1102)
+€dD ;01 X 1| paregnoul sOINGJ Iouoq €l =+/+ paeRy :onoejAydoig 81/8| oandwo-axd || 81 ‘Te 30 s3394




M. A. V. Marzolini and K. S. Peggs

142

LS Po0[q-p10d 19158 ANINIA AMed-pIry
Kdeoyy rern[ao aandope 1)V ‘@Aane3auoIas AJND = — @ANIsodoIas AJND = + ‘Iurqrs 1§ ‘Iouop paje[ar paydjew A[en
-1ed (7Y A IOUOP PAIB[AI PAYDIBW (7Y 4 “TOUOP Paje[aIun payoiew (74 ‘[eonuaprordey sojdpy o1ouaduks udg ‘s[jeo reaponuouow pooiq [ereydued sHWgd

Ppeo[
I =dNNN | [BIIA JO uononpalr
1 =aIN JuBOYIUIIS Kdeioyy Temanue
3Y/+€dd UOTIR[OST W7 =+ 7=PpIoD B IO AIND 0] K10)081ja1
OIXET1T Jo Kep uo pasnjsuen 1=—/4| 11=sodeyq JO douRIRI[O BIWQRIIA 0102) &1
19S0p UBAIA —Uuona109s A-NJT GT = +/+ €=dNIN| PeYsased 81/ST Q1/1 | 10 9seISIp AIND 81 IoSunyono,g
9SOP [[99-L, STLD oyads-AJND Jo | smeis AJND | 2dK) zouoq QWOooIN0 AJND dHAD® uoneorpuy | sjuened Qwreu Apmg
uononpoid 10 anbruyoay, juardroar Jo arey Jo "'ON
/louo

(ponunuod) 1°g3jqer



8 Cytotoxic T Cells for Infections: From Donor Specific to “Off the Shelf” 143

copies/ml, P = 0.04). Furthermore, in the CMV T-cell group, there was a decrease
in the number of patients needing pharmacotherapy for CMV and also a decrease in
the number of total treatment doses per patient. Although the study was non-ran-
domised, it did demonstrate an acceptable safety profile of the therapy in compari-
son with those patients who received pharmacotherapy only.

8.3  Manufacturing Techniques to Directly Select CMV-
Specific T Cells from Seropositive Donors

The practical clinical application of adoptive transfer of T-cell clones was hampered
by the need for a prolonged in vitro expansion step, often requiring culture for up to
12 weeks, coupled with the associated financial expense. Advances in laboratory
techniques to directly isolate antigen-specific T cells from the blood of seropositive
donors have made a significant contribution to progress in the field of virus-specific
adoptive cellular therapy. The two main techniques available are those based upon
either HLA-multimer selection or the secretion of interferon gamma following pep-
tide stimulation (Fig. 8.1).

An HLA multimer is composed of a number of HLA molecules which have been
loaded with the antigenic peptide of interest, in this case a CMV peptide, and joined
to a fluorophore or metal bead that can be detected by flow cytometry or selected
magnetically (Ramirez and Olavarria 2013). The multimer binds to the T-cell
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Fig. 8.1 Direct selection techniques for generating virus-specific T cells. (a) Gamma-capture
technique based upon the secretion of interferon gamma following antigen stimulation. (b) The
fluorophore-conjugated HLA-peptide multimer binds to T lymphocytes that are specific for the
presenting viral peptide
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receptor (TCR) of T cells that share a specificity for the antigenic peptide being
presented. This allows for the detection and isolation of T cells which are specific
for the relevant CMV peptide. The major limitation with this technique is that their
use is restricted to those patients for whom there are viral peptides available for their
HLA alleles and also that the product generated is limited to the class of HLA pre-
sentation, i.e. generally CD8* cells as generation of class II multimers is technically
more challenging (Schmitt et al. 2011). Cobbold et al. (2005) used this technique to
isolate CMV-specific CD8* T cells from seropositive donors. The cellular product
was infused within 4 h to nine patients who had either had one episode of CMV
reactivation or who had a persistent viraemia, and no prolonged ex vivo culture was
required to obtain adequate numbers of cells. CMV viraemia levels reduced in all
patients suggesting functionality of the CMV-specific CTLs.

The “gamma capture” technique involves the selection of T cells which release
interferon gamma (IFN-y) as a result of stimulation with a CMV peptide. The
advantage of this technique is that it is applicable to all seropositive donors, irre-
spective of HLA type, thereby significantly widening applicability. The resultant
product contains both CD4* and CD8* T cells. Zandvliet et al. (2010) reported the
stimulation of donor PBMCs with a CMV-pp65 peptide pool, and the maximal
IFN-y production was seen at 4 h after stimulation. The technique has now been
used successfully by a number of investigators (Peggs et al. 2011; Feuchtinger et al.
2010; Mackinnon et al. 2008).

8.4 Randomised Trials

The majority of Phase I/II studies performed were limited in their conclusions by
being non-randomised, small single-centre reports and also heterogeneous in
design. To address these issues, two UK-based multicentre randomised controlled
trials have been performed to assess the safety and clinical efficacy of CM V-specific
adoptive cellular therapy, and early provisional results are encouraging. Both stud-
ies have used the HLA-multimer technique for directly selecting virus-specific
CTLs. The CMV-ASPECT trial (Chen et al. 2014) is a multicentre Phase II trial
examining HCT recipients of matched unrelated CMV-seropositive donors. There
were 52 patient-donor pairs, and the cells were administered pre-emptively for
CMV viraemia. Although the full clinical data from the trial is pending, the prelimi-
nary results report that the infusions were safe with greater durable expansion of the
CMV-specific T cells and reconstitution of immunity. The CMV-IMPACT trial
(Peggs et al. 2014) is a Phase III trial which randomised between donor-derived
CM V-specific adoptive cellular therapy (ACT) and conventional pharmacological
antiviral therapy in recipients of matched sibling CMV-seropositive donor T cell-
depleted HCT. The ACT was given at day 27/28 post-transplant irrespective of the
CMV surveillance PCR results. There was no significant difference in the occur-
rence of GVHD or severe adverse events between the two groups. The preliminary
analysis found that there were, however, fewer CMV reactivations in the ACT arm
and a trend towards a decrease in the overall treatment duration.
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8.5 Epstein-Barr Virus (EBV): Specific T Cells

Epstein-Barr virus (EBV), also known as human herpesvirus 4 (HHV-4), is a mem-
ber of the human gamma-herpesvirus family and is highly prevalent in the commu-
nity, with up to 90% of the adult population demonstrating evidence of previous
infection. The primary infection may manifest clinically as infectious mononucleo-
sis but may also be asymptomatic in immunocompetent individuals. Following the
primary infection, the virus enters a phase of latency whereby it resides in B lym-
phocytes and the oropharyngeal lymphoid tissues and is kept quiescent by the host’s
EBV-specific cytotoxic T lymphocytes (Rickinson et al. 2014). In the post-trans-
plant period, however, during which patients receive significant immunosuppressive
therapy to minimise GvHD and prevent graft rejection or where immune reconstitu-
tion is delayed, EBV may reactivate from its latent phase and cause a rapid B-cell
proliferation, resulting in post-transplant lymphoproliferative disease (PTLD).
PTLD can manifest as fevers, lymphadenopathy, pharyngitis or extranodal involve-
ment, including pulmonary complications, and symptoms which may mimic severe
sepsis. Prompt diagnosis is required for rapid treatment as the doubling time of
EBYV has been estimated at 2—4 days (Styczynski et al. 2009; Carpenter et al. 2010)
and the introduction of PCR surveillance has allowed for the early recognition of
EBYV reactivation. PTLD has been postulated to originate from donor-derived EBV-
infected B lymphocytes in the majority of cases, usually occurring in the first
6—12 months post-transplant, and has an incidence of 0.5-17% in HCT recipients
(Rasche et al. 2014; Rouce et al. 2014; Landgren et al. 2009; Gottschalk et al. 2005).

Current treatment strategies for PTLD are aimed at B-cell depletion and restor-
ing the EBV-specific T-cell response. A reduction in immunosuppressants and the
use of the monoclonal anti-CD20 antibody rituximab have improved the mortality
post-PTLD, but, in those patients who fail to respond to this therapy, outcomes are
poor (Styczynski et al. 2009). Papadopoulos et al. (1994) reported the use of unma-
nipulated donor lymphocyte infusions (DLIs) in five patients who developed PTLD
post-T cell-depleted allogeneic HCT, and all patients achieved a complete patho-
logical or clinical response within 30 days of receiving the infusion. There were,
however, significant complications experienced including GvHD and also two
deaths from pulmonary complications. This highlighted that unmanipulated DLIs
contain alloreactive T cells as well as those that are EBV-specific, thereby increas-
ing the risk of GvHD after infusion, and was followed by other reports of unma-
nipulated DLI causing severe GVHD when given as EBV-PTLD therapy (Heslop
et al. 1994).

In view of the disadvantages associated with DLI therapy and the low levels of
EBV-specific T cells contained in the product, research into T-cell therapy for EBV
reactivation became focused on infusions of EB V-specific T cells. One of the largest
studies for the use of EBV-specific T cells to prevent or treat EBV-PTLD was
reported by Heslop et al. (2010) and examined 114 patients post-allogeneic HCT
who had received the adoptive cellular therapy. The study was performed at three
centres and had a median follow-up time of 10.5 years. The majority of the patients
(101) received the cells as prophylaxis after being identified as high risk for
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EBV-PTLD including 90 patients who received T cell-depleted transplants, and of
these patients, none developed EBV-PTLD. Thirteen patients were treated for EB V-
PTLD (either probable or biopsy proven), and 11/13 achieved a durable remission.
Fifty-one patients had GvHD prior to the infusion, with 8/51 developing a recur-
rence of their GvHD post-infusion; however, no patient developed de novo
GvHD. The estimated overall survival for all patients receiving EB V-specific T cells
was 69% at 5 years and 67% at 10 years. Importantly, this study included 26 patients
who had received infusions of donor-derived EBV-specific T cells which had been
genetically marked to express the neo® gene, allowing them to be tracked. Earlier
studies of these genetically modified T cells had reported their persistence, their
detection in the peripheral blood of patients which corresponds with a rise in the
virus-specific activity and also their ability to elicit responses in patients with estab-
lished EBV-PTLD (Rooney et al. 1995; Heslop et al. 1996; Rooney et al. 1998). In
the study by Heslop et al. (2010), the genetically modified EBV-specific T cells
showed persistence for up to 105 months post-infusion. This study confirmed the
safety, durability and effectiveness of EBV-T cells.

Whereas the majority of published studies on EBV-T cells post-HCT focused
mainly on patients receiving the therapy as prophylaxis, Doubrovina et al. (2012)
reported a single-centre experience examining the fate of 49 patients who had
biopsy-proven PTLD post-allogeneic HCT. The patients were treated primarily with
either HLA-compatible DLI (30 patients) or EBV-specific T cells (19 patients).
Durable remissions were reported in 73% of patients receiving DLI and 68% of
those receiving EBV-CTLs. Whilst 17% of patients in the DLI group developed
acute GvHD, which was reversible with therapy, none of the patients in the EBV-T-
cell group developed GVHD. The investigators explored the reason for non-response
in patients and identified that there was a lack of proliferation of the cells in vivo,
and when examined in vitro, the cells were unable to lyse the donor-derived EB V-
LCLs, suggesting that they failed to recognise the tumour antigens and thereby
mount an effective immune response.

As these studies have shown, EBV-specific T-cell therapy is effective at restoring
EBV-specific immunity post-transplant with an acceptable safety profile, which
appears superior to the use of unmanipulated DLI therapy. Currently, however, this
therapy is only available in the context of clinical trials due to the cost of manufac-
ture with the associated need for specialist manufacturing techniques.

8.6  Multi-Virus-Specific T Cells

The success in generating efficacious virus-specific T-cell therapy for individual
viruses is encouraging, but, on a practical level, the production of different single-
virus-specific T cells for the infusion into the same patient would be costly and
time-consuming and expose the patient to a variety of cellular products. In the
period post-allogeneic HCT, recipients are susceptive to a multitude of viruses as a
result of delayed immune reconstitution. Therefore, many research groups are now
focusing their attentions on generating multi-virus-specific T cells from a single
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culture to allow for the infusion of a single product (Table 8.2). This was first shown
to good effect by Leen et al. (2006) who succeeded in producing trivirus-specific T
cells to the common viral pathogens, CMV, EBV and adenovirus. They generated
EBV-LCLs from the donors and then genetically modified the EBV-transformed
B-cell lines with a chimeric adenovirus vector integrating the CMV pp65 sequence
(Ad5t35pp65). CTLs were generated in a two-step stimulation protocol, first with
PBMCs transduced with the Ad5f35pp65 vector and then with EBV-LCL trans-
duced with the same vector. This resulted in the generation of T cells specific for
EBV, CMV and adenovirus antigens from a single culture. Of the 15 donor-derived
CD4* and CD8* T-cell lines generated, 14 produced IFN-y following stimulation
with viral peptides from all three viruses, with the remaining cell line being bispe-
cific for CMV and EBV but not responsive to adenovirus. They proceeded to test the
T cells in 11 patients who had undergone a HCT. The T cells expanded post-infu-
sion, with an associated reduction in viral levels and with no resultant GvHD at
3 months post-infusion. They demonstrated that the CM V-specific and EB V-specific
T cells expanded within 4 weeks of infusion but that the adenovirus-specific cells
only expanded in those patients who had a recent or active adenovirus infection.
One of the main initial concerns with respect to generating multi-virus-specific T
cells was that one of the immunodominant viral antigens may compete for presenta-
tion by antigen-presenting cells (APCs), thereby dominating the T-cell product. The
trivirus T-cell product generated initially (Leen et al. 2006) was predominantly
composed of CMV-specific T cells with a much smaller proportion of EBV- and
adenovirus-specific T cells. Leen et al. attempted to address this question by remov-
ing the CMV component of the T cells, thereby eradicating the potential of competi-
tion from this antigen and generating a bispecific T-cell product for EBV and
adenovirus (Leen et al. 2009). They studied the effect of these cells in 13 paediatric
recipients of haploidentical and matched unrelated donor transplants. None of the
patients developed de novo GvHD, and, when examining the patients’ response,
they identified that ten patients had a rise in EBV-specific T cells within 2 weeks of
the infusion. In contrast, the only significant increase in the frequency of AdV-
specific cells was seen in two patients who had an active AdV infection. Further
analysis of the data identified that recipients of the T-cell product, who would usu-
ally be considered high risk for developing AdV infection, did not develop adenovi-
rus infection, implying that the T-cell product may be providing a protective effect.
Therefore, the peripheral blood from the recipients was examined both before and
after the T-cell infusion, and the cells were expanded ex vivo. Adenovirus-specific
T cells were detected but only from the post-infusion samples, suggesting that the
cells were present but not being detected by conventional methods.

Following the generation of trivirus-specific T cells, the technique was further
expanded to include more viruses. Papadopoulou et al. (2014) made a preparation
of multi-virus T cells by stimulating PBMCs with overlapping libraries incorporat-
ing EBV, CMV, AdV, BK virus (BKV) and human herpesvirus 6 (HHV-6). They
infused the product into 11 HCT recipients, 8 of whom already had established
infection and 3 who received the cells as prophylaxis. Only one patient developed
GvHD (stage II skin). The three patients receiving the product as prophylaxis all
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remained virus-free for more than 3 months, and, in the 8 patients who received the
T cells as treatment (for 18 viral episodes), there was a response rate of 94% (15
complete response, 2 partial response). The spectrum of viruses included in the
multi-virus-specific T cells (mVSTs) product has continued to be expanded, with
reports of seven-virus-specific CTLs being generated, including against RSV and
influenza (Gerdemann et al. 2012) and against VZV infection (Ma et al. 2015). The
initial results, although encouraging, need to now be tested in larger, randomised
studies.

8.7 Generation of Virus-Specific T Cells from
Virus-Naive Donors

Initially, the generation of donor-derived virus-specific T cells had a prerequisite
that the donor should be seropositive for the relevant virus in order to successfully
isolate virus-specific memory T cells. Inevitably, this restricted the widespread
application of the product to a subgroup of transplant recipients and was not a viable
treatment option for those patients with seronegative donors. Cord-blood trans-
plants are often considered to be virus-naive grafts, and the number of cord-blood
transplants being performed has been increasing (Passweg et al. 2012). Therefore,
the potential of producing virus-specific T cells from naive donors was explored
(Savoldo et al. 2002; Park et al. 2006; Jedema et al. 2011).

The process of generating virus-specific T cells from naive donors was previ-
ously reported for EBV-specific CTLs. A comparison was made between generating
EBV-T cells from EBV-seronegative adults and children (Savoldo et al. 2002). Two
methods of generation of EBV-CTLs were adopted depending on the type of cell
used as an APC. One method used EBV-LCLs as APCs, whereas the other method
used dendritic cells (DCs) loaded with EBV antigen. They found that using EBV-
LCLs as APCS effectively generated EBV-T cells from all seronegative adult donors
but not from any of the seronegative children. The EBV antigen-loaded DCs
expanded EBV-T cells in only a minority of the children indicating that different
approaches may be needed depending on whether the donor is child or adult.

With the advent of multi-virus-specific T cells, Hanley et al. (2009) have explored
the possibility of generating mVSTs from virus-naive donors. Using cord blood,
they developed a protocol to generate single cultures of T cells from cord blood by
transducing EBV-LCLs with an Ad5f35CMVpp65 adenoviral vector, which recog-
nised viral epitopes only after 2 weeks of expansion. They discovered that the rec-
ognition of adenovirus epitopes was the same for adult donor-derived T cells but
that the pattern of CMV epitopes recognised appeared different to those recognised
by adult donor-derived VSTs. Furthermore, they reported that the generation of
CMV-specific T cells from cord blood did not depend upon the CMV serostatus of
the mother.

The safety of multi-virus-specific T cells generated from naive donors and used
prophylactically has been reported in three consecutive cord-blood transplant
patients (Hanley et al. 2015). The cells were generated from 20% of cord blood



8 Cytotoxic T Cells for Infections: From Donor Specific to “Off the Shelf” 151

units where the remaining 80% were used as the transplanted graft. They reported
no infusion-related toxicity or GVHD development post-infusion but confirmed the
previous reports that the CMV-specific T cells generated from virus-naive donors
were specific for atypical epitopes for the CMV pp65 peptide (Hanley et al. 2009).
The development of strategies to produce multi-virus-specific T cells from periph-
eral blood has also been explored. In a study where 34 patients were given periph-
eral blood-derived trivirus-specific T cells and 8 patients were given cord
blood-derived CTLs, none of the patients developed GvHD greater than grade 2
(Hanley et al. 2013). Eleven patients had CMYV reactivation detected prior to the
infusion, and 8 of 11 became negative for the infection within 7 days of the infusion.
All 10 of the patients with prior EBV reactivation and 11 of 12 patients with prior
adenovirus infection cleared the virus infection after the cellular therapy.

The ability to generate virus-specific T-cell products also has an interesting
application in those viruses where the donor will always be seronegative but for
which the recipient may be seropositive, e.g. HIV, and there has been a recent report
of HIV-specific T cells being generated from a HIV-naive donor (Patel et al. 2016).

8.8  Virus-Specific T Cells from Third-Party
Donors (“Off the Shelf”)

The majority of virus-specific T-cell therapy research has been performed using the
recipient’s HCT donor as the source of the T cells. This is a logical approach as the
donor has already been identified as the best available HLA-matched source, and it
also serves to minimise the exposure of the recipient to allogeneic products.
Returning to the original donor for additional cells is not an option that is available
for all allogeneic HCT recipients and therefore limits the applicability of virus-
specific T-cell therapy, particularly for those patients who have received a cord-
blood transplant and for those patients whose donors are seronegative for specific
viruses. Furthermore, the development of virus reactivation post-transplant fre-
quently requires prompt therapy to prevent the development of virus-associated dis-
ease, and the time delay involved with contacting a donor and acquiring a cellular
product can render the therapy impracticable for usage in routine clinical practice.
Therefore, a number of research groups have developed banks of third-party dona-
tions of cellular products to enable the therapy to be picked “off the shelf” when it
is required, thereby expediting the delivery of the product and also enabling those
recipients without an available donor to receive therapy. Predictably, concerns have
been raised regarding the potential degree of HLA mismatch which is acceptable for
the donation, the prospect of a lack of persistence of the product due to allorejection
by the host and the possibility for a subsequent induction or exacerbation of GvHD.

The majority of research has focused on EBV-specific T cells and the develop-
ment of third-party banks of cells. Research initially focused on solid organ trans-
plant recipients, whose donors may be deceased and in whom the stem cell
compartment has not been rendered donor in origin, although the early studies did
include small numbers of HCT recipients. Haque et al. (2002) developed a bank of
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cryopreserved EBV-specific T cells from the peripheral blood of healthy donors.
They initially performed a Phase I/II trial in eight patients with refractory PTLD
(seven patients were solid organ recipients and one received a HCT). They used the
best available HLA-matched products in the bank, and the patients were given
between one and six infusions. Of the five patients who completed the full therapy,
three had a complete response, and two had no response. There were no reports of
GvHD and no infusion-related adverse events. Following on from this, they per-
formed a multicentre Phase II clinical trial (Haque et al. 2007) with 33 patients who
had a diagnosis of biopsy-proven PTLD and had failed conventional therapy includ-
ing 2 HCT recipients. The response rate of the whole cohort was 64% at 5 weeks
and 52% at 6 months, and both of the HCT recipients achieved a complete response.
This was similar to Barker et al. (2010) who reported two cases of patients diag-
nosed with EBV-PTLD post-allogeneic cord-blood transplantation being given par-
tially HLA-matched EBV-T cells from third-party donors. Both of the patients
achieved a CR which was maintained for at least 156 months.

The largest reported study so far using third-party virus-specific T cells for HCT
recipients administered 18 virus-specific cell lines to 50 patients with refractory
disease due to viral infections (Leen et al. 2013). The majority of patients (Schmitt
etal. 2011) received them for CMV infection with 18 patients receiving adenovirus-
specific T cells and 9 receiving EBV-specific T cells for refractory EBV-PTLD. At
6 weeks post-infusion, there was a 74% response rate (CR/PR) across all patients.
With respect to the concerns regarding GvHD, only two patients developed de novo
GvHD post-infusion, and this was grade 1 in both cases. The results above suggest
that using virus-specific T cells from best available HLA-matched third-party
donors may be safe and can induce durable remissions.

8.9 Expert Opinion

Significant research progress has been made in the field of virus-specific adoptive
cellular therapy over the past two decades, resulting in safe and clinically effective
products for a range of viruses (Table 8.3). New technological advances have
allowed for the direct selection of virus-specific cells from seropositive donors, and
this has eradicated the need for prolonged ex vivo expansion steps in the generation
of single-virus-specific T cells, thereby accelerating the manufacturing process. The
costs of generating virus-specific T cells, coupled with the regulations governing
production of cellular products, have limited the widespread application of these
products, and current availability is predominantly restricted to large specialist cen-
tres in the context of clinical trials. The advances in generating multi-virus-specific
T-cell products, and the expansion of potential donor sources, have succeeded in
broadening the clinical application to a wider range of recipients. Despite the prog-
ress made, further multicentre, randomised controlled trials are needed to compare
these products with the available pharmacological therapies.
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Table 8.3 Summary of key points

Key points

¢ Quantitative and qualitative deficiency in virus-reactive T cells post-allogeneic HCT
renders the recipient susceptible to severe viral infections

« Virus-specific T cells have lower rates of inducible GvHD than unmanipulated CD3+
donor lymphocyte infusions (DLIs)

« Single-virus specific T-cell infusions for CMV and EBV are safe and efficient at restoring
viral immunity in the post-transplant period

* Direct selection techniques, for example, gamma capture and the use of HLA-peptide
multimers, have eradicated the need for prolonged ex vivo culture and accelerated the
production process

 The generation of multi-virus-specific T cells from a single culture is possible and shows
clinical efficacy in small studies

* The ability to generate cellular products from virus-naive donors and third-party donors
has resulted in an expansion of the availability of the product

¢ Phase III randomised controlled trials against current pharmacological therapies need to be
performed

e Future directions of research include the genetic modification of virus-specific T cells to
render them resistant to immunosuppressive therapies

8.10 Future Directions

Many of the clinical studies investigating virus-specific T cells have excluded
patients who have concurrent GVHD requiring steroid therapy due to concerns
regarding the survival of the cellular product in the presence of glucocorticoids.
This subgroup of patients, however, are often at a higher risk of virus reactivation,
and, thus far, they have been unable to benefit from the advances in virus-specific
cellular therapy. Attempts have been made to address this issue using gene-editing
strategies. Genetic engineering of CMV-specific T lymphocytes by inactivating the
glucocorticoid receptor gene using TALEN (transcription activator-like effector
nuclease) technology resulted in the production of steroid-resistant cells in preclini-
cal models paving the way for clinical application (Menger et al. 2015). With respect
to EBV-specific T cells, there have also been previous reports of the generation of
EBV-specific CTLs resistant to the calcineurin inhibitor tacrolimus by transduction
with a calcineurin mutant retroviral vector (Ricciardelli et al. 2013) and also EBV-
specific T cells resistant to both tacrolimus and ciclosporin A (Brewin et al. 2009).
The progress in gene therapy has also enabled Phase I clinical studies which are
currently in progress to investigate the safety and toxicity of CMV TCR-transduced
donor-derived T cells post-HCT (UK CRN 12518). Future directions in research
into T cells for infections should be focused on optimising manufacturing tech-
niques and examining the efficacy of multi-virus-specific T cells in larger, ran-
domised cohorts of patients.
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9.1 Introduction

Since their discovery in 1995 (Sakaguchi et al. 1995), regulatory T cells (T,,) have
been established as an anti-inflammatory T cell population which attenuates and
modulates immune responses on multiple levels including initiation, progression,
and termination (Campbell and Koch 2011). Over the past decades intensive
research on this new T cell subtype led to deeper understanding of the intrinsic
mechanisms of the immune system to contain and control inflammatory reactions.
Graft-versus-host disease (GvHD) developing after allogeneic hematopoietic cell
transplantation (allo-HCT) belongs to a variety of diseases, in which the immune
system runs amok and attacks the own body in an autoreactive manner (Ferrara
et al. 2009). As soon as the immense potential of T, to downregulate excessive
autoimmune responses became evident, multiple translational approaches have
been pursued in order to unravel the suppressive capability of T, in GVHD and be
able to control or even prevent this fatal complication in the clinical setting.
Ultimately, researchers and clinicians want to find a way to establish long-lasting
tolerance within the graft without diminishing the beneficial graft-versus-tumor/
graft-versus-leukemia (GvT/GvL) effect (Schneidawind et al. 2013).

The following chapter will give an overview of T, characterization and func-
tional abilities in order to explain thereafter their diverse influence in the pathogen-
esis of GVHD which is mainly studied in preclinical models and conclude with a
review over completed and current clinical trials.
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9.2  Characterization of T,

In 1995, Sakaguchi and colleagues observed a population of cluster of differentia-
tion 4 positive (CD4*) T cells which even in homeostatic conditions expressed high
levels of CD25, the interleukin-2 receptor (IL-2R) a-chain (Sakaguchi et al. 1995).
A further characterization by depletion experiments revealed their suppressive func-
tion to prevent autoimmune symptoms. Two decades later, this suppressive T cell
population became known as regulatory T cells (T,..). The cells are characterized by
the expression of the transcription factor Forkhead-Box-Protein P3 (FoxP3), which
is not only important for the development yet also for continued suppressive func-
tionality of T, (Fontenot et al. 2005). Mutations within the FoxP3 locus lead to
severe autoimmunity, and the genetic dysfunction of the transcription factor is asso-
ciated with the fatal IPEX (immunodysregulation polyendocrinopathy enteropathy
X-linked) syndrome (Bennett et al. 2001; Brunkow et al. 2001; Wildin et al. 2001).
Furthermore, they strongly express the high-affinity IL-2R «-chain which devel-
oped to be a well-established T,., marker indicating the importance of IL-2. Indeed,
this cytokine is essential for T, homeostasis, survival, and function (Malek 2008;
Setoguchi et al. 2005) also shown by the phenotype of CD25 deficiency in human
disease (Sharfe et al. 1997). Naturally occurring T,., (nT,,) undergo the same devel-
opmental path like conventional T cells (T,,) migrating from the bone marrow into
the thymus where the lineage commitment occurs. nT,., recognize self-antigens but
are not undergoing negative selection. Instead they upregulate FoxP3 and form a
suppressive T cell population guarding the lymphatics and tissues from excessive
immune responses (Sakaguchi et al. 2006). Nevertheless, CD4" naive T cells are
able to develop to so-called induced T, (iT.,) in the periphery when they are acti-
vated in a suppressive environment with the presence of transforming growth factor
B (TGF-B) and IL-2 (Fantini et al. 2004; Bluestone and Abbas 2003). iT,., can also
be developed in vitro by T cell receptor (TCR) stimulation together with TGF-§ and
IL-2 which leaves them as an attractive tool in clinical use to suppress unwanted
immune responses (Fantini et al. 2004; Chen et al. 2003). Additionally, T,., can be
divided depending on their location and homeostatic signaling requirements into
two subsets, central and effector T, (Smigiel et al. 2014).

Moreover, besides the classic CD4* T, also the CD8* counterpart which proves
to partake in immune modulation of GVHD (Hahn et al. 2005; Beres et al. 2012) is
characterized as well as several subpopulations of T, such as Tr1 (Roncarolo et al.
2014) or Th3 (Weiner 2001) cells. Recent studies suggest that the initial bias of an
immune response shapes the developing T,., which are armed with the proper fea-
tures such as homing receptors to suppress Thl-, Th2-, or Th17-specific immune
reactions (Koch et al. 2009; Zheng et al. 2009; Chaudhry et al. 2009). Yet, a recent
study could show that this represents no stable commitment to one lineage but rather
a dynamic process in order to maintain homeostatic conditions (Yu et al. 2015).

In order to fulfil their function in suppression of excessive immune responses or
aid in the contraction phase after elimination of an infection, T, have to be able to
enter various tissues including lymphoid and nonlymphoid tissues. Highly func-
tional T, are characterized by expression of CD62L, a lymph node homing
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molecule which enables them to reach the secondary lymphoid organs where the T
cell priming takes place (Venturi et al. 2007). Tissue-specific homing receptors such
as C-C chemokine receptor type 5 (CCRS) (Yurchenko et al. 2006), CCRS8 (Soler
et al. 2006), or CCR9 (Guo et al. 2008) lead the way to the target organs since they
are specific for the location of inflammation which needs to be suppressed and are
imprinted on the T, during their activation.

The specific mechanisms in which T, suppress immune responses are versatile
and will be discussed further on with a focus on the suppression of acute GvHD.

9.3 Immunmodulation by T, in Preclinical Models of GvHD

A study from 2007 could prove that the progressive loss of T, in the course of
GvHD leads to continued disease pathology and conversion of acute to chronic
GvHD (Chen et al. 2007). Early T,., depletion studies during allo-HCT indicated an
essential role of these cells for tolerance to alloantigen and a highly deteriorated
GvHD when T,,, were lost (Taylor et al. 2001). Sawamukai et al. further investigated
the donor T,., composition and found that nT,., as well as iT,, and both T cell sub-
sets, CD8* and CD4" T,,,, partake in the protection from GvHD (Sawamukai et al.
2012). Nevertheless, not only donor T,., contained in the graft attenuate alloimmune
responses, but also recipient-type T, which survive the conditioning regimen were
able to dampen disease development (Anderson et al. 2004; Bayer et al. 2009).

Based on the finding that donor T,, play a major role in the regulation of alloim-
munity, in the following years, several murine adoptive transfer studies were per-
formed in parallel in order to fathom the possibility of improving GvHD by cellular
therapy (Cohen et al. 2002; Hoffmann et al. 2002; Taylor et al. 2002; Edinger et al.
2003; Jones et al. 2003; Trenado et al. 2003).

By adding T, to the transplant, either freshly isolated from a donor (Hoffmann
et al. 2002) or expanded ex vivo before transplantation (Taylor et al. 2002), the
development of acute GVHD could be prevented. In addition, Jones et al. proved the
efficacy of T,, co-transplantation also in a minor mismatch model since in the clini-
cal setting major mismatch transplantations are virtually never performed any more
(Jones et al. 2003). Furthermore, first approaches were conducted with the selection
and expansion of allo-specific T, by coculture with recipient antigen-presenting
cells (APCs) (Trenado et al. 2003). Despite the unsatisfactory results compared to
unspecific Ty, this approach is further evaluated in order to generate T,., specific
against major and minor histocompatibility antigens without diminishing the GvL
effect (Veerapathran et al. 2011).

Studying the kinetics of allogeneic T cell activation, expansion, and effector
phase, T,., were proven to be essential in the early phases after bone marrow trans-
plantation (BMT) in order to efficiently suppress T cell expansion and GvHD devel-
opment (Edinger et al. 2003). Transplantation of T, at later time points severely
diminished their efficacy to prevent GvHD (Nguyen et al. 2007). Moreover, the
transplantation of T, prior to T, allowed for a transfer of smaller numbers since
T, strongly expand after BMT in vivo. T, only represent 5-10% of all peripheral
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CD4* T cells which leaves isolation of large numbers of this cell subset challenging
(Sakaguchi et al. 2006). One way to increase the number of transplantable cells is
ex vivo expansion with a classic protocol of IL-2 administration together with CD3/
CD28 stimulation (Taylor et al. 2002; Hoffmann et al. 2004; Earle et al. 2005).
Nevertheless, the contamination of the starting cell pool with T.,, has to be kept in
mind since it could lead to an unpreferential expansion of effector T cells (Battaglia
et al. 2005).

Another possibility to overcome low T,., numbers is the in vitro induction and
expansion of iT,., by generation from T, as mentioned above. Initial studies dem-
onstrated a serious problem emerging when using in vitro generated T, (Fantini
et al. 2004; Beres et al. 2011). The T, quickly lost FoxP3 expression and adopted
an inflammatory T cell phenotype failing to prevent GvHD. FoxP3 expression is
epigenetically controlled by hypomethylation of a conserved region in the foxp3
promoter. In contrast to nT,, iT,, remain only partially demethylated leading to a
progressive loss of FoxP3 expression upon restimulation and absence of suppressive
TGF-f (Floess et al. 2007). Novel approaches including hypomethylating agents
such as decitabine in the protocol show promising results concerning a sustained
FoxP3 expression (Choi et al. 2010).

Nevertheless, clinical approaches which include in vitro handling of human cells
always require elaborate cell culture techniques to ensure safety which leaves them
at substantial costs. An alternative is provided by studies attempting the in vivo
expansion of nT,,. Blockade of the IL-6 signaling pathway increased T,, frequency
with simultaneous reduction of effector T cells in a murine allo-HCT model (Chen
et al. 2009). Furthermore, studies with CD28 antibody (Kitazawa et al. 2009) as
well as CD1d ligand (Duramad et al. 2011) show promising results for the in vivo
expansion of T, and the resulting attenuation of GvHD in preclinical models which
yields hope for possible implementation in the clinic. A recent publication shows
that administration of an anti-CD45RB monoclonal antibody resulted in increased
T,,-APC interaction which led to enhanced T, proliferation (Camirand et al. 2014).

Several groups reported that rapamycin in combination with IL-2 application
was efficient in the expansion of T cells with a regulatory phenotype (Shin et al.
2011; Zhang et al. 2013) which led to extensive research investigating the practical
range and the mechanism behind these observations. Since rapamycin exclusively
expands T, by simultaneously inhibiting other T cell subsets (Battaglia et al. 2005,
2006; Tresoldi et al. 2011), the drug represents a powerful tool to expand T, for
further use for adoptive transfer (Battaglia et al. 2012). In a murine model of acute
GvHD, the transplantation of T, and rapamycin treatment showed a synergistic
effect by improving disease outcome and preserving long-term tolerance by highly
active T,,, (Zeiser et al. 2008). Furthermore, the authors could show that, in response
to IL-2 and alloantigen stimulation, T, upregulated signal transducer and activator
of transcription 5 (STATS) by simultaneous high expression of phosphatase and
tensin homolog (PTEN), a negative regulator of the phosphatidylinositol-3-kinase/
protein kinase B/mammalian target of rapamycin (PI3K/Akt/mTOR) pathway. In
order to understand the mechanism behind the differential responses of T, and T.,,
to rapamycin treatment, Sauer et al. brought evidence for the antagonizing cross talk
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of TCR signaling and subsequent activation of the PI3K/Akt/mTOR cascade and
FoxP3 expression (Sauer et al. 2008). This leads to the conclusion that T,., are not
impacted by immune modulation by rapamycin since their signal for survival and
function passes through the IL-2R without activating the PI3K/Akt/mTOR pathway
(Malek and Castro 2010). In this T cell subset, the signaling cascade is interrupted
through high expression of the phosphatase PTEN (Bensinger et al. 2004). The
block leaves signaling through the JAK-STAT pathway intact leading to the known
hypoproliferative phenotype because of the impaired response to IL-2 signaling
compared to T.,, (Walsh et al. 2006).

9.4  Mechanism of Inmunosuppression by T,

The pathogenesis of acute GVHD is classically divided into three phases in which
the innate immune system establishes the inflammatory environment triggered by
the conditioning regimen, whereupon APCs build the link between innate and adap-
tive immune system by activating alloreactive T cells (Fig. 9.1) which ultimately
execute the destruction of target organs (Jenq and van den Brink 2010). T, are able
to modulate an immune response at its initiation in the secondary lymphoid organs
where APCs prime naive T cells, as well as during the progression and termination
in the inflamed or infected nonlymphoid tissues such as the skin or gastrointestinal
tract in case of GVHD (Campbell and Koch 2011). Nevertheless, studies by Nguyen
et al. suggested an essential role of T, particularly during the early phases of dis-
ease induction in which T, colocalize with T, in the lymphoid organs and con-
tinue to provide efficient long-term protection since T,, transfer at later time points
after BMT decreased GvHD attenuation (Nguyen et al. 2007). In an established
full-blown inflammation, T,., are numerically and functionally probably overrun by
allogeneic effector T cells and the storm of inflammatory cytokines which is char-
acteristic for acute GvHD.

Generally, T, are anergic, therefore do not proliferate upon antigen stimulation,
yet need TCR stimulation for activation. Since T, are selected in the thymus by
their increased autoreactive potential, they are prone for self-recognition (Hsieh
et al. 2004) and only a small stimulus suffices for activation (Takahashi et al. 1998).
Thereupon, T,., exhibit suppressive activity regardless of antigen specificity which
gives reason for hope in treatment of allo-HCT as T,/ T.,, histocompatibility seems
not to be essential for suppression (Thornton and Shevach 2000). Nevertheless,
recent findings indicate that sustained TCR signaling is required for T,., suppressive
function (Levine et al. 2014).

In the initial phase of acute GvHD, when the conditioning regimen, irradiation or
chemotherapy, leads to local tissue damage, pathogens and so-called pathogen-
associated molecular patterns (PAMPs) cross the damaged epithelial barriers of the
skin and gastrointestinal tract (Fig. 9.1). Cytokines, chemokines, adhesion mole-
cules, and danger signals (danger-associated molecular patterns, DAMPs) are
expressed which ultimately induce the maturation of host dendritic cells (DCs) and
the priming of alloreactive T cells (Zeiser et al. 2011; Hill and Ferrara 2000). In
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Fig. 9.1 The conditioning regimen such as irradiation or chemotherapy which is necessary in
the recipient of allo-HCT to create space for the new immune system and eliminate the malig-
nant cells, the underlying disease, or previous infections leads to host tissue damage in particular
in the gut. The resulting release of DAMPs and PAMPs as well as cytokines and chemokines by
the local cells leads to an establishment of the inflammatory environment and the activation of
local immune cells by their pattern recognition receptors (PRRs). Macrophages and neutrophils
in turn secrete inflammatory cytokines such as TNF or IL-6 which enhance the immune activa-
tion and aggravate the existing tissue damage. DCs maturing in the periphery migrate to the
secondary lymphoid organs where they present host-specific antigens and prime naive alloge-
neic T cells which represents the central reaction in GvHD pathogenesis. The activated T cells
proliferate and secrete cytokines such as interferon y (IFN-y) and IL-2 which contribute to the
development of a Thl-biased response. Ultimately, T cells migrate to the target tissues where
they destroy cells from the liver, skin, and gastrointestinal tract by mechanisms involving perfo-
rin, granzymes, and Fas/FasL. The resulting cell death leads to the continued release of danger
signals which perpetuates the GVHD reaction and induces the characteristic cytokine storm. T,
cells are able to interfere at multiple levels within this process in order to attenuate GvHD (refer-
ences are cited in the main text). (1) Maturation and AG presentation of APC: T,., are able to
impair the maturation, migration, and effector function of innate immune cells. Furthermore,
they induce apoptosis in B cells and neutrophils. T,., reduce the costimulatory activity of DCs by
means of CTLA-4 binding and destabilize the contact of effector T cells with DCs. (2) Inhibition
of effector T cells: Ty, constrain proliferation by means of IL-2 depletion. Moreover they limit
cytokine production and survival by inducing a cytokine-deprived milieu and decrease the
expression of homing receptors leading to impaired migration of the effector cells. (3) Effects on
local inflamed tissue: T, secrete a variety of anti-inflammatory cytokines including TGF-p,
IL-10, and IL-35 which dampen inflammation
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order for the T, to prevent APC and T,,, activation, they have to enter the draining
lymph nodes by means of CD62L expression since it has been proven that GVHD is
only efficiently suppressed by CD62L" T,, (Taylor et al. 2004; Ermann et al. 2005).
Furthermore, expression of homing receptors such as CCR5 mentioned above is
essential for the migration in the target tissues in the later stages of GVHD.

Reducing the costimulatory activity and ability of APCs represents the first level
of suppression of T cell activation managed by T,,. Already early after T, discov-
ery, Cederbom and colleagues could show decreased CD80 and CD86 expression
on DCs (Cederbom et al. 2000). In 2006, two groups could prove with two-photon
microscopy that T, have long sustained contact with DCs while inhibiting pro-
longed binding of T, with their APCs in the secondary lymphoid organs (Tadokoro
et al. 2006; Tang et al. 2006). One major receptor responsible for inhibition of
immune activation by T, is cytotoxic T-lymphocyte-associated protein 4 (CTLA-
4), a high-affinity receptor for CD80 and CD86. Its essential role became apparent
in receptor-deficient mice developing severe lymphoproliferative disorders (Tivol
et al. 1995). Since a direct inhibitory signaling pathway emanating from CTLA-4
engagement remains still controversial, common hypotheses include that one mech-
anism of DC inhibition originates from competitive binding of CD80/86 by means
of higher affinity of CLTA-4 compared to CD28 (Salomon and Bluestone 2001).
This theory is supported by data that show an upregulation of lymphocyte function-
associated antigen 1 (LFA-1) by CTLA-4 which may result in even increased sus-
tained cell-cell contact between T, and APC (Schneider et al. 2005). Recent
findings suggest a second mechanism in which by a process called trans-endocyto-
sis CTLA-4 binds and removes CD80/86 from the DC surface by internalization
and degradation within the T, leading to a profound and sustained DC suppression
(Qureshi et al. 2011). Moreover, CTLA-4 induces indoleamine dioxygenase (IDO)
production in DCs thereby initiating tryptophan metabolism (Grohmann et al.
2002). Tryptophan depletion strongly inhibits T cell proliferation and cytokine pro-
duction (Fallarino et al. 2003), and IDO expression may also lead to a tolerogenic
phenotype of the IDO-expressing cells themselves (Mellor and Munn 2004). IDO
represents a major suppression-inducing molecule since it also stimulates the new
development of T, by high TGF-f production of DCs as well as the strong activa-
tion of existing T,., and the inhibition of reprogramming of T,, into inflammatory T
cells (Chung et al. 2009; Yan et al. 2010; Munn 2011).

Lymphocyte-activation gene 3 (LAG-3) represents another T, receptor which
binds major histocompatibility complex (MHC) class II and may mediate suppres-
sion of T, and APC activation (Huang et al. 2004; Liang et al. 2008). Moreover,
LAG-3 is also expressed by T,,, which leaves these cells more susceptible to regula-
tion by T, (Durham et al. 2014). Further inhibitory surface molecules of T,., include
CD30 which has been shown to be essential during early T,., protection from GvHD
(Zeiser et al. 2007), as well as CD39 and CD73 which degrade the danger signal
extracellular adenosine triphosphate (ATP) to the immunomodulatory molecule
adenosine leading to metabolic inhibition of effector T cells (Deaglio et al. 2007;
Han et al. 2013).
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Besides the receptors involved in T, activation and enhancement of suppres-
sor function, multiple publications describe glucocorticoid-induced tumor necro-
sis factor-related protein (GITR) expressed on T, as a negative regulator which
upon stimulation diminishes T,., suppression (Shimizu et al. 2002), while the role
of Toll-like receptors (TLRs) such as TLR8 or TLR4 in dampening or inducing
T, responses seems to depend on the type of TLR (Peng et al. 2005; Caramalho
et al. 2003).

Nevertheless, T, also exhibit direct killing mechanisms by means of perforin
release for DC killing (Boissonnas et al. 2010) as well as granzyme A and B in order
to induce apoptosis in target cells such as CD4* and CD8* T cells, monocytes, and
DCs (Zeiser et al. 2007; Grossman et al. 2004a, b).

Besides inhibition of DCs, several groups investigated T,.,-suppressive capa-
bility of B cells regarding the interference with activation, class switch, and
antibody production as well as apoptosis induction by perforin and granzymes,
the programmed cell death protein 1 (PD-1)/PD-L1 interaction, or the Fas/FasL
pathway (Zhao et al. 2006; Lim et al. 2005; Gotot et al. 2012; Xu et al. 2016;
Janssens et al. 2003). B cell inhibition is worth consideration in the context of
GVHD since B cells are able to act as APCs for effector cells and play a major
role in chronic GvHD.

Recent data prove the importance of early neutrophil activation and migration
into target organs for the pathogenesis of acute GVHD (Schwab et al. 2014) which
leaves inhibition of this cell compartment by T,., during GVHD of serious interest.
T, cells are not only able to reduce migratory potential and induce apoptosis in
neutrophils (Richards et al. 2010; Lewkowicz et al. 2006), yet a recent study found
that T,., could even promote immunosuppressive features in neutrophils resulting in
their contribution to immune modulation (Lewkowicz et al. 2013). Regarding other
innate immune cell compartments, T, are also able to inhibit the cytotoxic capacity
of natural killer (NK) cells in a cell-cell contact-dependent mechanism (Trzonkowski
et al. 2004). Moreover, T, were shown to directly downregulate monocyte and
macrophage activation leading to reduced cytokine secretion and stimulatory mol-
ecule expression (Taams et al. 2005) as well as induce apoptosis in monocytes by
means of Fas/FasL interaction (Venet et al. 2006).

Besides the vast possibilities of constraining APC activation by T,.,, several stud-
ies describe mechanisms of T,,, inhibition including the impaired expression of
homing receptors, adhesion molecules, and chemokine receptors leading to reduced
migration (Mavin et al. 2012; Sarween et al. 2004) as well as impaired proliferation
(Edinger et al. 2003; Trenado et al. 2003) and cytokine production (Bergerot et al.
1999). The consistent expression of the high-affinity IL-2 receptor chain CD25 is
not only required for T, survival and function, yet is also thought to deplete IL-2
access to T, resulting in apoptosis induction by means of cytokine deprivation
(Pandiyan et al. 2007). Furthermore, T, can not only interact with DCs via CTLA-4
but also with T, thereby inhibiting T cell priming (Fig. 9.1) (Matheu et al. 2015).
Several studies show the interference of T, with CD8* cytotoxic activity, which is
either cell contact mediated or originates from a TGF-p-dependent mechanism
(Trzonkowski et al. 2004; Mempel et al. 2006).
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TGF-p represents a major factor of tolerance induction since its presence without
further inflammatory stimuli such as IL-6 leads to FoxP3 expression and the genera-
tion of iT,, in the periphery (Chen et al. 2003). Moreover, TGF-p enhances the
expansion and suppressive activity of T, (Huber et al. 2004) while simultaneously
suppressing effector T cell proliferation and function and immunoglobulin produc-
tion of B cells (Chen et al. 2005; Green et al. 2003; Nakamura et al. 2001). Lastly,
T, interfere with DC maturation in a TGF-p-dependent manner (Misra et al. 2004).

IL-10 represents another important effector molecule of T, during GVHD since
IL-10 mediates immunosuppression particularly at epithelial barriers with contact
to the environment such as the lungs or the skin representing target organs in GvHD
(Rubtsov et al. 2008). Several studies indicate the important role of IL-10 secretion
likely by donor T, in the regulation of GvHD induction (Hoffmann et al. 2002;
Tawara et al. 2012). These data are supported by a study which found a correlation
between polymorphisms in the /L0 promoter and GvHD (Lin et al. 2003).

Investigations by the group around Dario Vignali revealed IL-35 as an impor-
tant suppressive cytokine produced and secreted by T,., (Collison et al. 2007). On
the one hand IL-35 suppresses proliferation of effector T cells which is partly
contact dependent since the secretion of IL-35 is increased upon T,.,-T,, cell
contact (Collison et al. 2009). Furthermore, IL-35 drives the conversion of T, to
induced T, (iTr35) whose regulatory activity is mainly driven by IL-35 (Collison
et al. 2010).

Altogether, the data presented here draw a complex picture of T, cell inhibition
at multiple levels of an immune response including direct cell contact-mediated
effects as well as indirect mechanisms of soluble factor secretion and metabolic
inhibition of the target cells.

9.5 Impact of T,.; on Antitumor Immunity

Multiple studies particularly in solid tumors delineate the role of T, in the estab-
lishment of tumor tolerance and escape from immune surveillance with T, infiltrat-
ing the tumor tissue and inhibiting an effective T cell response against the cancer
cells. Curiel et al. could show in ovarian cancer patients that human T,, specifically
inhibit antitumor activity of T cells and contribute to tumor progression. Their accu-
mulation in the tumor mass was supported by CCL22 production by the cancer cells
themselves inducing an immune-privileged site; therefore the authors suggest the
modulation of T, function in order to tackle cancer immune escape (Curiel et al.
2004). Besides direct inhibition of T cell immunity, T,., are able to condition intra-
tumoral APCs which could then contribute to tumor tolerance (Bauer et al. 2014).
Similar findings were made for gastrointestinal malignancies (Sasada et al. 2003);
metastatic melanoma (Vence et al. 2007); breast (Gobert et al. 2009), lung (Tao
et al. 2012), and pancreatic cancer (Hiraoka et al. 2006); hepatocellular carcinoma
(Fu et al. 2007); classic Hodgkin lymphoma (Schreck et al. 2009); and B cell non-
Hodgkin lymphoma (Yang et al. 2006) as well as acute myelogenous leukemia
(Szczepanski et al. 2009). These observations led to intensive studies of interrupting
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T, tolerance to increase antitumor immunity by using CTLA-4 blockade (Phan
et al. 2003), anti-GITR monoclonal antibody (Ko et al. 2005), or antiangiogenic
treatment (Adotevi et al. 2010).

Since an expansion of T, during allo-HCT represents an interesting option in
order to prevent GvHD, the urgent question emerged if increased T, counts
result in diminishment of the greatly appreciated (GvT/GvL) effect. Already
early publications showed that engraftment and long-term tolerance were facili-
tated in the presence of donor T, (Hanash and Levy 2005; Joffre et al. 2004)
while preserving GvL mechanisms (Edinger et al. 2003; Jones et al. 2003;
Trenado et al. 2003).

Reasons for the different outcomes of T, expansion after allo-HCT regarding
relapse lie in the unique setting after BMT concerning alloreactivity and tumor
cell counts. The number of tumor cells is greatly reduced after the conditioning
regimen facilitating their elimination by the transplanted immune system. The
diverse mechanisms of T, suppression of allogeneic immune responses dis-
cussed in the chapter above mostly limit the extent of T cell activation, their
proliferation, and migration yet without impairing their individual cytotoxic
capacity (Edinger et al. 2003). Since the count of tumor cells after BMT is rather
low, the transplanted T, are able to eliminate the minimal cancer residue with-
out an excessive allogeneic immune response. Furthermore, novel approaches
reach to induce alloantigen-specific T, which efficiently prevent GVHD without
a possible impairment of GvL effects (Veerapathran et al. 2011; Semple et al.
2011; Li et al. 2015).

Moreover, the immune reactivity of the cancer cells is not limited to specific
tumor antigens which may be already downregulated in later stages of disease but
include classic self-antigens which are recognized by the alloreactive T cells of the
graft leaving them more immunogenic (Kloosterman et al. 1995; Reddy et al. 2005).
Donor lymphocyte infusions in case of a relapse utilize this effect.

Furthermore, the T, efficacy is a space-limited process where T, have to
enter similar tissues as effector T cells such as the epithelial GvHD target organs.
At later time points after BMT, T,., migrate to the target organs in order to sup-
press GVHD. Emerging leukemic cells reside in the secondary lymphoid organs
or the bone marrow which hosts low T,., numbers (Booth et al. 2010) where they
can be eliminated by effector T cells (Nguyen et al. 2007). Supporting this
hypothesis, Kim et al. restrained T cells within the secondary lymphoid organs
resulting in efficient GvL without GvHD development (Kim et al. 2003).

9.6 Clinical Application of T, Transfer

The transfer of a tolerogenic cell population such as T,.,, mesenchymal stroma cells,
or Trl cells which persist in the body could ideally lead to long-term tolerance with-
out the need for additional pharmacological interventions. This concept has been
recently applied when T, were transferred in the prophylactic setting to patients
that had undergone allo-HCT.
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The first study on T, transfer was performed in 28 patients with high-risk hema-
tologic malignancies who underwent human leukocyte antigen (HLA)-haploidentical
HCT and showed that T,., prevented GvHD and promoted immune reconstitution
(Di Ianni et al. 2011). The authors reported that T,., prevented GVHD in the absence
of any posttransplantation immunosuppression and enhanced lymphoid reconstitu-
tion compared to historical controls without any evidence for an increased relapse
rate (Di Ianni et al. 2011). Another group studied the safety profile of umbilical cord
blood (UCB)-derived T,, in 23 patients (Brunstein et al. 2011). After infusion, UCB
T, could be detected for 14 days, indicating that the infused cells survived the pro-
inflammatory cytokine milieu in patients post-HCT. The authors compared their
patients with identically treated 108 historical controls without T, and found a
reduced incidence of grade II-IV acute GVHD (43% vs 61%, P = 0.05) with no
deleterious effect on risks of infection (Brunstein et al. 2011). The same group
reported later on the transfer of UCB-derived T, that had been expanded in cultures
stimulated with K562 cells modified to express the high-affinity Fc receptor (CD64)
and CD86. The authors reported that the incidence of grade II-IV acute GVHD at
100 days was 9% in the UCB-T,, group compared to 45% in control patients
(Brunstein et al. 2016).

Besides those preemptive T,., transfer studies, more evidence indicates a central
role for Ty, in prevention of GvHD post allo-HCT. Patients who received the anti-
body mogamulizumab for their adult T cell acute lymphoblastic leukemia (T-ALL)
experienced prolonged suppression of normal T, (Ishida et al. 2012). Importantly,
pretransplant use of mogamulizumab in those T-ALL patients that later underwent
allo-HCT was connected to severe acute GVHD, which is consistent with a suppres-
sive role of T, against GVHD (Inoue et al. 2016).

Since it was shown that T,., require IL-2 post allo-HCT to expand and survive
(Zeiser et al. 2006), multiple studies later investigated the effects of IL-2 on T,
expansion in patients and GvHD (Koreth et al. 2011, 2016). In a recent phase 2
study, 35 adult patients with steroid-refractory chronic GvHD received daily IL-2
(1 x 10° TU/m?%d) for 12 weeks (Koreth et al. 2016). The authors reported that 20/33
evaluable patients (61%) had clinical responses at multiple chronic GVHD sites
such as the liver, skin, and gastrointestinal tract (Koreth et al. 2016). An important
predictor of response seemed to be initiation of IL-2 early after transplantation, sug-
gesting that later established chronic GVHD is harder to modify by IL-2 treatment.

Furthermore, investigators used human donor T,., that were cultivated for 7-12 days
and then given to patients suffering from chronic GvHD (Nishimori et al. 2012). The
authors reported that two of five patients showed a clinical response with improve-
ment of chronic GVHD symptoms and three patients showed stable symptoms for up
to 21 months (Theil et al. 2015). Further clinical trials are in progress and planned to
extend these studies also to the treatment of acute GVHD by adoptive T, transfer.

Summarized, the findings support the attractive option of T, expansion in patients
undergoing allo-HCT in order to suppress the development of GvHD with simultane-
ous preservation of the appreciated anti-infectious immunity and GvL effect which
in turn allows for reduced intensity conditioning regimens. First clinical trials are
promising but need confirmation in larger prospective randomized trials.
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9.7 Expert Point of View and Future Directions

Since their discovery, T,, have risen rapidly to a well investigated cell population
with various possibilities of application. Profound characterization of T,., markers
enables the specific enrichment of this regulatory cell compartment which makes
them an interesting tool for clinical application. Furthermore, due to their unique
signaling pathways such as their specific response to IL-2 treatment and rapamycin,
protocols for the efficient expansion have been developed and are already applied
successfully. Since classic standard prophylaxis and treatment options for GvHD do
not interfere and even possibly enhance T,, function, including rapamycin, gluco-
corticosteroids, and FTY720, the combined therapy could even provide a synergis-
tic effect, while recent studies indicate that therapy with calcineurin inhibitors has
an adverse effect on T, concerning proliferation and function and MMF applica-
tion is still discussed controversially (Wu et al. 2012; Scotta et al. 2016; Demirkiran
et al. 2009; Lim et al. 2010). First clinical trials show promising results concerning
acute as well as chronic GVHD disease outcome both by in vivo as well as in vitro
expansion of T, Nevertheless, intense research has to be continued in order to
further improve the experimental protocols such as the optimal time point of adop-
tive transfer and investigate the best option for T, expansion regarding efficacy and
safety. Furthermore, the various mechanisms of T, suppression have to be delin-
eated to better understand their role in the clinical picture of GVHD.

A clinically valuable approach may be the use of third-party T, and was investi-
gated by Pierini et al. (2015). The researchers suggested this method as more practi-
cal since the availability and access of T, in certain allo-HCT settings such as grafts
from cord blood or an unrelated donor may be limited. Furthermore, the T,., could be
easily stored and readily applied when most needed. Yet, due to the observed reduced
survival of third-party T.,, this technique needs more profound studies. Another
urgent question to be clarified is the characterization of common antigens inducing a
GvHD reaction. With this knowledge, allo-specific Ty, could be generated which
would limit their suppressive activity to alloreactive T,,,. Lastly, certain patient
cohorts may be more susceptible to T,., application, and in these, adoptive T, trans-
fer may be found to be favorable depending on their type of disease pathology.

Concluding, clinical application of T, for prophylaxis and treatment of GVHD is an
upcoming treatment option which not only prevents GVHD by simultaneously preserv-
ing the GvL effect but leads to profound long-term immunotolerance instead of medi-
cally induced immunosuppression which ceases upon discontinuation of treatment.
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Dhifaf Sarhan and Jeffery S. Miller

10.1 Introduction

Before their discovery in the 1970s, NK cells were originally interpreted as an arti-
fact. Subsequently, they were recognized as essential immune effectors capable of
fighting viral infections and cancer. Studies in transgenic mouse models established
that NK cells play an important role in immune surveillance against tumors. Many
approaches using NK cells as cancer immunotherapy have since been proposed. NK
cell antitumor activity is best demonstrated in patients with myeloid leukemia.
Many challenges persist when considering NK cell therapy for more common solid
tumors. Our group hypothesizes that inhibitory checkpoints in the tumor microenvi-
ronment may explain some of the barriers to successful treatment in such patients
using NK cells.

NK cells are components of the innate immune system. Their functional behav-
ior is classically described as a result of a balance between inhibitory and activating
receptor signaling. Unlike T cells and B cells, NK cells do not express germ-line
rearranged antigen-specific receptors. NK cells comprise 15% of peripheral blood
mononuclear cells (PBMC). The majority of circulating blood NK cells are CD56™,
These cells express the potent activation receptor FcRyIII (CD16) and exhibit potent
cytotoxicity without activation or prior exposure (Fig. 10.1, left panel). A second
major NK cell subset is defined by high-density CD56 (CD56™i™), lack of CD16,
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Fig. 10.1 Two major subsets of NK cells found in human blood have different functional
properties and receptor expression (printed with permission)

and high proliferative potential with unique regulatory function to produce cyto-
kines (Fig. 10.1, right panel). NK cell recognition is defined by “missing-self”
human leukocyte antigen (HLA) that is downregulated after viral infection or malig-
nant transformation as well as a collection of activation receptor interactions that
differ between tumor types. Therefore, the final determinant of NK cell attack is the
net sum of these activation and inhibitory interactions.

10.2 NK Cell Biology and Function
10.2.1 MHCI-Dependent Regulation of NK Cells

NK cell function is regulated by the interaction between killer-cell immunoglobulin-
like receptors (KIRs) and class I MHC molecules on target cells. Killing by lack of
MHC recognition is referred to as the “missing-self hypothesis” (Fig. 10.2a, b)
(Karre et al. 1986; Ljunggren and Karre 1985). All resting blood NK cells are pre-
sumed to express at least one inhibitory receptor that is ligated by self-MHC class 1
in order to mediate tolerance (Valiante et al. 1997). Greater tolerance in NK cells
was shown to correlate with expression of all inhibitory KIR. These receptors are
expressed on human chromosome 19 independent of cognate HLA ligands expressed
on human chromosome 6. This makes KIR expression stochastic (Andersson et al.
2009). Inhibitory KIR bind to HLA-A, HLA-B, or HLA-C to initiate a cascade of
signals through their long cytoplasmic tails, containing tyrosine-based inhibitory
motifs that are phosphorylated upon crosslinking and deliver inhibitory signals to
NK cells (Thielens et al. 2012; Binstadt et al. 1996). Some activating KIR (e.g.,
KIR2DS1) can also ligate MHC I molecules, but many of the activating KIR ligands
remain unknown. These receptors are characterized by having a short cytoplasmic
tail with ITAM-bearing subunits linked to DAP12 signaling molecules associated
with the recruitment of SYK and ZAP70 protein tyrosine kinases resulting in NK
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Fig.10.2 NK cell function is regulated by the interaction between the killer-cell immunoglobulin-
like receptors (KIRs) and class I MHC molecules on target cells. Alternatively, self-tolerance is
regulated by the interaction of NKG2A and HLA-E. Killing by lack of MHC recognition is referred
to as the “missing-self hypothesis.” However, NK cells are still inhibited by incomplete or variable
HLA downregulation in tumor cells and other potent NK cell inhibitory checkpoint pathways (e.g.,
PD-1 and CD96/TIGIT) (printed with permission)

cell activation (Lanier et al. 1998). Besides KIR, there are other receptors binding to
MHC I molecules. These include the inhibitory receptor NKG2A that binds HLA-E
and the activating receptor NKG2C that binds HLA-E with lower affinity (Tomasec
et al. 2000; Wada et al. 2004). NKG2A is downregulated on NK cells in adults com-
pared to newborns (Manser and Uhrberg 2016). It is also less expressed in terminal
differentiated NK cells (Beziat et al. 2010). NK cells that lack the expression of all
inhibitory receptors are hyporesponsive with poor cytotoxicity and reduced IFNy
production (Cooley et al. 2007). NKG2A expression contributes to NK cell toler-
ance when cells express low levels of KIR to maintain mature function (Bjorklund
et al. 2010). Therefore, NK cells require inhibitory receptor ligation for tolerance
and to acquire and maintain their normal function.

10.2.2 MHC I-Independent Regulation of NK Cells

NK cells encode a variety of activating and inhibitory receptors that regulate their
function independent of HLA interactions. NKG2D is expressed on the surface of
NK cells and binds the stress-induced nonclassical MHC molecules MICA/B and
ULBPI1-6 to induce NK cell cytolytic activity (Lanier 2005). DNAM-1, CD96, and
the inhibitory receptors T cell immunoreceptor with immunoglobulin and ITIM
domains (TIGIT) are also regulatory receptors that play a role in controlling killing
and adhesion. All three receptors ligate the poliovirus receptor (PVR [CD155]) and
Nectins and nectin-like proteins (nectin-2 [CD112]). CD96 and TIGIT compete
with DNAM-1 for binding to CD155 resulting in NK cell inhibition (Chan et al.
2014). While many activating receptors including NKG2D, DNAM-1, CD2, and
2B4 are unable to induce NK cell cytotoxicity in resting NK cells when triggered
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alone, engaging the same receptors in cytokine-activated NK cells (e.g., DNAM-1
and NKG2D) could induce cytotoxicity (Bauer et al. 1999; Shibuya et al. 1998).
Natural cytotoxicity receptors (NCRs), NKp30, NKp44, and NKp46, are essential
mediators in the regulation of virally infected cells and contribute to the immune
surveillance against tumors (Koch et al. 2013). These receptors usually activate NK
cells. However, alternate splicing of NKp30 is associated with loss of NK cell cyto-
toxicity (Siewiera et al. 2015; Mantovani et al. 2015). NK cells also express the
potent activating receptor CD16 (FcRyIII) that controls antibody-dependent cell-
mediated cytotoxicity (ADCC) by NK cells through recognition of the Fc portion of
antibodies (Vivier et al. 1991). Engaging CD16 alone is sufficient to trigger degran-
ulation of resting NK cells compared with NKG2D, DNAM-1, NCRs, CD2, and
2B4 that have to be combined with other activating signals (Bryceson et al. 2006,
2009). These discoveries explain why monoclonal antibodies targeting specific
tumor antigens with good Fc binding have changed the practice of cancer therapy.

10.2.3 NK Cell Education and Tolerance

NK cells undergo education to tolerate self and avoid autoaggression. The process
by which NK cells acquire function by ligation of inhibitory KIR interactions with
class I MHC ligands is termed education (or licensing). Expressing KIR throughout
NK cell development is critical for functional maturation (Elliott and Yokoyama
2011). Several hypotheses have been proposed for NK cell education, the first sug-
gesting that NK cells are initially uneducated and KIR engagement with self-MHC
I by different affinities during development results in competent effector cells (Kim
et al. 2005). Alternatively, NK cells are initially active during development through
in vivo stimulation as a result of constitutive expression of an activating ligand, but
their activity gets downregulated after ligating cognate class I MHC. This process is
referred to as the “disarming model.” Thus, NK cells are rendered anergic in the
absence of inhibitory receptor ligation (Gasser and Raulet 2006; Tripathy et al.
2008). In vivo studies show that NK cells developed in class I MHC-deficient mice
are unable to reject tumor cells lacking the class I MHC expression and are hypore-
sponsive (Liao et al. 1991). In addition, NK cells that developed in a class I MHC-
deficient environment acquire function and become quickly educated after infusion
into mice that expressed normal class I MHC, thus demonstrating the considerable
flexibility of NK cells to respond to their environment (Elliott et al. 2010; Belanger
et al. 2012). However, the exact function of uneducated NK cells in the blood
remains unknown. Those cells may simply be precursors awaiting a response from
their environment or they may have specialized function. A study by Orr and col-
leagues suggests that depleting unlicensed NK cells in a CMV mouse model may
diminish control of viral titers (Orr et al. 2010). A second study by Alvarez et al.
showed that depleting host-licensed NK cells may result in increased donor engraft-
ment, while donor engraftment is reduced after depletion of all NK cells (licensed
and unlicensed), which suggests that unlicensed NK cells promote donor allogeneic
engraftment by production of GM-CSF (Alvarez et al. 2016).
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10.2.4 NK Cell Regulation by Cytokines

In the early 1980s, Lopez-Botet’s group demonstrated that interleukin-2 (IL-2)-
containing supernatant induces strong proliferation of NK cells (Toribio et al. 1983).
Subsequently, Brenner’s group showed that IL-2-activated NK cells have aug-
mented cytotoxicity against NK cell-resistant hairy cell leukemia targets (Cordingley
et al. 1988). A decade later, the Caligiuri laboratory showed that IL-15 binds to the
shared Py subunits of the IL-2 receptor and induces proliferation, cytotoxicity, and
cytokine production of NK cells (Carson et al. 1994). It is now established that
IL-15Ra is expressed on dendritic cells (DC) to trans-present IL-15 to NK cells to
promote proliferation, survival, and antitumoral activity (Ferlazzo et al. 2004; Van
den Bergh et al. 2015). This physiologic signaling by IL-15 also regulates the
homeostasis of NK cells. Recently, IL-15 was shown to induce activation of mTOR
(mammalian target of rapamycin) to maintain NK cell metabolism. In addition,
mTOR activation was shown to be specific to IL-15 stimulation and unresponsive to
other cytokines including IL-18, IL-12, IFN, IL-7, and TGFp (Marcais et al. 2014).
However, Viel et al. showed that TGFp suppressed NK cell function through an
inhibition of mTOR signaling to a similar level as when inhibited with the mTOR-
specific inhibitor rapamycin. Blocking TGFp restored mTOR activity in response to
IL-15 and IL-2 stimulation in NK cells (Viel et al. 2016). When use in cancer
patients is contemplated, rapamycin treatment should be carefully assessed to avoid
NK cell inhibition. Other cytokines like IL-12 and IL-18 are potent inducers of
IFNy production in NK cells by stabilization of IFN-gamma mRNA (Mavropoulos
et al. 2005). These cytokines, when combined with IL-15 for 16 h, induce a unique
activation signal for NK cells to survive and mediate an antitumor response (Ni
etal. 2012; Leong et al. 2014).

10.2.5 NK Cell Memory and Adaptive Features

Although NK cells were felt to be short lived, emerging data in mice and humans
suggests that NK cells possess characteristics of adaptive immunity and immuno-
logical memory. NK cell memory was first observed in a murine study showing that
liver-resident NK cells could recall a secondary response against haptens indepen-
dent of T and B cell responses. These Ly49C-1(+) NK cells (the Ly49 family in mice
is analogous to KIR in humans) persisted for at least 4 weeks upon hapten restimu-
lation (O’Leary et al. 2006). In 2009, Sun et al. demonstrated that a subpopulation
of NK cells expressing the activating receptor Ly49H undergoes an antigen-specific
expansion against the murine cytomegalovirus (MCMYV) antigen m157, followed
by contraction and then long-lived memory NK cells that persist over time. These
NK cells exhibited enhanced effector function following rechallenge with MCMV
(Sun et al. 2009). NK cells are important in controlling viral infections such as
human cytomegalovirus (HCMV), Epstein-Barr virus (EBV), and human papillo-
mavirus (HPV) (Orange 2002). Human NK cells do not express Ly49. Instead, a
HCM V-responsive human NK cell subset has been characterized by the expression
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of the activating receptor NKG2C and the maturation marker CD57 (Guma et al.
2004). These NK cells are defined by epigenetic silencing of one or more of the
signaling molecules SYK, EAT-2, and FceRy along with silencing of the transcrip-
tion factor PLZF and are referred to as “adaptive NK cells.” Adaptive NK cells
exhibit a whole-genome methylation signature that is similar to effector CD8* T
cells (Schlums et al. 2015; Wiencke et al. 2016). The expansion of the NKG2C* NK
cells is not limited to autologous settings as these cells are found to expand after
allogeneic transplantation in cancer patients who reactivate CMV (Foley et al.
2012). Current knowledge suggests that NKG2C* NK cells may be specific to CMV
exposure as these cells do not expand in response to other viral antigens such as
herpes simplex virus type 2 (HSV-2) or EBV (Bjorkstrom et al. 2011a; Hendricks
et al. 2014). Mechanistically, NKG2C has not yet been shown to specifically bind
CMV. Although a small percentage (4%) of all humans carry a homozygous dele-
tion of the gene that encodes for NKG2C (NKG2C(—/-)), cells from these individu-
als still exhibit characteristics of adaptive NK cells functionally and by epigenetic
remodeling (Liu et al. 2016). This suggests that NKG2C is either redundant or may
not be directly involved with HCMV recognition. While the frequency of NK cells
expressing NKG2C is reduced in correlation with a drop in anti-HCMV IgG titers
(Goodier et al. 2014), other studies show that NKG2C* NK cells can expand in
patients infected during an outbreak of hantavirus infection (Bjorkstrom et al.
2011b). In this Swedish cohort, almost all were CMV seropositive, making interac-
tions unclear. Therefore, while adaptive NK cell responses are seen in the context of
prior CMV exposure, they have not been shown to be CMV antigen-specific. Rather,
they appear to be broadly primed for function when challenged with targets or
ADCC when antibody-coated targets are involved.

10.3 Adoptive Cell Therapies
10.3.1 NK Cell Therapies in Hematological Malignancies

An abundance of clinical studies has been performed with the goal of stimulating
autologous NK cells to target a variety of cancers. However, NK cells remain toler-
ant after autologous transplantation or adoptive transfer based on the premise that
all NK cells contain at least one inhibitory KIR for MHC ligands expressed on
residual tumor cells. In haploidentical transplantation, where the donor and recipi-
ent are matched for one HLA haplotype, 2/3 of patients would have at least one KIR
ligand missing on the host cells, resulting in a reduced inhibition of donor NK cells
and greater tumor kill. Donor selection for KIR-ligand incompatibility or KIR/KIR-
ligand mismatch can result in superior disease-free survival for patients with
myeloid malignancies after transplantation. Moreover, missing one or more KIR
ligands, compared to the presence of all ligands, protected against relapse in patients
with early myeloid leukemia (Miller et al. 2007). In 92 acute myeloid leukemia
(AML) patients receiving haploidentical hematopoietic cell transplantation (HCT),
donor KIR-ligand mismatching was the only independent predictor of survival
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(Ruggeri et al. 2002). However, no beneficial effect of KIR-ligand mismatching was
observed in acute lymphoblastic leukemia (ALL) (Ruggeri et al. 1999). Possible
explanations include lack of class I-independent activating receptor ligands or dif-
ferences in MHC expression levels on the blasts (Verheyden et al. 2009). In addition
to the KIR incompatibility models in allogeneic HCT, other factors might play a
role including donor KIR immunogenetics where different KIR gene clusters may
predict clinical outcomes. KIR genes are divided into two haplotypes including hap-
lotype A that consists mostly of inhibitory KIRs (KIR3DL3, KIR2DL3, KIR2DL1,
KIR3DL1, and KIR2DL?2) and one activating KIR (KIR2DS4). Alternatively, hap-
lotype B involves up to five activating KIRs. Several studies have evaluated the
impact of KIR haplotypes on clinical outcome, concluding that in AML but not in
adult ALL patients, combinations of different KIR genes within the B haplotype
including KIR2DS1, KIR2DS2, KIR2DS3, KIR2DSS, KIR3DS1, and KIR2DL5A
are associated with relapse protection (McQueen et al. 2007; Stringaris et al. 2010;
Cooley et al. 2009). While KIR-ligand incompatibility/mismatch and donor KIR
immunogenetics clearly play a role in transplantation outcome, there is no data sup-
porting this paradigm for NK cell adoptive transfer. A possible explanation may be
activation and maturation differences between NK cells that reconstitute from stem
cells versus the transient persistence of blood NK cells after infusion. Studies with
bigger cohorts are required to re-examine these parameters and their association
with clinical outcome using NK cell-based strategies.

For allogeneic adoptive transfer, lymphodepletion is used both to create space
and to compete with endogenous cytokines for the donor cells to proliferate in vivo
(Boni et al. 2008; Dudley et al. 2002). Adoptively transferred NK cells are expected
to be transient without permanent engraftment and to require the need for cyto-
kines like IL-2 or IL-15 to maintain their persistence, proliferation, and function.
We have developed a clinical protocol that enables transferred haploidentical NK
cells to expand in patients and persist for up to 1 month using high-dose cyclophos-
phamide and fludarabine (Hi-Cy/Flu). The persistence of adoptive transferred NK
cells was believed to be a result of a surge in endogenous IL-15 found in the serum
of AML patients in combination with low-dose IL-2 administered during the first
2 weeks after adoptive transfer (Miller et al. 2005). AML patients with advanced
AML failing standard therapy were treated with haploidentical NK cell adoptive
transfer (n = 19). Twenty-six percent (n = 5) demonstrated a complete remission
(CR). This response correlated with persistence and in in vivo expansion. Additional
patients were treated with this strategy (n = 42) and an update has been published
(Bachanova et al. 2014).

10.3.2 NK Cell Therapies in Solid Tumors

Driven by the promise of NK cell therapy in AML, allogeneic NK cell adoptive
transfer and IL-2 administration were tested with or without total-body irradiation
(TBI) in recurrent metastatic breast and ovarian cancer. Although the lymphodeple-
tion and IL-2 administration were the same as used in patients with AML, NK cells
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did not persist or expand in these patients. However, regulatory T cells (T,,) were
increased following 14 days of IL-2 infusion, possibly explaining the inhibition of
NK cell expansion (Geller et al. 2011). A follow-up study in AML patients using
IL-2 diphtheria toxin fusion protein (Ontak) to eliminate T,, supports this interpre-
tation. Compared to therapy without Ontak, T, numbers and T,.-produced IL-35
were decreased and resulted in overall improved complete remission rates (53% vs
21%; P = 0.02) and disease-free survival (33% vs 5%; P < 0.01). This clinical
response correlated with lower T, and a higher frequency of patients with NK cell
persistence and in vivo expansion (Bachanova et al. 2014). These observations sup-
port the suppressive role of T, on adoptive transferred NK cells. In a small meta-
static melanoma and renal cell carcinoma trial, autologous NK cells infusions and
IL-2 appeared to persist transiently but could not induce tumor regression. These
NK cells could not lyse tumor cells and had lower expression of the activation
receptor NKG2D, unless reactivated with exogenous IL-2. Nevertheless, evaluation
of NK cells after infusion could still mediate antibody-dependent cell-mediated
cytotoxicity (ADCC) without exogenous IL-2 suggesting that NK cell adoptive
transfer could be more effective against solid tumors in a combination with antibody
treatment (Parkhurst et al. 2011).

Using a different strategy, the NK-92 cell line has also been tested in a phase
I clinical trial in patients with advanced solid tumors. Outcomes showed that
even with the highest dose of infusion, 12 of 15 tested patients demonstrated
disease progression. However, one patient with non-small cell lung cancer had a
stable disease and two with small cell lung cancer experienced mixed response
(Tonn et al. 2013). Genetic engineering of NK-92 to express ErbB2-chimeric
antigen receptor (CAR) has been developed and tested in a preclinical glioblas-
toma model with good antitumor effects (Zhang et al. 2016). Despite these
encouraging results, clinical testing of NK cells in solid tumors remains limited.
Preclinical studies suggest that limitations such as immune-suppressive cells,
immune-suppressive cytokines, and inhibitory checkpoints on NK cells need to
be considered to achieve efficacy in solid tumors with NK cell-based therapies
(Fig. 10.2¢).

10.3.3 Other Approaches for Cell Therapies

Allogeneic adoptive transfer studies conclude that persistence and expansion of
NK cells correlate with clinical efficacy. One way to better promote in vivo
expansion and persistence is to use better cytokines such as IL-15 or trans-pre-
sented superagonist IL-15 complexes, an approach that is under study at the
University of Minnesota (ClinicalTrials.gov identifier: NCTO01885897 and
NCT02395822). Another approach is to develop protocols for ex vivo expansion
of NK cells. While PBMC is a convenient source for this approach, hematopoi-
etic stem cells (HSC, CD34*) from placenta or umbilical cord blood and even
unlimited human-induced pluripotent stem cells (iPSC) are being considered.
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While technically more challenging, these approaches are under development for
clinical implementation. NK cells are known to best expand with accessory cells.
In the early 1990s, we demonstrated the importance of contact with accessory
cell monocytes for NK cell expansion from PBMC (Miller et al. 1992). Several
other expansion protocols were tested utilizing different irradiated feeder cells
including K562-IL-15/4-1BBL (Shah et al. 2015), K562-1L-21/4-1BBL (Liu
et al. 2013), or Epstein-Barr virus-transformed lymphoblastoid cells (Berg et al.
2009) to expand blood-derived NK cells. Spanholtz and Dolstra’s group have
been developing a stroma-free clinical grade NK cell product form UCB CD34+*
in the presence of IL-15 and IL-12 resulting in highly pure, mature functional
NK cells in high numbers (Spanholtz et al. 2011; Cany et al. 2015), which still
needs definitive clinical testing.

10.4 NK Cell Dysfunction in Cancer

Tumor cells have multiple mechanisms to escape the immune system. One of the
well-known tumor escape mechanisms for NK cells is the shedding of the NKG2D
ligands on tumor cells that may result in impaired cytotoxicity (Salih et al. 2002).
NKG2D ligand shedding has been explained by the high proteolytic and hypoxic
activities of the tumor cells and the tumor microenvironment (Waldhauer and
Steinle 2006; Siemens et al. 2008). Tumor stroma cells are a major source to sup-
port tumor growth and metastasis. In fact, NK cell function is frequently sup-
pressed in the tumor microenvironment not only by tumor cells but also by the
suppression of a complex system that is orchestrated by immune-suppressive
compartments like myeloid-derived suppressor cells (MDSCs), T, and stromal
cells such as mesenchymal stem cells (Li et al. 2009; Wolf et al. 2003; Vasold
et al. 2015). The tumor microenvironment generates a solid pressure on the
immune effector cells, resulting in their hypofunction and ineffective responses
against tumors. For example, MDSCs are increased in patients with different
types of cancer and associated with poor prognosis (Poschke et al. 2010; Xu et al.
2016; Chen et al. 2014). In addition, sustained suppression by MDSC on T cells
and NK cells was explained by MDSC secretion of immune-regulatory factors
like TGFp and nitric oxygen (NO) (Sevko et al. 2013; Mao et al. 2014). T, are
identified as CD3*CD4*CD127-CD25"¢"FOXP3* and could suppress NK cell
responses by IL-2 deprivation and also through TGFf secretion (Wang et al. 2010;
Ghiringhelli et al. 2006). T,., expansion and increased activities in patients with
cancer correlate with poor prognosis (Wolf et al. 2005; Shenghui et al. 2011).
Adding to all the suppressive factors in the tumor microenvironment, both tumor
cells and immune-suppressive cells express several inhibitory ligands for the
immune effector checkpoints including programmed death ligand 1 (PD-L1) and
CTLA-4 (Curran et al. 2010). In summary, the tumor microenvironment plays a
critical role in NK cell antitumor responses that could explain their dysfunction in
patients with cancer (Fig. 10.3).
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Fig. 10.3 The tumor microenvironment is a complex system associated with suppressed NK cell
function. This system is tightly regulated by immune-suppressive compartments that inhibit NK
cell function through suppressive cytokines and through contact-dependent mechanisms. The
immune-suppressive compartments include myeloid-derived suppressor cells (MDSCs), tumor-
associated macrophages (TAMs), regulatory dendritic cells (rDC), regulatory T cells (T,,), killer-
cell immunoglobulin-like receptor (KIR), T-cell immunoglobulin and ITIM domain (TIGIT), and
contact-independent factors such as IL-10, TGFp, nitric oxide (NO), reactive oxygen species
(ROS), arginase (ARG), and the general hypoxic tumor milieu (printed with permission)

10.5 NKCell Preclinical Therapies

10.5.1 Innovative Antibody Therapies Targeting NK Cell
Activation

Many preclinical NK cell studies show promising results worthy of clinical test-
ing. Besides NK cell adoptive transfer, few therapies targeting NK cell activation
have been tested in clinical trials, and no NK cell therapy approach is Food and
Drug Administration (FDA) approved. However, in the past decade, antibody
therapies for cancer have changed the practice of cancer care, and many of these
approaches work in part through NK cells. New antibody treatments targeting dif-
ferent T cell inhibitory checkpoints have shown remarkable clinical success.
Unfortunately, very little is known how these influence NK cell responses. Specific
checkpoint inhibitors and other antibody therapies have been manufactured and
investigated. Examples include targeting inhibitory KIR to prevent tolerance of
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NK cells to patient tumor. Preclinical and clinical studies in AML and multiple
myeloma show that the monoclonal anti-KIR restores NK cell function when
tested ex vivo and that the treatment is safe and does not induce autoimmunity.
However, no objective responses have yet been seen after infusion of anti-KIR
antibodies alone (Vey et al. 2012; Benson et al. 2012; Korde et al. 2014). Similarly,
NKG2A blocking antibodies have been developed and may prove useful in the
clinic if supporting data emerges.

In our laboratory, we have developed bi- or tri-specific killer engagers (BiKEs or
TriKEs) as a non-gene therapy approach to make NK cells antigen-specific. These
specific engagers are constructed by DNA fragments from two fully humanized
single-chain fragment variable (scFv) antibodies recognizing CD16 on NK cells
and also a tumor target antigen like CD33, CD19, CD133, and CD22 to facilitate an
immunological synapse. One advantage of BiKEs and TriKEs is that they bind
CD16 with high-affinity compared to low-affinity Fc binding of whole antibodies.
Gleason et al. showed that healthy PBMC and CD33xCD16 BiKE augmented the
ability to kill cytokine-induced MDSCs and the CD33* human acute promyelocytic
leukemia cell line HL-60 (Gleason et al. 2014). In the TriKE, we have added IL-15
to maintain NK cell proliferation and persistence (Gleason et al. 2012, 2014; Vallera
et al. 2016; Schmohl et al. 2015). CD16xIL-15xCD33 TriKE proved to be more
potent than CD16xCD33 BiKE. NK cells targeted with TriKE produced signifi-
cantly more pro-inflammatory cytokines IFNy, TNFa, and GM-CSF and the che-
mokine MIP1a when cultured with CD33* targets. These NK cells proliferated, had
better survival, and had greater cytolytic activity against primary AML blasts than
NK cells and BiKE. In an in vivo xenograft model of AML (HL-60), NK cells
infused together with the CD16xIL-15xCD33 TriKE were best at controlling AML
growth after 21 days. This response correlated the in vivo function of the modified
IL-15 linker that promoted the persistence, expansion, and function of NK cells
(Vallera et al. 2016). Thus, TriKE have the potential to be an effective cancer treat-
ment by increasing the specificity of NK cell antitumor activity and enhancing
in vivo persistence and in vivo expansion of NK cells. However, it is still unknown
whether TriKE can activate heavily suppressed NK cells in cancer patients or
whether adoptive transfer will still be needed.

10.5.2 Targeting Adaptive NK Cells for Immunotherapy in Cancer

CMV pastexposure is associated with the presence of a population of NKG2C*CD57*
NK cells in CMV seropositive individuals. Following CMV reactivation in patients
with hematological malignancies (n = 674) that underwent allogeneic hematopoi-
etic cell transplantation (HCT), higher absolute numbers of CD56%"NKG2C*CD57*
NK cells were found to correlate with lower disease relapse (26% [17-35%],
p = 0.05) and greater disease-free survival (DFS) (55% [45-65%] p = 0.04)
(Cichocki et al. 2016). Collectively, CMV has a powerful effect on shaping the NK
cell repertoire to enhance persistence, survival, and function. This knowledge pro-
vides the motivation to develop strategies to expand adaptive NK cells for clinical
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therapy. Investigations are in progress. These adaptive NK cells will be particularly
useful with the CD16-targeted approaches discussed above with whole antibodies,
BiKEs and TriKEs. In another approach, specific cytokine stimulation cocktails
could induce NK cells that also have memory-like properties. Compared to IL-15
activation alone, IL-15, IL-18, and IL-12 overnight activation resulted in long-term
production of IFNy by NK cells (more than 4 weeks but less than 12 months) after
adoptive transfer in mice (Leong et al. 2014; Cooper et al. 2009). A clinical trial in
humans is ongoing with cytokine-induced memory-like NK cells in advanced AML
and myelodysplastic syndrome patients (ClinicalTrials.gov  identifier:
NCTO01898793).

10.5.3 Targeting NK Cell Checkpoint Inhibitors

Other strategies to improve NK cell antitumor activity have been proposed includ-
ing blocking novel inhibitory checkpoints involving NK cells. Blake et al. demon-
strated that CD96~/~ transgenic mice had significantly fewer lung metastases in
three different tumor models including lung, prostate carcinoma, and melanoma. A
dose-dependent beneficial effect of blockade between the inhibitory receptor CD96
and its ligand CD155 was also observed. Additionally, their data showed that com-
bining anti-PD1 blockade together with anti-CD96 is more powerful in reducing
lung metastases than either alone, resulting in enhanced NK cell IFNy production
(Blake et al. 2016). The FDA has approved two cancer immunotherapy checkpoints
for patients with advanced melanoma: ipilimumab against CTLA-4 in 2011 and
nivolumab and pembrolizumab against programmed death 1 (PD-1) in 2014. Other
PD-1 and PD-L1 antibodies are also being developed. Interestingly, anti-PD-L1
may also have a dual role by mediating ADCC against PD-L1* targets (Boyerinas
et al. 2015). A study showed that NK cells derived from multiple myeloma (MM)
patients have increased PD-1 expression on NK cells compared to healthy controls
and blocking the PD-1/PD-L1 axis enhanced NK cell cytotoxicity against autolo-
gous MM cells (Benson et al. 2010). These findings suggest that blocking the inhib-
itory checkpoints of NK cells may improve their antitumor activity. Clinical trials
are needed to corroborate this possibility.

10.6 Expert Point of View

A balance between activating and inhibitory receptors tightly regulates NK cells.
However, inhibition of NK cell responses needs to be controlled to promote effica-
cious responses against established tumors. Through extensive research we have
learned that adoptive NK cell transfer in AML patients can generate complete
remission and prolonged survival but also that their clinical effect is diminished by
the suppression of T, increased in the blood of cancer patients. We have also
learned that adoptive transfer of NK cells may be different in patients with solid
tumors. Barriers to therapeutic efficacy may be explained by the suppressive tumor


http://clinicaltrials.gov

10 Natural Killer Cells: What Have We Learned? 193

microenvironment on NK cells. It is possible that adaptive/memory-like NK cells
will better persist in vivo, making them therapeutically useful, especially in combi-
nation with enhanced specificity through the Fc receptor CD16. However, these
strategies alone may be insufficient as a result of the complex immune-suppressive
tumor microenvironment. The best IL-15 strategy to enhance adoptive transfer or
facilitate endogenous NK cells in cancer patients remains undetermined. Lastly,
known and newly recognized checkpoint inhibitors specifically targeting the inhibi-
tory receptors CD96 and PD-1 on NK cells may strengthen many of the approaches
discussed in this chapter.

10.7 Future Directions

Although NK cells are “natural” in targeting tumor cells and play an important role
in the immune surveillance against tumors, the probability of NK cells eliminating
well-established tumors is low without strategies to increase their activity. The
tumor suppression mechanisms of the immune system are complex. Targeting only
one suppressive pathway of NK cells may be inadequate. Currently, immunotherapy
is focused on targeting individual immune checkpoints. However we expect that
future immunotherapies will combine therapies to target more than one suppressive
factor and more than one tumor-specific antigen to enhance tumor recognition. As
our healthy immune cells have many regulatory elements to avoid autoaggression,
malignantly transformed cells adapt to these mechanisms. Combinatorial approaches
hold promise to overcome these problems.
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11.1  Human Dendritic Cells
11.1.1 Dendritic Cells: Critical Regulators of Immunity

Dendritic cells (DCs) are specialized bone marrow-derived leukocytes that orches-
trate both innate and adaptive immunity. DCs reside in all tissues where they con-
tinuously survey the local environment and inform cells of the immune system to
modulate their responses (Banchereau and Steinman 1998; Steinman and
Banchereau 2007; Steinman 2012). Under physiologic steady-state conditions, DCs
are predominantly immature or semi-mature and efficiently process self-antigens to
induce and maintain self-tolerance (Hawiger et al. 2001; Bonifaz et al. 2002; Lutz
and Schuler 2002). Under inflammatory conditions, DCs undergo terminal matura-
tion and activation to become fully immunogenic. DC heterogeneity and differential
activation states ultimately determine the type and quality of immune responses.

DCs initiate an immune response by capturing and presenting antigen in the form
of peptide—major histocompatibility complex (MHC) molecule complexes to naive
T cells in lymphoid tissues (Banchereau and Steinman 1998; Steinman and
Banchereau 2007; Steinman 2012). DCs share most features of antigen-processing
cells and class I and IT MHC-restricted presentation with other antigen-presenting
cells (APCs). DCs, however, are endowed with the capacity to cross-present exog-
enous antigens on their own class | MHC molecules to autologous T cells regardless
of the MHC alleles expressed by the antigen source (Albert et al. 1998; Guermonprez
et al. 2003; Ackerman et al. 2005). When compared with other APCs, like macro-
phages, DCs are much more efficient and can elicit responses from very low num-
bers of T cells (Steinman 2012).
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In peripheral tissues, DCs capture antigens by different complementary mecha-
nisms (Trombetta and Mellman 2005) and then migrate through the afferent lym-
phatics to draining lymph nodes. DCs process proteins into peptides that bind to
both MHC class I and class II molecules. Lipid antigens are processed differently
through nonclassical MHC molecules of the CD1 family (Banchereau et al. 2000).
Antigens also reach lymph node-resident DCs directly through the lymph (Itano and
Jenkins 2003). On interaction with DCs, naive CD4* and CDS8* T cells differentiate
into antigen-specific effector cells with diverse functions. CD4* T cells can become
T helper 1 (Ty1) cells, Ty2 cells, Ty17 cells, or T follicular helper (Try) cells, as well
as regulatory T (Tg,) cells that suppress the function of other lymphocytes. Naive
CD8" T cells can give rise to effector cytotoxic T lymphocytes (CTLs). The type of
CD4* or CD8* T-cell response is at least in part dependent on the DC subset present-
ing the antigen (Banchereau and Steinman 1998). DCs also interact with cells of the
innate immune system, including natural killer (NK) cells and mast cells (Banchereau
and Steinman 1998; Steinman and Banchereau 2007; Steinman 2012). DCs control
humoral immunity, directly by interacting with B cells and indirectly by inducing
CD4* helper T-cell expansion and differentiation (Jego et al. 2005; Qi et al. 2006).

11.1.2 DC Maturation and Activation

DC maturation and activation is pivotal to the control of immune responses.
Immature or non-activated DCs in peripheral tissues induce immune tolerance
either through T-cell deletion or Tg., expansion (Steinman et al. 2003). Immature
DCs efficiently capture antigens, accumulate MHC class II molecules in the late
endosome-lysosomal compartment, express low levels of co-stimulatory mole-
cules, and have a limited capacity for cytokine secretion (Trombetta and Mellman
2005). In response to environmental signals, immature DCs differentiate into mature
forms that efficiently induce immune responses. Maturation is associated with
decreased antigen-capture activity, increased expression of surface MHC class 11
and co-stimulatory molecules, increased cytokine secretion (Trombetta and
Mellman 2005), increased CCR7 expression to enable migration to draining lymph
nodes (Trombetta and Mellman 2005), and upregulation of CD83, the prototypical
marker of DC maturation (Zhou and Tedder 1995). DCs also upregulate the immune-
modulatory enzyme, indoleamine 2,3-dioxygenase, with maturation to induce Tregs,
thus providing an intrinsic brake to counter otherwise unrestrained immune
responses (Munn et al. 2002; Chung et al. 2009).

Microbial products provide a physiologic activation stimulus to DCs via
pathogen-associated molecular patterns (PAMPs), including toll-like receptors.
Although most microbes activate DCs, a few can block DC maturation (Steinman
and Banchereau 2007; Pulendran et al. 2001; Palucka and Banchereau 2002).
Tissue-localized DCs can also be polarized into distinct phenotypes by products
released from neighboring immune cells responding to injury, including interferon
(IFN)-y from y3-T cells and NK cells, preformed interleukin (IL)-4 and TNF from
mast cells, IFNa from pDCs, and IL-15 and thymic stromal lymphopoietin (TSLP)
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from stromal cells (Ueno et al. 2010; Cheng et al. 2010). A combination of pro-
inflammatory cytokines that include IL-1-f, IL-6, prostaglandin E2, and tumor
necrosis factor (TNF)-a (Jonuleit et al. 1997) simulates physiologic stimulation and
is often used to mature DCs for study in vitro and use in clinical vaccine trials. In
addition, adjuvant components of many vaccines trigger DC activation through dis-
tinct molecular pathways, resulting in varied T-cell responses (Maldonado-Lopez
et al. 1999; Pulendran et al. 1999).

11.1.3 Human DC Subsets

Comparative phenotypic and functional studies have identified distinct DC subsets
present in all mammals. Human DCs express MHC class I (HLA-DR) at high lev-
els but lack T cell (CD3), B cell (CD19/CD20), and NK cell (CD56) lineage mark-
ers. The classical descriptions of DCs as HLA-DR* lineage™ cells have been refined
to include additional positive DC lineage markers that categorize DCs as either
“myeloid” (or “conventional”) or “plasmacytoid” (Ziegler-Heitbrock et al. 2010).
Human DC subsets in the blood can be distinguished by the differential expression
of the cell-surface molecules CD303 (BDCA2 and CLEC4C), CDIC (BDCAl),
and CD141 (BDCA3 and thrombomodulin) (Dzionek et al. 2000).

Myeloid DCs (mDCs) express the myeloid antigens CD11c, CD13, CD33, and
CDl11b, corresponding to mouse CD11c* “classical” or “conventional” DCs. In
humans, both monocytes and mDCs express CD11c, but DCs lack CD14 or CD16
and can be subclassified into two populations by the reciprocal expression of CD1c
and CD141. These two subpopulations share homology with mouse classical DCs
expressing either CD11b (CDlc* DCs) or CD8/CD103 (CD141* DCs). Human
CD141* mDCs are adept at taking up dead or necrotic cells via CLEC9A, sensing
viral nucleic acids via TLR3 and TLRS, and cross-presenting antigen to CD8* T
cells in vitro (Collin et al. 2013). Thus, human CD141* DCs are well equipped to
stimulate CD8* T-cell-mediated immune responses. It is important to note that
other human DCs, such as epidermal Langerhans cells (Klechevsky et al. 2008),
also cross-present antigens effectively. Whether CD141* blood mDCs are related
to DC subsets in peripheral tissues is unknown. CD1c* mDCs are the major popu-
lation of human mDCs in blood, tissues, and lymphoid organs, and defining their
unique function(s) remains an area of active research. Overall, the division of labor
between CD141* DCs and other myeloid DCs in humans appears less sharply
demarcated than in the mouse, underscoring the imprecise nature of cross-species
comparisons.

Langerhans cells (LCs) and dermal interstitial DCs (dermal DCs) are the two
primary subsets of mDCs present in the skin. LCs express high levels of langerin, a
C-type lectin, and CD1a, a non-polymorphic class I MHC molecule, and are supe-
rior stimulators of cytotoxic T lymphocytes (CTLs) in vitro, at least against recall
viral antigen and cross-presented tumor antigen (Ratzinger et al. 2004). Dermal
DCs can be further subdivided into CDla* DCs and CD14* DCs (Valladeau and
Saeland 2005; Nestle et al. 1993). CD14* DCs appear to be specialized participants
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in humoral responses (Klechevsky et al. 2008; Ueno et al. 2007), as they can directly
help activated B cells and induce naive T cells to differentiate into cells with Tgy
cell-like properties (Klechevsky et al. 2008; Caux et al. 1997).

Plasmacytoid DCs (pDCs) secrete copious amounts of type I interferon (IFN--
a/f) in response to foreign nucleic acids and thereby mediate antiviral immunity
(Siegal et al. 1999). pDCs are distinguished by the absence of myeloid antigens and
expression of CD123 (IL-3R), CD303, and CD304. Freshly isolated plasmacytoid
DCs express much lower levels of MHC and co-stimulatory molecules than their
conventional DC counterparts (Grouard et al. 1997). Non-activated pDCs capture,
process, and load antigens onto MHC molecules less effectively and are therefore
relatively poor stimulators of T cells. In their resting state, pDCs participate in
immune tolerance, including oral tolerance (Reizis et al. 2011). IL-3, in combina-
tion with CD40L or microbial products, leads to full pDC activation, abundant type
I IFN secretion, and more potent lymphocyte stimulation (Siegal et al. 1999; Cella
et al. 1999; Fonteneau et al. 2003). Activated pDCs also induce the maturation of
activated B cells into plasma cells through cytokines and surface signaling (Jego
et al. 2003; Shaw et al. 2010).

11.1.4 DC Receptors

DCs sense the environment with a diverse repertoire of surface and intracellular
receptors, including toll-like receptors (TLRs), C-type lectins (CLRs), and heli-
cases. TLRs recognize specific components conserved among microorganisms, and
ligand binding to TLRs on DCs initiates the entire range of innate and acquired
immunity (Takeda et al. 2003). TLR ligands include peptidoglycan (TLR2), viral
dsRNA (TLR3), LPS (TLR4), viral ssRNA (TLR7), and unmethylated bacterial
CpG DNA motif (TLR9). Myeloid DCs express various combinations of TLR1-
TLR6 and TLRS, depending on the subset and activation state (Kadowaki et al.
2001; Jarrossay et al. 2001). pDCs are the only human DC subtype with TLR7 and
TLR9 expression (Kadowaki et al. 2001; Jarrossay et al. 2001). CLRs bind carbo-
hydrate moieties of glycoprotein self-antigens and pathogens, as well as many non-
carbohydrate ligands such as lipids and proteins, by mechanisms that are not yet
fully understood, to variably trigger pro-inflammatory or anti-inflammatory reac-
tions (Reis e Sousa 2006). CLRs can synergize with, antagonize, or regulate signals
from other receptors, thereby fine-tuning responses to infection or damage. CLR
expression by DCs varies with activation status (Valladeau et al. 2000; Ebner et al.
2004; Bonifaz et al. 2004) and includes DEC-205 (CD205), DC-SIGN (CD209),
BDCA-2, Dectin-1, Langerin (CD207), and CLEC9A. Helicases are members of a
large family of molecules, including retinoic acid-inducible gene I (RIGI), which
recognize nucleic acids. Activation of helicases can differentially affect DC func-
tion to yield distinct immune responses (Takeuchi and Akira 2010; Zhang et al.
2011). DCs also express a combination of activating (CD16, CD32a, and CD64)
and inhibitory (CD32b) Fc-y receptors that influence processing and presentation of
antigens in the steady state and during inflammation (Guilliams et al. 2014).
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11.2 Human DCs in Clinical Hematopoietic Cell
Transplantation

11.2.1 DC Antigen Presentation and Chimerism After Allogeneic
Hematopoietic Cell Transplantation

DCs initiate T-cell responses to MHC and minor histocompatibility antigens
(miHAs) and are both initiators and targets of graft—host interactions in hematopoi-
etic cell transplantation (HCT). Specifically, DCs participate in the induction of
graft-versus-tumor (GVT) activity and graft-versus-host disease (GvHD), two dis-
tinct but overlapping syndromes. The cytokine storm associated with pretransplan-
tation conditioning and the early peri-transplant period can activate DCs to present
MHC and miHAs through two separate pathways in an immunogenic manner (Hill
and Ferrara 2000). Persistent host DCs present antigen by direct ligation of the
donor T-cell receptor (TCR) by MHC molecules on recipient DCs. Engrafting donor
DCs use an indirect pathway to cross-present host antigens. In both cases, antigens
are presented to engrafting donor T cells. Polymorphic residues in the MHC binding
groove, which themselves are not accessible to TCRs, affect binding of peptides
recognized by allogeneic T cells. This intensifies the antigenic effect of MHC poly-
morphisms and explains the much higher frequency of T cells (1-10%) reactive
with allogeneic MHC compared with those that react with miHAs presented by
MHC-identical individuals (Sherman and Chattopadhyay 1993). Donor T cells use
an indirect pathway to recognize miHAs, which are peptides derived from polymor-
phic genes unique to the host but recognized because they are presented by shared
MHC molecules in matched allogeneic HCT (allo-HCT) (Bleakley and Riddell
2004). The ultimate goal in clinical transplantation is to stimulate T cells against
miHAs unique to a malignancy that are absent from normal tissues, thus achieving
GVT activity without GvHD.

DCs are terminally differentiated and, due to their nonproliferating state, are
resistant to myeloablative regimens that target dividing cells, including total
body irradiation. This results in the persistence of host DCs that coexist with new
donor-derived DCs after allo-HCT. Most chimerism studies have evaluated con-
ventional or myeloid DCs, identifying rapid conversion to donor type even
though small numbers of residual host DCs may persist for extended periods,
especially after reduced-intensity conditioning. In one study, approximately 80%
of peripheral blood DCs were of donor origin by day +14 after allo-HCT, increas-
ing to >95% by day +56 (Auffermann-Gretzinger et al. 2002). The kinetics of DC
chimerism in peripheral tissues varies by conditioning regimen. A study of epi-
dermal LC chimerism after allo-HCT found an average 97% donor-derived LCs
with full-intensity conditioning, but only 36.5% donor-derived LCs with reduced-
intensity conditioning 40 days after allo-HCT; at least 90% of LCs were donor-
derived by day +100 (Collin et al. 2006). Donor chimerism is delayed in the
presence of acute GvHD (Collin et al. 2006; Auffermann-Gretzinger et al. 20006),
but the presence of residual host DCs is also seen in the absence of acute GvHD
(Andani et al. 2014).
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11.2.2 DCs and GvHD

GvHD is a frequent complication of allo-HCT and causes significant morbidity and
mortality. At its root, GVHD is an inflammatory process mediated by both the innate
and adaptive arms of the immune system (Ball and Egeler 2008; Ferrara et al. 2009).
Residual host- and donor-derived DCs participate in GVHD pathogenesis. In murine
models, host-derived DCs are essential for the induction of acute GvHD, whereas
donor-derived DCs amplify acute GvHD and may be involved in the development
of chronic GVvHD (Shlomchik et al. 1999; Matte et al. 2004). During the effector
phase of GvHD, tissue-resident, host-derived macrophages and DCs control the
migration of alloreactive donor T cells into the tissues and subsequent local devel-
opment of GVHD in mice (Zhang et al. 2002).

Mouse models of GYHD demonstrate that DC homeostasis after transplant influ-
ences GVHD outcome. LCs can self-renew in the skin of parabiotic mice from local
precursors and remain of host origin for a prolonged period (Merad et al. 2004).
LCs and dermal DCs can survive myeloablative radiation and persist for months
after transplantation of purified stem cells or T-cell-depleted bone marrow in the
absence of GVHD (Merad et al. 2004; Bogunovic et al. 2006). The presence or
absence of GvHD is crucial to DC composition. In the absence of GvHD, trace
populations of low-level cycling precursors in the skin can replace LCs or dermal
DC:s that exit to secondary lymphoid tissues, thus maintaining DCs of host origin.
In contrast, in the setting of GVHD, the loss of DCs exceeds the capacity of local
precursors to replenish host populations, allowing for circulating donor marrow-
derived DC precursors to fill the resulting void. Elimination of host LCs and replace-
ment by donor DCs prevent cutaneous GvHD in MHC-mismatched allo-HCT
(Merad et al. 2004). In addition, residual allogeneic T cells from donor marrow,
once primed against host MHC or miHA, eliminate host DCs from GvHD target
organs, with subsequent replacement by donor marrow-derived DCs (Merad et al.
2004). Previous acute GVHD of the skin in humans correlates with complete donor
LC chimerism, again supporting a role of allogeneic T cells in promoting donor LC
engraftment (Collin et al. 2006).

Resident populations of DCs in peripheral tissues may be more relevant to acute
GvHD, as addressed in the murine studies cited above. In humans, host LCs
decreased and then recovered with donor LCs more rapidly after myeloablative con-
ditioning than with reduced-intensity conditioning, although the nadirs were com-
parable between days 14 and 21 (Collin et al. 2006). Donor LC recovery to
pretransplant levels was more brisk in the absence of acute GvHD but more com-
plete in the presence of acute GVHD, indicating a role for donor T cells in promot-
ing LC engraftment as in mice (Merad et al. 2002, 2004). Dermal DC reconstitution
can exhibit similarly rapid turnover by about day +100 (Auffermann-Gretzinger
et al. 20006), although some host dermal DCs persist, especially after reduced-
intensity conditioning (Bogunovic et al. 2006). Co-expression of the activation
marker, CMRF-44, by conventional or myeloid CD11c* DCs in peripheral blood
precedes the onset of clinically significant acute GvHD (Lau et al. 2007), suggest-
ing the predictive value of monitoring such subsets in the blood.
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Prophylactic and therapeutic immunosuppressive agents for GvHD affect DC
numbers. During clinically significant acute GvHD, circulating DC levels
decline, reflecting the effects of therapy (especially steroids), more rapid turn-
over and migration into tissues, or both (Reddy et al. 2004). Alemtuzumab rap-
idly depletes circulating host DCs but does not alter donor DC engraftment or
deplete other DCs that lack the CD52 target epitope (LCs or dermal DCs)
(Ratzinger et al. 2003; Collin et al. 2005; Klangsinsirikul et al. 2002).
Cyclosporin A and tacrolimus can impair antigen processing by DCs (Lee et al.
2005) but, like steroids, are nonselective and also exert broad effects on T cells
by calcineurin inhibition. Sirolimus (rapamycin), which blocks the signal trans-
duction resulting from ligation of the IL-2, IL-4, and IL-6 receptors in T cells,
also suppresses DC immunogenicity (Hackstein et al. 2003). Thus, drugs that
block DC function should modulate immune interactions in allo-HCT. More
targeted reagents are still required, however, especially if the goal is to maintain
viral immunity and GVT effects while eliminating GvHD and avoiding overly
global immune suppression and its attendant complications. The use of tolero-
genic recipient DCs to pretreat donor stem cell sources and minimize allogeneic
T-cell responses is an alternative consideration.

11.2.3 DCs and GVT Responses

Host DCs presenting tumor antigen(s) either directly or by cross-presentation
should induce at least a portion of the GVT response. The precise role of the
different human DC subtypes in GVT responses after allo-HCT, however,
remains poorly understood. Mouse studies have shown that host DCs may play
an important role in GVT effects (Mapara et al. 2002), especially those that are
able to cross-present tumor-specific antigen(s) to donor T cells (Toubai et al.
2013). The participation of host DCs in GVT in humans was supported by a
study where the combination of donor T cells and mixed chimerism in DC sub-
sets stimulated a potent GVL effect in association with GvHD, whereas donor
lymphocyte infusions in patients with donor chimerism in both T cells and DC
subsets resulted in GVL reactivity without GvHD (Levenga et al. 2007). Whether
DC subtypes separately direct GVH or GVT reactions at the level of antigen
presentation to responding T cells is incompletely understood. In the absence of
concomitant tissue damage, persistent host LCs migrating from the skin to
draining lymph nodes can stimulate potent graft responses against host anti-
gens, thus supporting GVT without GVHD in an MHC-matched murine allo-
HCT model (Durakovic et al. 2006). This finding is also relevant to the
immunologic effects mediated by donor lymphocyte infusions to treat relapsed/
recurrent disease. The ultimate goal is to preferentially target miHAs that are
only expressed by tumor cells and not shared with normal tissue to avoid the
overlapping development of GVHD (Bleakley and Riddell 2004). Maintaining
DCs in an immature or semi-mature state to preserve graft-host tolerance while
promoting GVT is an area of ongoing study.
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11.2.4 DCVaccines: General Considerations

Methods for the large-scale generation of human DCs have enabled their clinical
evaluation as vaccines. Although early phase I and II trials of DC-based vaccines
showed limited success, many studies used immature DCs that were insufficiently
immunogenic, suboptimal routes and schedules of vaccination, and patients with
advanced disease in whom there was inadequate time to respond. Importantly,
numerous other studies have demonstrated the feasibility of DC-based immuniza-
tion to induce both immune and objective clinical responses against tumors (Palucka
and Banchereau 2012), although primarily in the non-transplant setting.

DC precursors can be obtained from several sources, including nondividing
peripheral blood monocytes or cycling CD34* progenitors in cord blood, granulo-
cyte colony-stimulating factor-elicited peripheral blood, or bone marrow. Regardless
of source, precursor cells require recombinant cytokine support in vitro to generate
DCs, with subsequent terminal maturation to ensure optimal stimulation of T-cell
immunity. A potential advantage of using CD34*-derived DCs, especially in the set-
ting of cord blood transplantation, is their capacity for expansion prior to DC dif-
ferentiation to generate larger numbers of DCs from a limited pool of precursor
cells. In addition to cytokine-supported methods, preformed circulating DCs can
also be isolated from blood by density gradient (Hsu et al. 1996; Timmerman et al.
2002) or direct immunoselection (Dzionek et al. 2000; Lopez et al. 2003).

Almost all previous DC vaccine trials have used monocyte-derived DCs
(moDCs), in large part because monocyte precursors are easier to obtain and culture
in vitro than CD34*-derived subsets, including LCs. LCs, however, are superior to
moDCs and other conventional DC subsets at inducing antigen-specific CTLs
against viral and tumor antigens in vitro (Klechevsky et al. 2008; Ratzinger et al.
2004). When compared with moDCs, LCs secrete more IL-15 (Klechevsky et al.
2008; Ratzinger et al. 2004; Munz et al. 2005), which in turn reduces IL-2-induced
T-cell apoptosis and decreases Tg,, expansion during LC-mediated CTL generation
(Romano et al. 2012). LCs can overcome tolerance against tumor-associated anti-
gens by an IL-15Ro/IL-15/pSTATS5-dependent mechanism (Romano et al. 2012).
Clinical trial data have shown greater efficacy of DC vaccines that contain LCs
(Banchereau et al. 2001), as well as greater tetramer reactivity stimulated by LCs
when compared with moDCs (Romano et al. 2011). Thus, selection of DC subtype
for use in vaccine formulations is an important consideration.

Optimizing antigen loading is another key parameter of DC vaccine preparation.
The simplest and most often used approach is “peptide pulsing,” which is the incu-
bation of DCs with synthetic peptides of limited length and defined HLA restric-
tions, most commonly HLA-A*0201. DNA (Yuan et al. 2006)- or RNA (Gilboa and
Vieweg 2004)-based methods of antigen delivery offer the potential advantage of
facilitating the processing and presentation of a broad repertoire of multiple class I
and IT MHC-restricted epitopes from the translated protein (Romano et al. 2011),
together with more sustained antigen expression than peptide pulsing. Other
approaches have used tumor lysates for uptake and cross-presentation (Ratzinger
et al. 2004; Berard et al. 2000; Palucka et al. 2006), DC receptor targeting for
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antigen delivery in vivo (Bonifaz et al. 2004; Birkholz et al. 2010), and systemic
delivery of antigen-encoding RNA lipoplexes to DCs in vivo (Kranz et al. 2016).
The majority of DC vaccine studies have been limited to single antigen and restricted
epitope targets. Simultaneously targeting more than one antigen, however, offers the
potential to improve the breadth of immune responses and clinical response rates
(Karan et al. 2011; Walter et al. 2012).

Different routes of immunization have been tested, with subcutaneous adminis-
tration by far the most common method. Other approaches include intradermal,
intravenous, intranodal, and intratumoral injections. Although direct comparisons
are generally lacking, intradermal vaccination may be more effective than subcuta-
neous vaccination due to the rich lymphatics at the epidermal-dermal junction.
Intravenous administration does not compare favorably with the intradermal route
in animal and limited clinical comparisons. Intranodal vaccination removes consid-
erable uncertainty but cannot be widely implemented. The ideal frequency and
duration for vaccination is unknown, but maintaining an ongoing vaccination sched-
ule in responding patients may provide benefit (Palucka et al. 2006).

Early-phase trials often rely on proxy measurements in vitro of responses to vac-
cines. These include antigen-driven assays for measurement of IFN-y secretion,
intracellular cytokine secretion assays, T-cell reactivity with tetramers/pentamers of
defined peptides with known MHC restrictions, CTL assays against antigen-
expressing targets, and, more recently, next-generation deep sequencing of the
TCR-V-beta CDR3 region to assess changes in T-cell clonal diversity. Clinical
responses remain mostly anecdotal in the relatively small numbers of patients
among the many treated in the presence of persistent systemic disease.

11.2.5 DCVaccination After Autologous Stem Cell
Transplantation

DC-based vaccination to induce or restore antitumor immunity offers a promising
approach to target residual malignancy and to improve clinical outcomes after
autologous HCT (auto-HCT). The minimal residual disease state and lymphopenia
after auto-HCT afford a unique platform to induce antitumor immune responses by
limiting tumor-driven immunosuppression (Kim et al. 2006), eliminating cytokine
sinks (Gattinoni et al. 2005), and transiently depleting Tr.,, (Zhang et al. 2005;
Chung et al. 2016). Importantly, CD8* T cells can respond to autologous DCs pre-
senting tumor antigen in vitro as early as day +12 posttransplant, becoming antigen-
specific cytolytic T-lymphocyte effectors and thereby demonstrating preservation of
cellular reactivity after transplant (Chung et al. 2016). DC-based vaccination in this
setting therefore offers one approach to redirect recovering T cells toward specific
MHC-restricted antigen(s).

The feasibility of DC vaccines in the setting of auto-HCT has been demonstrated
in multiple myeloma, the most common indication for auto-HCT (Table 11.1). DCs
from patients with multiple myeloma are functionally intact, comparable to those
from healthy donors, and induce autologous antigen-specific T cells with lytic
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activity in vitro (Chung et al. 2016). Clinical validation of this approach was shown
with an idiotype-pulsed autologous DC vaccine for multiple myeloma after auto-
HCT that induced idiotype-specific T-cell responses in a subset of patients (Reichardt
et al. 1999). Subsequently, posttransplant vaccination with an idiotype-pulsed cel-
lular product containing DCs was associated with improved progression-free sur-
vival compared with a historical control cohort (Lacy et al. 2009). More recently,
vaccination with a DC—myeloma fusion vaccine following autologous transplant
was associated with an increase in myeloma-specific T cells and conversion from
partial response to complete response in a subset of patients (Rosenblatt et al. 2013).
Vaccination in these three studies was well tolerated without evidence of significant
autoimmunity or adverse effect on posttransplant engraftment.

Posttransplant maintenance therapy with lenalidomide improves progression-
free and overall survival after auto-HCT (McCarthy et al. 2012; Attal et al. 2012;
Palumbo et al. 2014). In addition, lenalidomide has immunostimulatory properties
(Benson Jr et al. 2011; Luptakova et al. 2013; Noonan et al. 2012) that could further
augment vaccine-induced immunity. This is being assessed in two DC vaccine stud-
ies that include lenalidomide maintenance in the treatment regimen. A phase I study
is examining early posttransplant vaccination using autologous LCs electroporated
with mRNA encoding three MM-associated antigens followed by lenalidomide
maintenance (NCT01995708). A phase II, multicenter trial will study posttransplant
lenalidomide maintenance alone or in conjunction with serial vaccination with DC—
myeloma fusions (NCT02728102).

Immune checkpoint inhibitors enhance vaccine-induced antitumor immune
responses in various preclinical models. Both CD4* and CD8* T cells from multiple
myeloma patients express the negative regulatory molecules, CTLA-4, PD-1, LAG-3,
and TIM-3, before and after auto-HCT (Chung et al. 2016). In addition, a subpopulation
of hyporesponsive, exhausted/senescent PD-1-expressing CD8* T cells that characterize
immune impairment and relapse after auto-HCT can be revived with PD-1 blockade
in vitro (Chung et al. 2016). The combination of DC vaccines with checkpoint blockade
to “prime and boost” antitumor immune responses warrants investigation.

11.2.6 DCVaccination After Allogeneic Stem Cell Transplantation

As in the auto-HCT setting, DC-based vaccination after allo-HCT offers similar
advantages in exploiting a minimal residual disease state and the autoreactive poten-
tial of recovering T-cell populations, relatively devoid of Tg.,,. In contrast to auto-
HCT, however, allo-HCT regimens often include immunosuppressant agents for
GvHD prophylaxis, which could impede responses to vaccines. Nonetheless, DC
vaccination after allo-HCT has been well tolerated with evidence of both clinical
and immunological antiviral and antitumor responses without increases in adverse
events, albeit in a limited number of patients (Table 11.2).

Virus-specific immunity against human cytomegalovirus (CMV) can be induced
by DC vaccination after allo-HCT. Patients at high risk for developing CMV
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disease, defined as a CMV-seropositive patient and a CMV-seronegative donor
and/or receipt of a T-cell-depleted graft, received donor CD14-derived peptide-
loaded DCs after allo-HCT, with induction of measureable CMV-specific T-cell
responses and evidence of clinical benefit, without the stimulation or expansion of
allo-reactive T cells (Grigoleit et al. 2007). Vaccination with CMV pp65-pulsed
DCs induced antigen-specific CD4 and CD8 cells and sustained CMV viral clear-
ance in a patient with recurrent CMV viremia resistant to standard antiviral thera-
pies (Feuchtinger et al. 2010).

Tumor-specific immunity elicited by donor-derived DCs loaded with irradi-
ated tumor cells was observed in three of four patients with hematologic malig-
nancies relapsed after allo-HCT (Fujii et al. 2001). Additional reports have
demonstrated antigen-specific immune responses in patients immunized with
DC-based vaccines after allo-HCT (Tatsugami et al. 2004; Kitawaki et al. 2008;
Levenga et al. 2010).

Because allo-HCT patients may not be sufficiently immune reconstituted to
respond to direct immunization, alternative approaches merit consideration. Donors
could be vaccinated with DCs bearing their recipients’ tumor antigen(s) before stem
cell collection and transplantation. Donor DCs could also be used to stimulate donor
lymphocytes ex vivo against specific tumor antigens for adoptive immunotherapy,
with less off-target effects that could trigger GVHD.

11.3 Expert Point of View

DCs comprise a complex system of bone marrow-derived leukocytes that are criti-
cal to the onset and modulation of immunity. The divisions of labor among distinct
human DC subsets maintain an equilibrium between steady-state tolerance and
stimulation of antigen-specific immunity against pathogens, tumors, and other
insults. Maintenance of tolerance in the steady state is an active process mediated
by resting or semi-mature DCs. Under inflammatory conditions, this homeostasis
is disrupted, leading to the maturation and activation of DCs and triggering a cas-
cade of events leading to an immune response. In the setting of HCT, the mecha-
nisms that regulate DC homeostasis offer potential targets to fine-tune graft—host
interactions. It is not yet known whether a particular subtype of DC is more or less
responsible for initiating or being targeted (or both) by GvHD reactions. The pre-
cise role of the different DC subtypes in GVT responses after HCT also remains
poorly understood. Animal models are providing important data about distinct DC
precursors, homeostasis of tissue-resident DCs, and turnover of DCs in response to
inflammatory stimuli and pathological conditions like GvHD. Ultimately, thera-
peutic interventions that use or specifically target defined DC subtypes to selec-
tively induce both the innate and adaptive arms of immunity, either in combination
or in a prime-boost sequence, may provide optimal clinical utility by harnessing
both effector cell compartments.
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11.4 Future Directions

Advancing our knowledge of how different DC subsets are related, their roles in
graft-host interactions and disease pathogenesis, and their most favorable therapeu-
tic implementation are among the key issues for future studies. Progress in systems
immunology is expected to lend insights into the molecular pathways that deter-
mine DC-guided immunity. Thus, an integrated approach combining transcriptional
profiling, genetic and small-molecule screening, and proteomics will further our
understanding of DC biology and thereby enable the discovery of novel adjuvants
and strategies to induce protective immune responses while minimizing the risk of
autoimmunity or GvHD. In turn, this will yield more rational and refined clinical
applications of DC-based therapies in HCT.
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12.1 Mesenchymal Stromal Cells (MSCs): The First
Therapeutic Applications

Since the time when bone marrow cells were first cultured in vitro, investigators
were aware that, in addition to cells responsible for blood formation, a population
of adherent spindle cell colonies would grow on the flat surface of the culture vessel.
These so-called bone marrow fibroblasts were first studied in detail by Friedenstein
in St. Petersburg (then Leningrad). He found that these cells could differentiate
under certain conditions into chondrocytes, fat cells, and osteoblasts (Friedenstein
et al. 1974). Later investigators found that similar cells could be isolated from
umbilical cord and dental pulp and can be differentiated from adipocytes (Chen
etal. 2011). An important property for their application in hematopoietic cell trans-
plantation (HCT) is that bone marrow-derived MSCs have immunosuppressive
properties and inhibit T-lymphocyte proliferation. They also contribute to tissue
repair and are of intense interest in the field of regenerative medicine (Le Blanc
2006). By accepted convention, cells from any tissue of origin, which share spindle
cell morphology, plastic adherence, trilineage mesenchymal differentiation, and
immunomodulatory properties, express CD109 and CD73, and lack CD45 and
CD34, are called mesenchymal stromal cells (MSCs) (reviewed in Battiwalla and
Barrett 2014).
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MSC as a form of cellular therapy were first explored in HCT recipients as the
treatment of graft-versus-host disease (GvHD) and marrow failure. Faced with a
young boy suffering from life-threatening refractory acute GvHD after an alloge-
neic stem cell transplantation (HCT) and prompted by the known immunosuppres-
sive potential of MSC, Katarina Le Blanc in Stockholm generated MSC from the
boy’s mother and administered 2 x 109 MSC/kg intravenously. There was a remark-
able and rapid clinical improvement in the liver and gut GvHD after the infusion,
but 6 weeks later the GvHD had relapsed. A second infusion produced another
prompt response and a prolonged GvHD-free survival (Le Blanc et al. 2004). About
the same time, based on murine marrow repopulation experiments which suggested
that MSC could enhance marrow engraftment, Lazarus and others first explored the
potential of MSC to improve hematopoietic recovery after autologous HCT and
confirmed the safety of infusion and possible benefit for hematopoietic recovery
(Lazarus et al. 2005). These initial studies confirmed the infusional safety of MSC
given to HCT recipients and have paved the way for subsequent clinical research.
Today, more than a decade later, the potential of MSC to improve outcomes after
allogeneic and autologous HCT represents an ongoing area of active research,
reviewed in this chapter.

12.2 MSCand GvHD

12.2.1 Immunomodulatory Effects of MSC and Their Therapeutic
Potential in GvHD

MSC interact with adaptive and innate immune cells in multiple ways. Of particular
relevance to their application for GVHD is their powerful immunosuppressive inter-
action with T lymphocytes. MSC suppress the activation and proliferation of T cells
responding to their cognate antigen and block alloresponses (Gotherstrom et al.
2003; Rasmusson et al. 2003; Le Blanc and Mougiakakos 2012; Le Blanc et al.
2003). However they do not block already established cytotoxic T cells recognizing
viruses, and antiviral T cell responses are retained after MSC infusion (Karlsson
et al. 2008). They inhibit the generation of T cells with the cytotoxic Th17 phenotype
and promote the generation of regulatory T cells (Tasso et al. 2012; Bessout et al.
2015). Several mechanisms of T cell suppression have been described (reviewed in
Stagg and Galipeau 2012): MSCs produce IDO and PGE2 and through surface-
bound CD73 break down AMP into adenosine and phosphate which are toxic to
activated T cells (Melief et al. 2013). MSCs also suppress cytotoxic T cell develop-
ment indirectly by stimulating monocytes to generate IL-10 and other anti-inflamma-
tory cytokines (Tolar et al. 2011). The immunosuppressive action of MSC has been
demonstrated in numerous animal models, but animal experiments focusing on the
ability of MSC to prevent or treat GVHD have largely been carried out after the initial
clinical studies. Not all investigators report efficacy in their specific models.
Differences in findings relate to the tissue source of MSC and mode of preparation
and administration (Gregoire-Gauthier et al. 2012). Most relevant to GvHD
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treatment in man are experiments in immune-deficient NGS mice developing xeno-
graft GVHD from human lymphocytes (Melief et al. 2013; Le Blanc et al. 2008).
MSC have been shown to both prevent GVHD and suppress established GvHD in
these models. While a large body of data confirms that MSC have potent immuno-
modulatory and immunosuppressive properties, it still remains unclear which prop-
erties are most important for the therapeutic benefit in GvHD and how they may be
selected and amplified. Furthermore the distribution and fate of infused MSC in man
is not well established. Animal data show that MSCs first accumulate in the pulmo-
nary circulation but can home to sites of tissue injury and inflammation, but their fate
in human recipients is not well described. Recently we showed that in a murine xeno-
GvHD model, MSC remained sequestered in the lungs but shed circulating exo-
somes which may have conferred the therapeutic effect on GvHD (Amarnath
et al. 2015). Circulating exosomes were also identified in human recipients of MSC
for GVHD treatment (Melief et al. 2013). The strength of preclinical data and anec-
dotal clinical cases serve as a backdrop to numerous investigators using MSC in
clinical trials to treat or prevent acute or chronic GvHD as described below.

12.2.2 Clinical Trials of Bone Marrow MSC in GvHD

Initially used as salvage treatment in desperate cases of uncontrolled and life-threat-
ening acute GVHD, investigators have also explored their application in early GVHD
management. The use of MSC has also extended to treatment of chronic GvHD and
attempts to prevent acute and chronic GVHD by co-administration of MSC with the
allogeneic stem cell transplant. Since 2008, there have been 19 clinical trials using
noncommercial MSC manufactured in GMP facilities to treat acute GvHD in 370
patients (Sanchez-Guijo et al. 2014; Muroi et al. 2013; von Bonin et al. 2009;
Introna et al. 2014; Ringdén et al. 2006; Pérez-Simon et al. 2011; Zhao et al. 2013;
Herrmann et al. 2012; Yin et al. 2014; Zhao et al. 2015; Te Boome et al. 2015; Ball
et al. 2013; Resnick et al. 2013; von Bahr et al. 2012) (Table 12.1). Four further
studies have been reported using a commercially manufactured industrial-scale
expanded MSC product “Prochymal.”

12.2.3 Early-Passage Small-Scale Expanded MSC to Treat Acute
GvHD (Table 12.1)

Most investigators have used MSC as salvage treatment of steroid refractory acute
GvVvHD. These studies in both children and adults included many patients who had
not only failed at least a week of high-dose intravenous prednisone but had also
failed second line, third line, or sometimes up to seven previous treatment
approaches. Treatment with MSC often occurred many weeks or months following
GvVvHD onset. With the exception of the first reported multicenter study in 55 patients
in refractory GVHD (Sédnchez-Guijo et al. 2014), the number of subjects treated in
each series has been small, ranging between 7 and 48 with varying intervals between
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onset of steroid-requiring GVHD and the application of MSC. Only one study by
Zhao and colleagues (Zhao et al. 2015) included a no-treatment control arm. Doses,
schedules, source, and manufacture of MSC are varied: In general doses around
2 x 10° MSC/kg have been used given in one to eight infusions. In some trials efforts
were made to select HLA-matched MSC donor, but mostly mismatched third-party
MSC banks have been used. All 17 studies where MSCs are given in steroid refrac-
tory (SR)-GvHD report complete and partial responses with overall response rates
typically around 70% but with reports as low as 10% (Perez-Simon et al. 2011.
2013) and as high as 93% (Muroi et al. 2013). Where reported, post-infusional sur-
vival is higher in responders, and in the single controlled study, both response and
survival were significantly greater (75 vs 42% and 46.4 vs 26.3%, respectively)
(Zhao et al. 2015). Despite the diversity and uncontrolled nature of most of this
data, we can draw some tentative conclusions. Firstly, MSC infusion is safe, and
(despite concerns) there is no convincing evidence that the immunomodulation that
MSC may induce results in greater leukemic relapse or increased infections (Prasad
et al. 2011; Kurtzberg et al. 2014). Secondly MSCs benefit patients with steroid
refractory GvHD as confirmed in the controlled study. Responses are seen in
patients with all grades of severity and in all affected organ systems. However the
most reliably documented responses occur in gastrointestinal and liver GYHD with
little evidence for response in skin GvHD. Favorable factors for response are
younger age, earlier administration, lesser grades of GvHD, and use of fresh (non-
cryopreserved) MSC products. Responses can occur with as little as a single dose of
around a million MSC/kg; however relapse of GVHD is not uncommon, suggesting
more prolonged treatment might be beneficial. One key outcome of SR-GvHD is a
subsequent increase in mortality. Many studies contrast the dismal outcome for
recipients failing to respond to MSC versus the MSC responders whose survival
exceeds the anticipated historical mortality of over 50% in such cases.

12.2.4 Industrial-Scale Manufactured MSC

Four studies have used Prochymal originally manufactured by Osiris and subse-
quently by Mesoblast (Kebriaei et al. 2009; Martin et al. 2010; Maitra et al. 2004;
Baron et al. 2010) (Table 12.2). Again there were no infusional toxicities or late
sequelae. Responses occurred in 53-94% this latter in a study by Kebriaei adminis-
tered MSC within 2 weeks of developing aGvHD (Maitra et al. 2004). The only phase
III study randomizing patients to receive Prochymal or placebo at onset of GvHD was
presented at the American Society of Hematology Meeting in 2010 (Baron et al.
2010). This multicenter study failed to demonstrate that MSC significantly improved
overall response over the placebo. As such the primary goal of the trial was not met.
However in subset analysis MSCs were found to result in significantly greater
responses in liver and gut GvHD (76% vs 47% and 82% vs 68%, respectively).
Opverall the results with Prochymal appear very similar to the noncommercial prod-
ucts manufactured in diverse academic institutes worldwide, suggesting that the thera-
peutic effect of MSC is not closely dependent on the method of production.
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Table 12.2 Prochymal MSC trials for acute GvHD

Age
group
(Median | GvHD
Author N= | years) status | Doses | Response Survival Comment
Prasad 12 |P SR 8 53% OR 42% at Best response in
et al. -1v 2 years pediatric patients
(2011) with GI GvHD
Kurtzberg |59 | P (8) SR 2-8 64% OR 76% (Ctrl | No difference
et al. I-1v 9%) at between high vs
(2014) d100 low MSC dose
Kebriaei 32 | A(52) I-1v | 2-8 94% OR (77% | 68% at De novo GvHD
et al. CR, 16% PR) |d90 <2 weeks from
(2009) onset
Martin 163 | A (44) SR 2-8 35% CR (30% | NA Double-blind
et al. 81 | Ctrl (40) |II-IV | +4if |placebo) NS placebo.
(2010) PR Liver 76% CR Randomized 2:1.
(47% placebo) No significant
p 0.05 durable CR d28
GI 82% compared with
CR (68% placebo control.
placebo) p 0.05 But significant
benefit for
subsets with liver
and/or GI GvHD

P pediatric, A adult, Ctrl placebo controls randomized 1:2 with MSC recipients, SR steroid refrac-
tory, OR overall response, CR complete response by d28, PR partial response, GI gastrointestinal
GvHD, NA not available, NS not significant

12.2.5 MSC as Initial Treatment of Severe Acute GvHD

Studies with MSC in refractory GvHD suggested that patients might benefit if MSC
was infused earlier in the course of GVHD evolution. Two trials appear to confirm
this assumption. Kebriaei reports 93% responses in 32 recipients of MSC (Maitra
et al. 2004), and Ball reported a 65% response with a lower TRM in those receiving
earliest treatment (46% vs 74%) (Resnick et al. 2013). This may reflect less tissue
damage in the promptly treated patients and may indicate the importance of modu-
lating the immune response earlier in the course of the disease. More studies with
MSC used as an adjunct to parenteral high-dose steroid treatment are clearly
indicated.

12.2.6 MSC to Prevent GvHD

Maitra and colleagues exploring the role of coinfusion of MSC to boost marrow
function observed that MSC suppressed T cell activation and might therefore play a
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role in mitigation of GVHD (Baron et al. 2010). Several investigators have coinfused
MSC from various sources at the time of the bone marrow or umbilical cord stem
cell transplant in matched and mismatched HCT with the specific aim of monitoring
its impact on GvHD (Table 12.3). While GvHD might have been reduced in severity
and refractoriness and some chronic GvHD was prevented, no conclusions (other
than to the safety of the approach) can be drawn in the absence of a contemporane-
ous control group not receiving MSC (Maziarz et al. 2015; Wu et al. 2014a;
Shipounova et al. 2014; Zhang et al. 2009; Weng et al. 2012).

12.2.7 Chronic GvHD

A few investigators have explored the potential of BM MSC largely derived from
third-party donors to modify the course and severity of cGvHD (Zhao et al. 2013;
Zhou et al. 2010; Peng et al. 2014; Herrmann et al. 2012; Francois et al. 2012;
Nicolay et al. 2015). Six reports totaling 88 cGvHD recipients explore multiple
infusions of MSC in patients with chronic GVvHD refractory to at least first-line
therapy. Patients mainly had extensive cGvHD, and one report specifies scleroder-
matous GvHD. All investigators described around 20% complete remissions with
about 70% partial responses and improvements in performance scores. However
there appears to be a tendency for relapse of the cGvHD within months of initial
treatment (Table 12.4). Evaluating this data is complicated by diversity of organ
involvement, duration of the GvHD, its severity, and prior or current immunosup-
pressive treatment.

12.3 MSCinTissue and Organ Repair Posttransplant
12.3.1 Experimental Basis

Many experimental studies (mainly in small mammals) have explored the repair
properties of MSC in degenerative diseases and after damage from radiation, che-
motherapy, or mechanical injury. MSC can accelerate repair both by differentiating
into functional cell types and by creating a milieu promoting repair and reducing
fibrosis. Relevant to HCT and the tissue targets of GvHD are studies on the role of
MSC limiting radiation injury and promoting repair (Ringdén et al. 2007) and stud-
ies demonstrating reparative ability of MSC in chemotherapy-induced lung and
liver injury (reviewed in Nicolay et al. 2015).

Clinical reports of attempts to treat posttransplant tissue injury are limited, but the
results are provocative. Ringden and colleagues explored MSC infusion in seven
patients with hemorrhagic cystitis, two with pneumomediastinum and one with inop-
erable peritonitis. Transfusion requirements were reduced in all seven patients with
HC, and five had complete cessation of hematuria in a median of 3 days (Noort et al.
2002). In the other patients, pneumomediastinum and peritonitis resolved. However
the role of MSC in their recovery and the mechanism of action of MSC are unclear.
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A beneficial role for MSC in severe late-onset HC involving BK virus is supported by
a further study by Wang et al. (2015). Five of seven patients given one or more umbili-
cal cord-derived MSC infusions promptly responded with cessation of hematuria
between 2 and 12 days after first infusion. The time course of HC resolution in these
patients was much more rapid than in 26 historical controls not given MSC. Further
exploration in HC and other posttransplant tissue damage would benefit from the use
of controls and extensive profiling of biomarkers of tissue damage and repair.

12.4 MSC to Boost Marrow Function
12.4.1 Experimental Basis

The niche function of MSC identified in murine studies was the basis for studies where
human MSC was used to promote engraftment and possibly reduce GvHD in immune-
deficient mice (Kim et al. 2006). In 2002 Noort and colleagues found that MSC derived
from the human lung could enhance engraftment of umbilical cord CD34 cells (Lee
et al. 2008). Subsequently Maitra and colleagues found that human (but not mouse)
MSC promoted engraftment when coinfused with limiting numbers of human hemato-
poietic progenitors in NOD/SCID mice (Gonzalo-Daganzo et al. 2009). This property
was restricted to MSC (not fibroblasts). The coincident suppression of human T cells
also suggested a possible benefit of MSC coinfusion limiting GvHD. Further studies
have confirmed a beneficial effect of human MSC when cotransplanted with human
CD34* cells in NOD/SCID mice (Le Blanc et al. 2007; Ball et al. 2007).

12.4.2 Clinical Trials

A year later Lazarus and colleagues reported the first attempts in human HCT to
boost engraftment and modulate GvHD (Lazarus et al. 2005). MSCs were expanded
from the HLA-identical sibling stem cell transplant donors after myeloablative ther-
apy. MSCs at a dose of 1.0-5.0 x 109 cells/kg of recipient weight were infused
immediately prior to bone marrow or peripheral blood stem cells and standard
GvHD prophylaxis. Forty-six adult patients were enrolled in the study. Hematological
engraftment was prompt (median times to neutrophil counts >0.5 x 10%/L and plate-
lets >20 x 10%/L were 14.0 and 20 days, respectively). There was a 28% incidence
of grades II to IV acute GvHD and a 61% incidence of chronic GvHD and a pro-
gression-free survival at 2 years of 53%. While this study confirmed the safety of
MSC infusion at transplant, the hematopoietic recovery, GvHD rates, and disease-
free survival were not outside the expected outcomes for such a patient group and
did not clearly identify a therapeutic benefit for MSC. Subsequently 10 further stud-
ies in a total of 141 patients have explored the potential benefit of infusing either
BM- or UC-derived MSC at the time of transplant (Macmillan et al. 2009; Zhang
etal. 2010; Liu et al. 2011; Wu et al. 2013a; Wu et al. 2013b; Meuleman et al. 2009;
Liu et al. 2014; Lee et al. 2013; Wang et al. 2013; Wu et al. 2014b; Xu et al. 2014)
(Table 12.5).



J. Barrett and J. Galipeau

230

ek 1<
ey PAC Ee)
OSIW 0y ek [<| AN T VN €LdTTN (4 (9€102)
awodno Jotradng w9 AT ¥ 111V 0¢dTIN| 90N VIN Juro) an; 8 Te 10 g
eudq | %99 SAA LT:D/ SIdTI N (e€100)
MOUS 0) dINTe] T2k 7 PAT| TI ALY | poyeIsua IV | gON VIN Juro) odeH | 0¢ Te 30 nay
A1 T0 /91
AN 8 -1 -V D
OSIN BEY9Y AT 0T:0/6 8T (1100)
10§ Jyouaq A[qIssOq BL6Y| WINO 11 'V u' Nd VIN Juio) odeH | [T ‘e 3o ng
£ Y ¥ (oY (0100
OSIA [erorowwo) | g<oAlle L | WANT| CTAIII'Y| SeIdIIN|  Wd VIN Juio) QS=VTH| ¢I| '[e1 Sueyy
%BTL
D %t
AI-ILY syuow 9
S[oNu0d BIL|  BYLASIN mo
WOIJ 9UDIDIJIP £ Y 1 O %8¢ sypuow 9 €z (6007) T80
JeoyIuSISON | T8 %SL | AN S AIFIIV | %SLd6IN| NG VIN| [ZP+Juo) 40N | 11| ue[uoen
QUIOdINO YL
onoxdurr Kew SN AN T 9:D/8AI payjeIsus o
LS pawrdop-1[ed %E9 AT -V LYIL Ly (L0020
JL-ofdey ornerpad %TL| WANT| [:D/CI:V | poyesudqy | Nd VIN Jurop odeq| 41| eleqrEg
dD 10§ 1:D/$T-0 TIdTIN d0d € (L00T) e 10
A3o1ens SuISIuold | PAIAINS 9 | AN | V| payeISud [V Nd OI/VIN Juiod =VIH| L ouelg o]
(%91)
Y D
»eS | (%HD) (%87) 0td ¥1 N (5000) &30
wodorisiey | SAA A€ IT| €I AFIFY | poyeisue Iy | NG VIN Juio) Qs=VTH| 9 SnIeze’
JUSWWO)) [eatang | osdefoy | D/vV QHAD KI9A0D91 | Q0INOS | FuruonIpuo)) K3o1enS jouo | =N Joyny
/weadq puounjeiSug | DS

JuaUIJRISUD [[90 we)s oaoxdwir 0 DSIN §°ZL djgel



231

12 Mesenchymal Stem Cells: From Bench to Bedside and Back

pawodarjou yu ‘AouruSijewr pasde[ar 7oy ‘[RAIAINS 991) ASBASIP §7(7 ‘@In[iey JeI3 40 ‘A19A0031 onatodoreway snoSojoine 2a..0imv “1/,01 X 0g< s1o[e[d Aep 14
‘1601 % S°0< sprydonnau Kep N DS 10UOP Paje[aIun PIydIeW (7/) /A ‘Iouop AJrwey [eonuapiojdey ojdp gy ouop paysjewsiw-yTH/PIYNeW-yI1H #VTH/=VIH
‘DSIA POO[q PI0d [edI[IqUIN gD ) ‘DSIN MOLBW duoq g ‘yue[dsuen [[90 WS [)HS ‘SUIUONIPUOD ANSUUI PAONPAI DY “QANR[qRO[AW Yy ‘KI9A0DI O1Q
-1odojewray ouyrenied YA/ d ‘@myrej 3jeis Arepuodss/Arewtid ;70 .7/, [ ‘wonouny 3jeis 100d JOJ ‘S[ONUOD 1.7 ‘S[[R0 WIA)S YIIM UOISNJUIOD fir10) ‘otneipad pag

AHAD €:0/%5'79
UL 90UDISJJIP ON ATV ti'e]
s[onuoo %9'SS| WINT 1:D/%]1L LSd¥TN 6 (€100)
ISIY 19AO Jyjoug BLSY 0 AIF1:V Lyd6IN| 490N VIN Juro) gon| L| [eR]
(IN
skep 00g< f4d § a0 T €1 (+100)
dno13 yuaned paxiy w6 QUL TNV ANIA S| N VIN dD.1L| #FII=VIHY 0 Tejo nry
uornouny jjeIs 0S
Jood ut jgoueq ou Y1 dSTNSI (6000) Te 10
‘syuaned ysur ySiy %0| WINS VN | PpayeIsua 9/g Nd VIN d9d | oldeHE = VIHE| 9| URWRMIN
a9
IOSOrd| ek i< [ “oa10MME ¢ Tann (¥107) Te 10
Aypedourqo[Soway 'z WANY| CIHFI:V | payersueg/¢ | NG ol Juro) v EON| 9| epueqreyy




232 J. Barrett and J. Galipeau

Some investigators used MSC during a second transplant attempt after the first
graft was rejected. Engraftment was achieved in most patients; failure mainly
occurred in some recipients grafted a second time and in a series of patients with
hemoglobinopathies receiving a reduced intensity conditioning. Several studies
report rapid engraftment, but the true potential of MSC to accelerate engraftment
can only be assessed in the single study where MSC coinfusion at transplant was
compared in 8 patients versus 12 controls receiving UCB alone. In this study MSC
infusion was associated with more rapid neutrophil and platelet recovery.

Overall the results indicate at best a modest benefit on engraftment and hemato-
logical recovery. It is possible that the benefit might be more apparent (and of
greater clinical benefit) after UCB transplantation where recovery of marrow func-
tion is typically slower. However, only a large prospective randomized study could
establish a clear role for MSC in this context.

12.5 Improving Engraftment After HLA-Haploidentical HCT
for Aplastic Anemia

Hematopoietic cell transplantation for SAA is complicated by an increased risk of
graft rejection consequent upon sensitization to multiple transfusions in conjunction
with the irradiation-free conditioning regimens usually employed. Engraftment is
further compromised when HCT are attempted from haploidentical family donors.
Confronted with the relative frequency of SAA and the problem of finding HLA-
matched family donors, investigators from several centers in China have explored
the use of MSC to enhance engraftment in SAA recipients of haploidentical stem
cells. Five reports in a total of 105 patients describe this unique experience from
China (Li et al. 2014; Si et al. 2014; de Lima et al. 2012; Robinson et al. 2011; Fan
et al. 2013) (Table 12.6).

Both adult and pediatric patients received HCT from either BM or
PB. Conditioning typically used fludarabine and cytoxan with or without ATG, and
GvHD prophylaxis was very similar across institutes involving CSA, MTX, and
MMEF, with or without other agents such as anti-CD25. Notably, engraftment
occurred in all patients with prompt neutrophil and platelet recovery. There is some
suggestion that GVHD may be mitigated with reported rates of GvHDs II-1V vary-
ing from 12.5 to 46%. Overall outcome in the context of haploidentical HCT for
SAA was favorable (in the region of 75%), but without contemporaneous controls
receiving stem cells alone, the definite benefit of MSC infusion on engraftment and
survival awaits a prospective randomized study.

12.6 MSC to Expand UCB Ex Vivo

The slow engraftment achieved with umbilical cord blood HCT has been a limita-
tion to the widespread acceptance of this stem cell source. Investigators have
attempted to overcome the problem with double cord infusions and in vitro
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strategies to expand cord blood CD34 cells without losing their “stemness.”
Co-culture of cord blood with MSC to exploit the stem cell supportive properties
of MSC has successfully been developed by Shpall’s group (de Lima et al. 2012)
and reviewed in (Robinson et al. 2011). In a clinical trial where MSC-cultured
CD34 cells were coinfused with unmanipulated cells, platelet and neutrophil
recovery was significantly faster than that documented in the large CIBMTR data-
base of comparable cord blood transplants. Furthermore Fan et al. report that
MSC co-culture enhances T..,, and suppresses GVHD in NOD/SCID mice (Xie
et al. 2016). These data suggest that MSC may have greater efficacy in boosting
engraftment and mitigating GvHD when cultured ex vivo with the stem cell
transplant.

12.7 Where Does the Field Go from Here?

Since 2004, early-phase clinical trials of MSC used in conjunction with HCT have
explored acute and chronic GVvHD, engraftment and graft failure, and tissue repair
in over 1000 patients. All studies confirm the safety of infusion, and although
there has been concern that MSC might increase the risk of infection or disease
relapse because of their immunosuppressive nature, there is no clear evidence that
MSCs are detrimental in this way (Prasad et al. 2011; Kurtzberg et al. 2014). It is
frustrating, therefore, that while there is strong evidence that MSCs are beneficial
in GvHD and in tissue repair and possibly enhance engraftment, no clinical study
to date has been rigorous enough to fully confirm a therapeutic role for MSC
given to HCT recipients. This is in large part due to the small size of the case
series and rarity of randomized studies. The situation is further complicated by the
unpublished report of the only phase III trial using a commercial MSC product
(Prochymal). In this prospective multicenter controlled study involving 244
patients, recipients randomized to MSC administered at the time of onset of
GvVvHD fared no better than the controls receiving placebo. Although there was a
significant benefit in a pediatric subgroup with gastrointestinal GvHD, the study
failed to meet the criteria for therapeutic benefit defined in the protocol. The dis-
appointing results from this study have reduced enthusiasm for large trials of
MSC in GvHD (Galipeau 2013). However it is premature to abandon MSC for
treating GvHD without considering the limitations that have applied to all inves-
tigations to date, whether as treatment for GvHD, tissue repair, or marrow func-
tion (Wu et al. 2014c). These limitations are due to the diversity of the MSC
source and mode of preparation, the variations in dose and schedule used, and the
multiple ways in which MSC is applied either prophylactically, at the onset of the
complication, or as a salvage treatment. Attempts to evaluate response in GvHD
are also hampered by the imprecise classical grading criteria applied to GvHD
which do not accurately associate the grade of GVHD with steroid responsiveness
and overall survival. Moreover, a fundamental constraint to the rational applica-
tion of MSC to improve HCT outcome is that the mechanism of action of MSC is
not fully understood—for example, it is not clear how much the benefit described
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in GvHD is attributable to immunomodulation versus tissue repair. Advances in
the field of MSC therapeutics require new approaches to confront these problems
addressing the variables in MSC source and manufacture, and a fuller understand-
ing of the biology underlying the therapeutic impact of MSC.

12.7.1 MSC Source

Although MSCs have largely been derived from the bone marrow and the UC,
adipose-derived MSCs are also readily manufactured, and other sources (e.g.,
placenta and dental pulp) are also under investigation (Jang et al. 2013; Bernardo
etal. 2011). Adipose-derived MSCs have been claimed to have greater immuno-
suppressive potential than BM-derived MSC (Pérez-Ilzarbe et al. 2009). However,
until the required properties needed for a specific application are known in detail,
it is not possible to identify the relative qualities of one MSC source over another.

12.7.2 Defining the MSC Product

Unlike the CD34 marker which defines a group of hematopoietic progenitors with
predictable potential, MSCs usually identified by their property of being negative for
CD45 and CD34 and positive for CD105 and CD73 appear to have much greater
variability in their properties. This extends from one donor to the next with older
donors yielding inferior MSC (Chinnadurai et al. 2016). Another factor believed to
strongly affect the nature and therapeutic potential of MSC is the number of passages
used to expand the product (Galipeau et al. 2016). Since MSC can grow almost
indefinitely, commercial products tend to be derived from massive expansions of a
single donation over many doublings. Such MSC may lose immunosuppression, and
furthermore the characteristics of such proprietary products are not known in detail
(Wu et al. 2014c). To avoid incorporation of animal serum in the MSC product, many
investigators substitute platelet lysate for fetal calf serum. Numerous studies attest to
the comparability of these culture approaches (Salem et al. 2015). More important is
the effect of thawing of the frozen MSC product on its function. Immediate infusion
of MSC risks giving a product with significantly reduced biological activity while
MSC rested in culture can recover overnight after thawing and may have better thera-
peutic efficacy when preincubated with interferon gamma (Vander Lugt et al. 2013).

Leaving aside inter-individual differences, these considerations indicate the pos-
sibility of great disparities in the therapeutic potential of MSC from different sources
and methods of production and administration. A potency assay would be a prereq-
uisite to fully define the therapeutic potential of MSC but would need to be defined
according to the therapeutic outcome sought (Ponce et al. 2015). For GvHD treat-
ment we developed a standardized T cell suppression assay that could be used to
validate MSC immunosuppression, but detailed characterization of MSC function
awaits a better understanding of the mechanism of action of MSC in GvHD (Jitschin
et al. 2013).
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12.7.3 Biomonitoring

Advances in the identification of biomarkers of disease severity are beginning to
revolutionize the management of acute GVHD. Of particular relevance for future
trials of MSC in GVHD is the biomarker ST2. Critically an elevated ST2 at the onset
of GVHD predicts for steroid refractoriness and poorer posttransplant survival.
Moreover ST2 has emerged as a more reliable predictive marker of GvHD outcome
than conventional grading such that some patients with grades III-IV GvHD sever-
ity and low ST2 have favorable outcomes, while rare patients with grade I GvHD
but high ST2 have the unfavorable outcome and steroid refractoriness more usually
ascribed to high-grade GvHD. Because of their robustness, such biomarkers could
improve the precision of risk stratification and finesse the evaluation of experimen-
tal MSC treatments (Reviewed by Paczesny 2018).

12.7.4 Clinical Trial Design

To shed clarity on a therapeutic role for MSC in transplant recipients, future studies
must not fall into the trap of repeating the mistakes of the past (Wu et al. 2014c).
Prospective randomized trials involving large patient numbers using a defined MSC
product characterized by at least some form of potency measurement are urgently
needed to advance the acceptability of MSC as a form of cell therapy to improve the
outcome of allogeneic HCT. Trials evaluating MSC up front rather than as salvage
treatment after diverse forms of treatment failure should be preferred. The source and
manufacture of MSC should be standardized within each study, and clinical mea-
surements of therapy should be backed up by intensive biomonitoring of the patient
to include markers such as ST2 for GvHD and angiopoietin 2 for tissue dam-
age (Paczesny 2018). Immune monitoring — especially quantifying regulatory T
cells — has shown a shift toward a more tolerogenic immune milieu with increased
circulating T, associated with higher IL-2 levels (known to promote 7..) and
higher levels of the anti-inflammatory cytokine IL-10 (Matsuoka 2018). Two studies
have especially focused on biomarkers to better define immune response. Te Boom
(Ball et al. 2013) used a comprehensive panel of soluble and cellular biomarkers to
track clinical GVHD responses after MSC infusion. They showed that ST2 among
other biomarkers was predictive for mortality after MSC infusion, while increases in
immature dendritic cells were associated with decreased mortality. They emphasize
the value of biomarkers in better monitoring response to MSC and their value in
understanding mechanisms of action. Yin et al. noted prompt reduction in proinflam-
matory GvHD biomarkers and a rise or preservation of biomarkers characterizing
growth factors in responders to MSC infusions (Zhao et al. 2015). Furthermore
MSC-derived exosomes with T cell immunosuppressive capacity were found to cir-
culate briefly after infusion, suggesting that sustained T cell control might be better
achieved with MSC infusions spaced only 2-3 days apart (Melief et al. 2013). Such
studies should serve to help us better understand mechanisms of action of these enig-
matic cells and thereby both broaden and define their therapeutic scope.
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13.1 Introduction

Traditionally, the transfer of allogeneic cells and the replacement of the immune sys-
tem using allogeneic hematopoietic cell transplant (HCT) has been the only therapy
that has proven to be curative for hematological malignancies. This clinical observa-
tion highlights the remarkable power that the transferred immunological graft pos-
sesses against the tumor cells, the so-called graft-versus-tumor effect (Thomas 1982).

However, allogeneic HCT is a procedure that entitles significant risk of adverse
events including infection, graft-versus-host disease (GvHD), and mortality. Hence,
the search for a more specific and, hopefully, less toxic therapeutic approach using
immune system cells that are redirected toward the target of interest is needed and
ongoing. This could be potentially accomplished by harnessing modern molecular
biology, gene therapy, and cellular engineering techniques.

Gene therapy for hematologic malignancies and other diseases is rapidly becom-
ing one of the most actively studied and awaited treatment alternatives. It involves
the manipulation of genes to achieve a desired therapeutic effect. This can be
accomplished by introducing a functional sequence to replace a mutated or dysfunc-
tional gene or by deleting/replacing a gene that is no longer functional using gene
editing tools. A range of therapeutic strategies have shown significant progress over
the past few years; these include approaches based on immune genes, suppressor
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genes, or gene replacements, gene-directed enzyme-prodrug/suicide gene therapies,
gene suppression, or oncolytic viral and non-viral therapies. In this chapter, we will
review the historical context of gene therapy and cellular engineering development
for the treatment of hematological malignancies and, particularly, in the setting of
hematopoietic cell transplantation (Table 13.1).

13.2 Origin of Gene Therapy

One of the earliest recorded attempts to turn the immune system against cancer cells
came from the studies performed by William Bradley Coley in the 1890s while work-
ing at the New York Cancer Hospital (now Memorial Sloan Kettering Cancer Center).
He used a pool of dead bacteria to elicit an immune inflammatory reaction in cancer
patients. The cancer of most patients continued to progress; however, there were some
patients who experienced tumor regression, and this offered hope with the notion that
the immune system could be used to fight cancer (Decker and Safdar 2009).

Billingham developed a strategy for adoptive T-cell transfer (Billingham et al.
1954) and highlighted the need to overcome the compromised immune system of
patients with cancer, particularly after treatment with conventional chemotherapy.
Around this time in the 1950s, Mitchison and collaborators described their pioneer-
ing work to target cancer cells using lymphocyte adoptive transfer in mouse models
(Mitchison 1955).

Subsequently, the tremendous success of childhood immunizations proved that the
immune system can provide the most specific and long-lasting defense against many
infectious diseases, such as polio. Additional evidence came in the late 1960s when
the first non-twin allogeneic HCT was performed, opening the clinical era of adoptive
cell therapies (Buckner et al. 1970). Since that time, we have learned to recognize the
“good” and “bad” properties of the immune system, which can exert unparalleled
cytotoxic effects on the targeted cancer cells but also render sometimes fatal rejection
of normal tissues in the form of GvHD. The lack of “immunological accuracy” of
allo-HCT prompted the search for more targeted and redirected strategies using the
transfer of genes or engineered immune cells to decrease “off-target” adverse events.

The tools and protocols used for gene therapy have improved significantly since
the mid-1980s when the first experiment using stem cell gene transfer showed their
potential therapeutic promise. Scientists initially found some obstacles. First, there
was difficulty in delivering a modified gene into hematopoietic stem cells (HSCs)
because of their lack of cell surface receptors and their quiescent state (Vollweiler
et al. 2003). Second, some patients developed vector insertional mutagenesis after
receiving gene therapy for severe combined immunodeficiency (Howe et al. 2008).
Over three decades, these problems have been gradually resolved, and with an array
of cytokine stimulation cocktails to improve HSC receptivity to engineering, and
improved viral vectors, the HSC transduction rate in humans can reach from 80% to
100%. In addition, certain agents in myeloablative conditioning (MAC) regimens
(e.g., busulfan, melphalan) that decrease the number of endogenous stem cells prior
to infusion of the engineered HSCs have proven to be an effective method to increase
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engraftment rates (Aiuti et al. 2013). Moreover, newer, safer self-inactivating (SIN)
viral vectors have been developed in which viral long terminal repeats (LTR)
enhancers are completely removed. Using these newer vectors, there have been no
new reports of therapy-related malignancy across several clinical trials, some of
which have followed patients for as long as 8 years.

Glybera (alipogene tiparvovec) is the first gene therapy treatment approved in the
western world. It was approved by the EMA (European Medicines Agency) on
November 2012 for the treatment of patients with lipoprotein lipase deficiency
(LPLD), a rare genetic disorder that causes fat to build up in the blood leading to
cardiovascular disease, diabetes, and life-threatening, recurrent bouts of pancreatitis
and affects one in a million people. Glybera consists of an engineered copy of the
human LPL gene packaged with a tissue-specific promoter in a non-replicating
AAV1 vector, which has a particular affinity for muscle cells. In order to improve
activity, Glybera uses a naturally occurring variant of the LPL gene that has higher
enzyme activity than the normal version of the gene that encodes the protein.
Glybera is administered as a one-time series of up to 60 intramuscular injections in
the legs. The patient is administered spinal anesthesia or deep sedation during the
procedure. In addition, an immunosuppressive regimen is recommended from
3 days prior to and for 12 weeks following Glybera administration.

Moreover, the recent advent of genome-editing technologies has enabled a new
paradigm in which the sequence of the human genome can be precisely manipulated
to achieve a therapeutic effect. This includes the correction of mutations that cause
disease, the addition of therapeutic genes to specific sites in the genome, and the
removal of deleterious genes or genome sequences that could be implicated in
pathology. Some of those strategies include nuclease-based platforms, such as zinc
finger nucleases, transcription activator-like effector nucleases (TALENSs), mega-
nucleases, and the CRISPR/Cas9 system.

Overall, gene therapy is no longer a hypothetical form of treatment. It is reaching
its prime time and has become a reality with recent US Food and Drug Administration
(FDA) approval of anti-CD19 chimeric antigen receptor (CAR)-T-cell therapy in
ALL. Several clinical trials on this field had allowed patients to obtain clinical ben-
efit, and in some instances these responses have extended for more than a decade.

13.3 TheTools of Gene Therapy and Cellular Engineering

13.3.1 Viral Vectors

The majority of gene therapy studies thus far have employed viral vectors, because
of their high efficiency of transgene delivery into the human nucleus. The most com-
monly used viral vectors include retroviruses, adenoviruses, and adeno-associated
viruses. For a long-term effect, genome-integrating viral vectors (e.g., retroviral vec-
tor) have been employed. However, DNA integration causing critical gene mutagen-
esis has raised concern about long-term safety. This concern has led to the
development of persisting but non-integrating viral vectors (e.g., adenoviral vector).
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Virus vectors generally are genetically modified so they cannot generate progeny
except in specific cell lines. One exception to this is the oncolytic vectors, which
selectively replicate in and lyse human tumor cells, providing a promising means
for targeted tumor destruction.

13.3.1.1 Retroviral Vectors

Retrovirus vectors are particles containing a positive-sense single-stranded RNA
that typically is in the range of 7 kilobases (kb) in length. A feature of retroviral
vectors is that they have the ability to stably incorporate their viral DNA into the
host genome (genome-integrating viral vector), which can result in long-term
expression of the transgene. Most retroviral vectors are y-retroviral or lentiviral vec-
tors. Lentiviral vectors are usually HIV-1 based, or may also contain elements of
simian immunodeficiency virus, and have at least three advantages over y-retroviral
vectors; first, the lentiviral vector preintegration complex is able to cross the nuclear
membrane in host cells even in the absence of mitosis and, therefore, is able to
transduce nondividing cells, such as HSCs. Second, the lentiviral vector preintegra-
tion complex is more stable and persists longer, which improves the likelihood of
integration (Cooray et al. 2012). Third, lentiviral vectors integrate to evenly distrib-
uted genomic sites, thus reducing the likelihood of driving the expression of a del-
eterious gene(s) or inducing mutagenesis. Contrary to that, y-retroviral vectors
prefer to integrate near gene transcription start sites, such as the CpG islands and
conserved noncoding sequences and conserved transcriptional factor binding sites,
and this generates a higher potential for insertional oncogenesis and gene dysregu-
lation (Cattoglio et al. 2010).

13.3.1.2 Adenoviral Vectors

In contrast to retrovirus vectors, adenovirus vectors do not pose a risk for insertional
mutagenesis because they do not integrate into the host cell’s genome. More than 50
different human adenovirus serotypes exist, but current vectors primarily are derived
from serotypes 2 and 5 (Douglas 2004). Adenoviral vectors are highly effective in
gene therapy because of their ability to efficiently transduce both dividing and non-
dividing cells and to persist relatively well in long-lived targeted cells. Adenoviral
vectors also have capacity to hold large segments of DNA (e.g., 7.5 kbp); they are
easily manipulated with recombinant DNA techniques and have the ability to pro-
duce high titers (Kamen and Henry 2004). However, adenoviral vector infection
enlists a variety of humoral and cellular immune responses (Ahi et al. 2011).
Therefore, adenoviral vector therapy may result in acute toxicity, autoimmunity,
and clearance of transgene-expressing cells (Puntel et al. 2013).

13.3.1.3 Adeno-Associated Viral Vectors

The adeno-associated viral vector (AAV) is a human parvovirus that initially was
discovered as a contaminant in adenovirus preparations. The AAV genome is single-
stranded DNA, and vector preparations are composed of a mixture of vector parti-
cles having one of the two strands of the virus. AAV requires a helper virus, such as
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adenovirus, to mediate a productive infection. The AAV has the ability to infect both
nondividing and dividing cells and to persist without vector integration (Nathwani
et al. 2011; Xiao et al. 2012). Upon entering host cells, wild-type AAV DNA
becomes episomal or integrates into the genome. In contrast, current, modified AAV
vectors are designed to lose their integrating ability (Daya and Berns 2008).

AAV, however, have a major limitation, and this is their small capacity for trans-
gene insertion (<5 kb). New vector engineering had made possible to insert very
large transgenes into AAV vectors. It is feasible to have split vectors in which one
construct has slight sequence overlap with a second construct so that recombination
after vector nuclear entry leads to the intact transgene product being expressed (Yan
et al. 2000). The increased popularity of AAV vectors reflects the appreciation of the
long-term transgene expression observed in animal models and the relative lack of
adverse effects noted in preclinical animal models.

13.3.2 Non-viral Vectors

Non-viral vectors use different combinations of DNA or RNA. In general, these
systems are easier to produce than are viral vectors (Seow and Wood 2009). Such
non-viral vectors generally lack the efficiency of virus vector-mediated gene deliv-
ery systems. However, multiple strategies are being developed to improve gene
delivery by non-viral vectors, including those using cationic lipids, in vivo electro-
poration, hydrodynamic injection of isotonic saline, cell-penetrating peptides, lipo-
some encapsulation, neo-glycoproteins, glycosylated plasmids, or bacterial vectors.
Conceivably, any one or a combination of these techniques someday may improve
the efficacy of non-viral vector systems to levels approaching those of virus-based
vector delivery systems.

13.3.2.1 Plasmid Vectors

Plasmid vectors are small, circular double-stranded DNA molecules (pDNA) capa-
ble of replicating in bacterial host cells. Their size ranges from 0.8 to 120 kbp, and
the capacity for transgene DNA is almost unrestricted (Linnemann and Krawetz
2009).

Generally, the transgene is placed downstream of a strong promoter, such as the
heterologous cytomegalovirus promoter/enhancer region, and upstream of a polyad-
enylation signal sequence to allow for appropriate RNA processing and transport
from the nucleus. Plasmid vectors represent an important platform for gene delivery,
as they are safe, stable in storage, easy to manipulate, and comparatively inexpensive
to produce. However, the gene transfer efficiency of plasmid vectors is low. Naked
pDNA vectors are vulnerable for degradation and permit only transient, episomal
gene expression. Thus, there is great focus on the improvement of delivery and opti-
mization of pDNA for enhanced cellular uptake and increased gene expression. For
example, the replacement of polyA with synthetic or SV40 polyA sequences was
shown to extend the half-life of supercoiled pDNA (Gillet et al. 2009).
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13.3.2.2 Oligonucleotides
In the last decades, oligonucleotides have attracted attention as they provide an
effective way to design sequence-specific ligands for nucleic acids or DNA-binding
regulatory proteins for selective interference of gene expression. Oligonucleotides
can be used to regulate or silence pathogenesis.

Oligonucleotides are short pieces of synthetic single-stranded DNA that can be
generated with a phosphorothioate backbone that resists degradation by nucleases.

Aptamers, also called decoys or “chemical antibodies,” represent an emerging
class of short DNA or RNA oligonucleotides or peptides with potential therapeuti-
cal applications. They can assume stable and specific three-dimensional shapes
in vivo, thereby providing specific tight binding to protein targets. The first aptamer
approved for use in clinical trials was a RNA-based molecule (Macugen, pegap-
tanib), which is administered into the vitreous of patients with age-related macular
degeneration to target vascular endothelial growth factor (Das et al. 2009). Another
aptamer with apparent clinical activity is AS1411, a 26-mer unmodified guanosine-
rich oligonucleotide that can inhibit cancer cell growth (Bates et al. 2009).

Another novel and potential development in oligonucleotide technology is the
gene silencing potential of the siRNA. They are short, ~20-24 bp double-stranded
RNA oligonucleotides mediating the degradation of complementary mRNA target
after correct antisense strand has bound into RNA-induced silencing complex
(RISC) (Chen et al. 2013). Chemically modified analogs, such as 2’-OMe incorpo-
ration or backbone modification, with a better stability and efficiency, have been
designed.

13.3.2.3 CRISPR-Cas-Based Gene Editing

The discovery of the CRISPR-Cas microbial adaptive immune system and its appli-
cation as genome editing tool represents one of the most important developments in
recent years.

In 1993 Francisco Mojica was the first researcher to characterize bacterial DNA
sequences that match snippets from the bacteriophage genome and postulated that
they were part of an adaptive immune system response against viral infections
(Mojica et al. 1993). He coined the term clustered regularly interspaced short palin-
dromic repeats (CRISPR) and postulated that this was an adaptive immune response
mechanism with gene editing capabilities (Mojica et al. 2005). The CRISPR
sequences are prokaryotic DNA containing short, repetitive base sequences. Each
repetition is followed by short segments of spacer DNA derived from previous
exposures to foreign DNA (e.g., a virus or plasmid). This creates a cassette of
“memory DNA fragments” that can match to foreign DNA, and when that occurs
the cassette DNA guides the targeted cut of the invading DNA rendering inactive or
mutated.

Additional experiments during the next 5-8 years led to the unveiling of the
whole genome editing system including not only the CRISPR sequences but also
the CRISPR-associated system (Cas) genes and the guide RNA (g-RNA). Moreover,
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the CRISPR/Cas9 system has been modified to edit genomes at any desired loca-
tion. The key of this process is the delivery of the Cas9 nuclease complexed with a
synthetic guide RNA (gRNA) into a cell; the cell’s genome can be cut at a desired
location, and this allows the removal or addition of new genetic fragments (Moreno
and Mali 2017).

13.3.2.4 miRNA Targeting in Hematological Malignancies

microRNAs (miRNAs) are endogenous noncoding functional RNAs approximately
18-22 nucleotides in length and ubiquitously expressed in plants and animals
(Bartel 2004). Their main function is to silence target messenger RNA (mRNAs)
usually through imperfect complementary base pairing to the 3'-untranslated region,
and they have an ability to inhibit or promote the expression of many related genes,
which can in turn affect several cell-signaling pathways essential for tumor develop-
ment and progression (lorio and Croce 2012). A global dysregulation of miRNA
expression has been confirmed in most tumors, and because of their involvement in
critical biological pathways, they have emerged as attractive candidates for cancer
therapy (Rupaimoole and Slack 2017).

Circulating miRNAs released from cancer cells can be used as novel noninvasive
biomarkers and often correlate with tumor stage and prognosis (Mitchell et al.
2008). There are a number of clinical studies that are in progress evaluating the use
of miRNAs as prognostic markers (www.clinicaltrials.gov). However, the only
studies that had entered phase I clinical development thus far are targeting miR-
122 in hepatitis C viral infection and miR-34 in primary liver cancer and solid
tumors affecting the liver (Christopher et al. 2016).

13.4 Target for Gene Insertion
13.4.1 Hematopoietic Stem Cell

Hematopoietic stem cells can be modified with gene therapy protocols to treat a
variety of diseases, including primary immune deficiency disease, hemoglobinopa-
thies, metabolic diseases, and various genetic disorders (Ott et al. 2007; Tani 2016).
The main advantage of modifying hematopoietic stem cells is that these cells can
undergo self-renewal and/or differentiate into mature cells of different lineages.

The initial clinical trials on the application of hematopoietic stem cells used gene
marking to investigate the origin of relapse of leukemia patients subjected to autolo-
gous HCT. These studies demonstrated that clinical relapse in patients with acute
myelogenous leukemia (AML) and chronic myelogenous leukemia (CML) resulted
from the presence of contaminating residual leukemia cells in the transplanted stem
cell collection (Tey and Brenner 2007). The data from patients treated in these early
studies have provided information on the long-term safety of various approaches
that could be used for therapeutic gene transfer.
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13.4.2 Cellular Engineering of Other Hematopoietic Cells

The initial gene therapy clinical trials for monogenic diseases were conducted suc-
cessfully on patients with severe combined immunodeficiency due to ADA defi-
ciency (ADA-SCID) (Blaese et al. 1995).

And since then more than 200 clinical protocols for monogenic diseases have
been approved, and the target diseases include ADA-SCID, X-linked severe com-
bined immunodeficiency (SCID-X1), X-linked chronic granulomatous disease
(X-CGD), hemophilia, Wiskott-Aldrich syndrome (WAS), mucopolysaccharidosis,
cerebral adrenoleukodystrophy, sickle cell disease, thalassemia, metachromatic leu-
kodystrophy, familial hypercholesterolemia, Gaucher disease, Fanconi anemia,
purine nucleoside phosphorylase deficiency, leukocyte adherence deficiency, gyrate
atrophy, JAK3 deficiency, and epidermolysis bullosa (Tani 2016).

13.4.2.1 Suicide Gene Therapy

Today, the most effective and well-established cellular therapy approach is alloge-
neic HCT, which constitutes the only curative alternative for high-risk hematologi-
cal malignancies including leukemias and lymphomas. However, one major limiting
factor of HCT is the presence of uncontrolled GvHD. In order to modulate the
antitumoral immune response and ameliorate the effect of GVHD in patients under-
going HCT, one potential strategy is to manipulate the donor cells using suicide
genes that can be turned “on or off” as needed based on the presence of clinical
GVvHD symptoms. Herpes simplex virus thymidine kinase (HSV-TK) is the most
commonly used suicide gene and confers sensitivity to the transduced cells to gan-
ciclovir; therefore, whenever is considered necessary, the rapidly proliferating pop-
ulation of GVHD T cells can be controlled with ganciclovir while preserving the
antitumor efficacy of allogeneic HCT that react against the tumor (graft-versus-
tumor (GvT) effect). Most recently, suicide gene therapy has reemerged as an
important tool that allows the control of unwanted toxic effects induced by innova-
tive cellular therapies including CAR-T cells (Greco et al. 2015).

13.4.2.2 Gene Therapy Using Ex Vivo Manipulated Leukemia

Cell Vaccines
Both autologous and allogeneic whole tumor cells were clinically developed as
another form of cellular vaccine for cancer. The advantage of using the whole tumor
cell approach is that the tumor antigens do not have to be prospectively identified
and multiple antigens can be simultaneously targeted.

Our team at the University of California San Diego (UCSD) conducted the first
studies of cellular therapy applied to chronic lymphocytic leukemia (CLL) in the
late 1990s, using autologous CLL leukemia cells transduced ex vivo with an adeno-
virus vector expressing chimeric (mouse/human) CD154 (Ad-CD154) (Castro et al.
2003; Wierda et al. 2000; Kato et al. 1998). The goal of these studies was to gener-
ate leukemia cell that express a homolog of CD154 so that these cells would stimu-
late themselves and bystander leukemia cells become proficient antigen-presenting
cells capable of inducing antileukemia immune responses.
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Transduction of CLL B cells with Ad-CD154 induced the leukemia cells to
express immune co-stimulatory molecules (Kato et al. 1998). Eleven patients
received a single infusion of autologous CLL cells transduced ex vivo with
Ad-CD154 (Wierda et al. 2000). Nearly all treated patients exhibited increased
serum levels of IL-12 and IFN-y, enhanced expression of immune co-stimulatory
molecules on bystander leukemia cells, increased absolute numbers of blood T
cells, and reduced blood leukemia cell counts and lymph node size. After additional
infusions of Ad-CD154-transduced cells, patients experienced stabilization of dis-
ease and/or regression, obviating early additional treatment. Two of the treated
patients did not require additional therapy 4 years after treatment (Castro et al.
2003).

On subsequent studies we tested an adenovirus vector expressing a membrane
stable humanized homolog of CD154 (Ad-ISF35) (Wierda et al. 2010). Patients
with CLL received dose-escalation administration of autologous leukemia cells
transduced with Ad-ISF35. Similar to what was observed in patients receiving
Ad-CD154, the infusions were well tolerated, and clinical benefit was observed in
most patients including those with deletions in the short arm of chromosome 17
(dell7p).

We also investigated whether Ad-ISF35 could be directly injected into tumor-
infiltrated lymph nodes of patients with CLL. Fifteen patients with CLL received a
single ultrasound-guided injection into an enlarged lymph node of 1 to 30 x 10"
Ad-ISF35 viral particles in four different dose cohorts. Injections were well-toler-
ated with some patients developing local swelling, erythema, and “flu-like” symp-
toms. Ad-ISF35 intranodal injection resulted in significant reductions in blood
leukemia cell counts, lymphadenopathy, and splenomegaly in the majority of
patients. Although there was no evidence for dissemination of Ad-ISF35 beyond the
injected lymph node, direct intranodal injection of Ad-ISF35 induced CLL cells
circulating in the blood to express death receptors, pro-apoptotic proteins, and
immune co-stimulatory molecules, suggesting a “bystander” systemic effect (Castro
et al. 2009).

These studies using transduced autologous CLL cells with homologs of CD154
showed the potential to elicit an antileukemia immune response even in patients that
have been pretreated with immunosuppressive therapy. Moreover, the antileukemia
effect was associated with antibody production against a leukemia-associated sur-
face antigen, which we identified as ROR1 (Fukuda et al. 2008). ROR1 is an onco-
embryonic surface antigen and survival-signaling receptor for Wnt5a. We concluded
that patients treated with Ad-CD154-transduced CLL cells had significant immune
stimulation leading to a break in immune tolerance to leukemia-associated antigens,
such as RORI.

Our current efforts have focused on the development of CAR-T cells that express
a scFv specific for ROR1, with the goal of engineering T cells that are cytotoxic for
cells bearing this antigen, which is expressed on the neoplastic cells of a variety of
human cancers, but not on normal postpartum tissues (Deniger et al. 2015). Using
the Sleeping Beauty transposons system, we constructed second-generation ROR1-
specific CARs, signaling through CD3 and either CD28 (designated ROR1RCD28)
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or CD137 (designated ROR1RCD137). After transfection, we selected and expanded
T cells expressing CARs through co-culture with gamma-irradiated artificial APC
(aAPC), which co-expressed ROR1 and immune co-stimulatory molecules. Such T
cells produced interferon-gamma and had specific cytotoxic activity against ROR1+
tumors. Moreover, such cells could eliminate ROR 1+ tumor xenografts, especially
T cells expressing RORTRCD137. We anticipate that current and future clinical tri-
als will help us investigate the ability of ROR1-CAR-T cells to specifically elimi-
nate tumor cells, while maintaining normal B cells, in patients with CLL and other
RORI1* malignancies (NCT02194374).

13.4.2.3 Immune Stimulatory Cytokines

Human leukemia cells typically express negligible levels of CD80 and low levels of
CD86, causing the cells to be ineffective at stimulating T cells in response to pre-
sented antigens. Primary human leukemic cells from patients with AML can be
transduced with retrovirus vectors to express CDS8O0. In vitro, such transduced leu-
kemia cells could stimulate proliferation of allogeneic T cells in mixed lymphocyte
culture. CLL B cells transduced with HSV-based amplicon vectors encoding CD80
can stimulate allogeneic T cells in mixed lymphocyte reactions and stimulate T cells
to produce IL-2 and IFN-y (Tolba et al. 2001).

Murine B lymphoma cells transduced to express IL-2 and the lymphotactic che-
mokine lymphotactin are better able to induce antitumor immunity than non-trans-
duced lymphoma cells or lymphoma cells transduced to express IL-2 alone. Two
clinical trials using transduction of IL-2 in prostate cancer have been reported
(Pantuck et al. 2004).

Transduction of cells with TNF-a inhibits the development or progression of
leukemia in experimental animals. However, systemic administration of TNF-a
induces serious toxicities that limit its clinical application. Membrane-bound TNF
molecules may lack the undesirable side effects of soluble TNF-a. Co-incubation of
CLL cells expressing a membrane-stabilized form of TNF-a induced bystander
CLL cells to express immune accessory molecules, such as CD80 and CD54.
Conceivably, such modified forms of active TNF-a that resist cleavage from the
plasma membrane may be used in gene therapy of various hematologic cancers.

Preclinical models have demonstrated the efficacy of granulocyte-monocyte col-
ony-stimulating factor (GM-CSF)-secreting cancer immunotherapies (GVAX plat-
form) accompanied by immunotherapy-primed lymphocytes following autologous
stem cell transplant (ASCT) in hematologic malignancies. A phase II study evaluated
the use of autologous leukemia cells admixed with GM-CSF-secreting K562 cells
(K562/GM) followed by ASCT. Fifty-four subjects were enrolled (Borrello et al.
2009), 46 (85%) achieved a complete remission, and 28 (52%) received the pretrans-
plantation immunotherapy. For all patients who achieved a complete response, the
3-year relapse-free survival (RFS) was 47.4% and OS was 57.4%. For the 28 immu-
notherapy-treated patients, the RFS and OS were 61.8 and 73.4%, respectively.
Posttreatment induction of delayed-type hypersensitivity reactions to autologous leu-
kemia cells was associated with longer 3-year RES (100% vs. 48%). Minimal residual
disease was monitored by quantitative analysis of WT1, a leukemia-associated gene.
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A decrease in WT1 transcripts in blood was noted in 69% of patients following the
first immunotherapy dose and was also associated with longer 3-year RFS (61% vs.
0%). Collectively, this study shows that modified K562/GM cells have potential thera-
peutic potential in patients with AML when used in combination with primed lym-
phocytes and transplant (Borrello et al. 2009; Ho et al. 2009).

Similarly, in patients with chronic myeloid leukemia (CML), better molecular
responses were observed in those receiving K562/GMCSF cell vaccines in combi-
nation with imatinib mesylate compared with patients that received tyrosine kinase
inhibitor alone (Smith et al. 2010).

13.4.2.4 Expert Opinion

The applications of gene therapy are expanding exponentially, bringing exciting
therapeutic alternatives to patients with intractable cancers. This is reflected by the
fact that 64% of all gene therapy trials worldwide are aiming at the treatment of
cancer (Biining 2013). Moreover, the expectation is that immunotherapy will expand
beyond oncology into areas such as infectious diseases, autoimmunity, or immune
deficiency.

As we see the brisk progress in the field, we also need to realize the importance
to address and resolve critical questions before translating these discoveries to the
clinic.

Optimization of gene transfer methods and large-scale production and expansion
of engineered cells will be required to meet future demands of these new treatments.
This will require the development of new equipment and specialized facilities,
implementation and optimization of standard operating procedures, and the training
of expert technicians in the field. Several pharmaceutical companies had established
strategic partnerships with academic institutions in an effort to lead this effort
(Bender 2016).

It is likely that the development of gene therapy needs to parallel the redundancy
that is observed in the normal immune system, which is used to tackle complex
problems such as infection and cancer (Casadevall and Pirofski 2003). Most likely,
we will need to engineer cells able to provide that immunological redundancy or
infuse a mixture of engineered cells with different targets/specificities. Furthermore,
we might be able to give more than one type of effector cell to generate the “perfect
immunological cocktail,” using redirected-engineered T cells, NK cells, macro-
phages, dendritic cells, etc. Most likely, “One size will not fit all,” and consequently,
we will need to develop tailored immune reconstitution protocols based on gene
therapy and cellular engineering for each specific disease.

Auvailability of these new treatments is going to be limited and initially accessible
only to patients in large specialized centers in the USA, Europe, Australia, Japan,
and China (countries that currently have open-gene-modified cell-based protocols).
Broadening the coverage of gene therapy and cellular engineering will require the
development of simplified protocols, the use of more effective and safer versions of
gene-modified immune cells, and most likely the availability of universal OTS prod-
ucts that can guarantee easier logistics and shorter times for release and shipment of
the cellular product.
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The cost of these novel therapies is an important factor limiting wider use. As we
have observed with any new therapy approved in oncology, the cost of the new
therapy is always higher than the one of its predecessor (Bender 2016). The finan-
cial aspects of drug cost and coverage may limit accessibility. In the particular case
of gene therapy, we will need to take into consideration not only the cost of manu-
facturing and administering the engineered cells but also the cost of management of
adverse events and potentially prolonged hospitalizations.

13.4.2.5 Future Directions

Although some of the most dramatic results using gene-modified immunotherapy
have been seen with CAR-T cells, their main problem is that their recognition is
limited to cell surface structures. Contrary to that, T-cell receptors (TCRs) can rec-
ognize intracellular proteins that could correspond to mutated, misfolded, or over-
expressed cancer-associated proteins (Harris and Kranz 2016). Additional studies
will be required to define the role of each one of these target-binding platforms and
their applicability to cancer therapy.

Another important question is regarding the preferred source of cells for engi-
neering immunotherapy. The majority of studies published to date have used autolo-
gous T cells. This obviates HLA matching and endogenous virus testing. However,
it is not certain whether autologous T cells from cancer patients are optimal for
generating effective genetically modified T-cell products. Many cancer patients are
elderly, and their immune system may be debilitated due to prior therapy and the
inherent biology of their disease (Frumento et al. 2006). On the other hand, health-
ier allogeneic T cells from younger donors may be better able to proliferate and
function, particularly when barriers regarding HLA matching can be minimized by
selecting haploidentical or matched unrelated donor cells that are engineered using
genetic editing techniques (Qasim et al. 2015). Very likely, those genetic editing
tools will make it possible to provide off-the-shelf (OTS) cellular immunotherapy
for immediate administration whenever they are needed. In fact, OTS cellular ther-
apy could solve some of the major obstacles related to immediacy, logistics, and
quality consistency required to expand the use of cellular immunotherapy beyond a
few academic centers.

T-cell resistance can be a potential problem due to loss of the target antigen on
the surface of the tumor cell (Grupp et al. 2013). The risk for selecting tumors that
lack the target antigen may be mitigated using gene-modified T cells targeting only
a single antigen or epitope (Roybal et al. 2016; Hegde et al. 2013).

Opverall, cellular engineering using gene-modified immune cells represents a tre-
mendous advancement toward effective treatment of hematologic malignancies. As
seen with other discoveries, now we probably have more questions than answers,
and methodical research will help to address those issues. Patients in desperate need
for alternative treatments already have benefited from this approach. Definitely, the
road ahead looks promising for cellular-based therapies (Table 13.1). Overcoming
the challenges associated with the use of this new technology should optimize the
use of these powerful new weapons against cancer.
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14.1 Introduction

Hematopoietic stem cells (HSCs) are long-lived, multipotent, self-renewing cells
that are capable of generating all types of cells in the myeloid and lymphoid lin-
eages (Bryder et al. 2006). Since the initial retroviral transfer of genetic materials
into hematopoietic stem and progenitor cells 30 years ago, HSCs have been the
prime cellular compartment for the correction of several inherited blood disorders
and monogenic metabolic diseases using gene therapy (Booth et al. 2016; Cicalese
and Aiuti 2015; Biffi et al. 2011). Despite the dogmatic acceptance of allogeneic
transplantation as the first line of therapy with continuous improved outcomes
(Buckley 2011; Pai et al. 2014), studies in several immunodeficiency diseases have
clearly demonstrated that gene therapy can have long-lasting, curative effects alle-
viating the need to search for allogeneic donors and eliminating the risk of graft-
versus-host disease (Booth et al. 2016; Cicalese and Aiuti 2015; Cavazzana et al.
2016).

Up to date, more than 150 patients affected with monogenic blood disorders and
without matched donors have been treated with genetically modified CD34* HSPCs
worldwide. The majority of these patients have clinically benefited from this
approach. Moreover, the maturation of gene-editing technologies offers the pros-
pect that targeted gene correction may become a viable approach for hematopoietic
stem cell gene therapy in the upcoming years (Rahman et al. 2011; Mussolino and
Cathomen 2012; Sander and Joung 2014).
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14.2 HSC Gene Therapy in Primary Monogenic
Immunodeficiencies

PIDs are rare inherited genetic disorders that affect the development and function of
the immune system, typically resulting in multiple, recurrent, and opportunistic
infections with early onset. Patients may also suffer severe outcomes including not
only autoimmunity, allergy, and cancer but also autoinflammation, hemophagocyto-
sis, microangiopathies, angioedema, alveolar proteinosis, granuloma formation,
and macular degeneration (Capucine Picard 2014). The gold standard therapy for
patients with the most severe forms of PIDs who have a suitable donor is allogeneic
hematopoietic cell transplantation (allo-HCT); the donor normal HSCs or hemato-
poietic progenitor cells can replace the dysfunctional hematopoietic lineages with
normal cells and correct the adaptive and innate immune system (Slatter and
Gennery 2013). However, allo-HCT is associated with several serious adverse
events, including the toxicity of myeloablative chemotherapy and graft-versus-host
disease. Delivery of a corrective gene to the patient autologous HSCs through gene
delivery is an appealing therapeutic approach for a patient without an appropriate
donor. Clinical studies performed in the past 20 years have validated this prediction
(Booth et al. 2016; Williams and Thrasher 2014).

14.2.1 HSC Gene Therapy for SCID-X1: A Seminal Proof
of Efficacy Study

SCID-X1 is an X-chromosome-linked inherited condition caused by defects in
IL2RG, the gene encoding interleukin (IL)-2 receptor y chain (yc). The IL-2 recep-
tor yc is a common subunit for several hematopoietic cytokine receptors, including
the IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 receptors (Sugamura et al. 1996).
Defective IL-7 signaling pathway is responsible for the lack of T-cell differentia-
tion, defective IL-15 signaling pathway is responsible for the early block in natural
killer (NK) cell differentiation, and defective IL-21 signaling pathway affects the
survival and proliferation of memory B cells. Patients with SCID-X1 are character-
ized by the absence of mature T cells and NK cells and poorly functional B cells
(Leonard 1996). Spontaneous reversion of the mutation in the /L2RG gene led to
significant correction of the immune deficiency (Stephan et al. 1996), which sug-
gested that SCID-X1 would be an attractive and accurate model to assess the poten-
tial benefits of a gene therapy approach.

The first clinical trial of gene therapy for SCID-X1 was conducted in Paris in ten
children under 1 year of age using a conventional amphotropic murine leukemia
virus-based y-retroviral vector, in which yc gene expression was driven by the LTR
(Cavazzana-Calvo et al. 2000; Hacein-Bey-Abina et al. 2002). A similar trial was
conducted in infants using a gibbon ape leukemia virus-pseudotyped retroviral vec-
tor in the UK (Gaspar et al. 2004). Patients enrolled in both trials did not receive any
preconditioning prior to the genetically modified HSCs. Clinical outcomes for these
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patients are convincingly encouraging with 17 out of the 20 patients demonstrating
a stable corrected phenotype after 10 years of follow-up (Hacein-Bey-Abina et al.
2010; Gaspar et al. 2011a). The majority of the patients achieved a rapid normaliza-
tion of T-cell numbers and maintained a highly diverse functional T-cell repertoire.
The robustness of the T lymphocyte reconstitution appeared to be directly corre-
lated with the number of yc-corrected CD34* cells regardless of patient’s disease
status. The reconstitution of NK cell compartment was however less complete with
only 10% of the control value—when compared to the reconstitution of the T-cell
compartment 1 year after treatment. The patients’ humoral responses were partially
restored without detectable level of transduced B cells. However, the memory B-cell
population remained defective in all patients who cannot produce high-affinity anti-
bodies and mount poor recall responses against previously encountered antigens
(Cavazzana et al. 2016; Hacein-Bey-Abina et al. 2010). Attempts to treat older
patients (10-20 years old) as a rescue treatment option for HSCT failure did not
achieve any significant clinical benefit, most likely due to age-related irrecoverable
loss of thymic activity or a history of graft-versus-host disease (Thrasher et al. 2005;
Chinen et al. 2007) (Table 14.1).

Despite these encouraging results, a total of five patients, four patients in the
French study and one patient in the UK study, developed T-cell leukemia
31-68 months post-gene therapy, which resulted in the discontinuation of the trials
(Hacein-Bey-Abina et al. 2008). In all cases, the severe adverse event (SAE) was
due to insertional oncogenesis caused by the integration of retroviral vector within
or near tumor-promoting genes, such as the LMO2 gene. The enhancer activity of
the LTR of the retroviral vector deregulated the proto-oncogenes and led to their
transcriptional activation (Hacein-Bey-Abina et al. 2003; Howe et al. 2008). To
improve the safety profile, a self-inactivating (SIN) y-retroviral vector for X-SCID
was developed, in which /L2RG cDNA was under the control of the weaker elonga-
tion factor (EF)-1a short promoter combined with the deletion of the enhancer ele-
ment in the LTR (Thornhill et al. 2008; Zychlinski et al. 2008). A clinical trial using
this SIN y-retroviral vector started to recruit patient by the end of 2010. Eight out of
nine patients (3.9—-10.5 months old) treated with the SIN y-retroviral vector are alive
and well up to 4 years of follow-up except one who died of viral infection 4 months
after infusion. In seven out of the eight remaining patients, full T-cell reconstitution
and normalized T-cell proliferation were attained at the same rate as in the previous
trials without insertional mutagenesis-related SAE to date (Hacein-Bey-Abina et al.
2014). A SIN lentiviral vector pseudotyped with VSVG and containing chicken
[-globin chromatin insulator element was recently used for HSC gene therapy clini-
cal trials for older SCID-X1 (7-23 years old) patients preconditioned with non-
myeloablative low-dose busulfan, an alkylating agent that creates space in the bone
marrow to facilitate engraftment. Patients with 2-3 years of follow-up have achieved
T-cell reconstitution and sustained humoral responses without SAE (Zhou et al.
2010; De Ravin et al. 2016) (Table 14.1). These encouraging observations indicated
that the newly designed SIN y-retroviral and SIN lentiviral vectors for SCID-X1 are
not only efficacious but also safer, as intended.
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14.2.2 HSC Gene Therapy for ADA-SCID: The First Approved
Ex Vivo Stem Cell Therapy as a Drug by the European
Medicines Agency

Adenosine deaminase (ADA) is an essential enzyme in the purine salvage pathway.
ADA is ubiquitously expressed in all tissues and removes deoxyadenosine and ade-
nosine generated during DNA and RNA degradation, respectively, under physiolog-
ical circumstances. Its deficiency leads to the accumulation of toxic metabolites
causing SCID phenotype due to abnormal development and function of T cells, B
cells, and NK cells, as well as non-immunological abnormalities affecting the skel-
eton, nervous system, respiratory system, gastrointestinal tract, and liver (Dissing
and Knudsen 1972). Patients with ADA-SCID typically succumb to life-threatening
opportunistic infections within the first year of life due to severe immune deficien-
cies. Treatment options for ADA-SCID include allogeneic HSCT from matched
donors, enzyme replacement therapy, and more recently gene therapy (Gaspar et al.
2009). ADA gene therapy trials conducted in the early 1990s using y-retroviral vec-
tor delivery of corrective ADA cDNA into various cell types, including lymphocytes
(Blaese et al. 1995; Onodera et al. 1998), umbilical cord blood (Kohn et al. 1995),
and bone marrow (Bordignon et al. 1993; Hoogerbrugge et al. 1996), failed to pro-
duce clinical benefits, until Aiuti and colleagues reported their clinical trial in ten
patients who receive a mild conditioning regimen with busulfan before the infusion
of transduced HSCs (Aiuti et al. 2007, 2009) (Table 14.1). More than 40 patients
with ADA-SCID have been treated with conventional y-retroviral vector with intact
LTRs since 2000, with 100% survival and approximately 75% disease-free survival
without the need for enzyme replacement therapy or allo-HCT (Gaspar et al. 2011b;
Candotti et al. 2012) (Table 14.1). No SAE related to insertional mutagenesis has
been reported despite the similar design and integration profile of the ADA-SCID
y-retroviral vector (Aiuti et al. 2007) with the y-retroviral vectors used in the initial
SCID-X1 trials. Moreover, another y-retroviral vector design for ADA-SCID trial
was used by the UK group with LTR from the spleen focus-forming virus. No SAE
due to insertional mutagenesis was found in these patients either (Gaspar et al.
2011b, 2014; Cicalese et al. 2014), although this vector design has been found to
cluster at the ecotropic virus integration site 1 (EVI1) and led to myelodysplastic
syndrome (MDS) (Buonamici et al. 2003). These observations suggest that the
background of ADA deficiency offers a disease-specific protection against vector-
related insertional mutagenesis (Williams and Thrasher 2014).

Aiming to improve the safety profile and efficacy of this promising HSC gene
therapy for ADA-SCID, a SIN lentiviral vector was developed featuring the codon-
optimized ADA cDNA under the control of the elongation factor 1o (EFla) short
promoter. Efficacious preclinical results were obtained (Carbonaro et al. 2012),
which prompted the initiation of clinical trials using this SIN lentiviral vector
(Gaspar et al. 2015). Autologous CD34" cells are harvested from the bone marrow
or mobilized peripheral blood and transduced with the SIN lentiviral vector. Patients
undergo bone marrow cytoreduction with 4-5 mg/kg of busulfan followed by infu-
sion with transduced CD34" cells. The status of the first 20 patients (0.4-6.5 years
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of age) in these trials was reported in 2015 with follow-up ranging from 1 month to
3 years (Gaspar et al. 2015). All patients are clinically well with evident immuno-
logical and metabolic recovery. Integration site analysis revealed a polyclonal inser-
tional pattern, and no clonal expansion of genes associated with mutagenesis was
detected in any of the patients (Gaspar et al. 2015). As of May 2016, a total of 75
ADA-SCID patients have been treated using HSC gene therapy with 74 patient alive
and 66 patients off enzyme replacement therapy (oral presentation by Dr. A. Fischer
at ASGCT 2016). The pharmaceutical company GlaxoSmithKline (GSK) obtained
approval from the European Medicines Agency to commercialize the first ex vivo
HSC gene therapy to treat ADA-SCID in May 2016.

14.2.3 HSC Gene Therapy for WAS: A Work in Progress

WAS is a monogenic X-linked primary immunodeficiency caused by mutations in
WAS gene encoding WAS protein (WASP). WASP is a crucial regulator for hemato-
poietic cell cytoskeletal reorganization (Bosticardo et al. 2009). The syndrome is
characterized by various symptoms ranging from micro-thrombocytopenia, immune
dysfunction, elevated frequency of tumor formation, and eczema depending on the
types of WASP mutations (Notarangelo et al. 2008). Although allo-HCT is a cura-
tive treatment for WAS patient with suitable donor, alternative treatment options,
such as HSC gene therapy, are needed for patients lacking matched donors.

The first clinical trial for WAS was conducted in Germany between 2006 and
2009. Ten patients (age 2—14 years) received autologous HSCs transduced with an
LTR-driven y-retroviral vector after reduced-intensity conditioning with busulfan.
High cell dose and high transduction efficiency were achieved, which correlated with
the restored WASP expression in both myeloid and lymphoid lineages, as well as in
platelets (Boztug et al. 2010). Although marked clinical benefits in several of these
patients were observed, seven out of ten of patients developed leukemia due to
y-retroviral vector insertional mutagenesis largely associated with dysregulation of
proto-oncogenes such as LMO2, MDS1, and MN1 (Braun et al. 2014; Kuo and Kohn
2016). A SIN lentiviral vector was subsequently developed, in which WAS cDNA
was put under the control of its endogenous promoter. An international multicenter
phase I/II clinical trial has begun using this SIN lentiviral vector design in combina-
tion with reduced-intensity regimen. There have been seven patients treated in France
and England (Hacein-Bey Abina et al. 2015), six patients treated in Italy (Aiuti et al.
2013; Scaramuzza et al. 2014), and two patients treated in the USA (Kuo and Kohn
2016) (Table 14.1). Multi-lineage engraftment of the gene-corrected cells and sus-
tained, robust clinical improvement have been observed in these patients. Functional
transduced NK cells were detectable 1 month after treatment and increased over
time. Moreover, vector insertion sites are highly polyclonal without signs of clonal
expansion (Hacein-Bey Abina et al. 2015; Aiuti et al. 2013; Scaramuzza et al. 2014).



14 Gene Therapy for Nonmalignant Hematology 273

14.2.4 HSC Gene Therapy for X-Linked CGD:
Further Research Needed

CGD is a rare inherited immunodeficiency disorder caused by defective superoxide
production in phagocytic cells. X-linked form of CGD, which accounts for about
two-thirds of the CGD cases, is caused by mutations in the CYBB gene that encodes
the gp91°h* subunit of NADPH oxidase. The defect in formation of microbicidal
oxygen species renders the phagocytes unable to fight against a wide range of organ-
isms. Patients also experience sterile, chronic, granulomatous inflammation caused
by increased production of pro-inflammation cytokines, delayed apoptosis of
inflammatory cells, and deficient secretion of anti-inflammatory mediators (Kang
et al. 2011b).

Allo-HCT is an effective therapy for X-CGD patient with HLA-matched donor
(Gungor et al. 2014). Alternative therapies still need to be established for patients
without a suitable donor. The initial clinical trials of HSC gene therapy were con-
ducted using first-generation y-retroviral vectors in which the gp91P"* expression
was under the control of the spleen focus-forming virus LTR. Some patients initially
sustained some clinical benefit because of the corrected NADPH activity (Ott et al.
2006; Bianchi et al. 2009; Grez et al. 2011) (Table 14.1). However, the effect was
only transient. This was due to either the downregulation of the transgene expres-
sion as a result of viral promoter methylation (Booth et al. 2016) or the progressive
decrease in cell engraftment possibly because of gp91Pt**-induced apoptosis in
HSCs (Touzot et al. 2014) or immune response to the newly expressed gp91phox
protein in CGD patients (Grez et al. 2011). Moreover, the y-retroviral vectors were
found to be inserted close to proto-oncogenes including PRDM16, SETBP1, and
MDS-EVI. Patients with dominant MDS-EV1 clones developed myelodysplastic
syndrome (Ott et al. 2006; Stein et al. 2010) (Table 14.1). Similarly, clinical trials
using y-retroviral vector with murine leukemia virus LTR to introduce gp91phox
cDNA (Kang et al. 2010, 2011b) into CD34" cells also elicited a similar initial high
gene marking followed by a quick decline in patients (Grez et al. 2011; Kang et al.
2010, 2011b) (Table 14.1). Safer SIN lentiviral vector with myeloid-specific pro-
moter has been developed for X-CGD HSC gene therapy, and new clinical trials
have been opened in Europe and the USA using this vector design (Kuo and Kohn
2016).

14.3 HSC Gene Therapy for Other Diseases

The encouraging results of HSC gene therapy for PIDs have promoted the expan-
sion of HSC gene therapy repertoire to other diseases. Phase I/II clinical trials have
been initiated for blood disorders, such as X-linked ALD (X-ALD), MLD,
B-thalassemia, and sickle cell disease.
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14.3.1 HSC Gene Therapy for ALD and MLD

X-ALD is a monogenic metabolic disease caused by inactivating mutations in the
ABCD1 gene encoding the ALD protein (ALDP). ALDP is a peroxisomal protein
belonging to the ATP-binding cassette (ABC) transporter superfamily. Functional
loss of ALDP is associated with abnormal peroxisomal B-oxidation and accumula-
tion of saturated very-long-chain fatty acids (VLCFAs) in tissues and body fluids.
The defect of ALDP disrupts myelin maintenances by oligodendrocytes and microg-
lia, which results in a fatal demyelinating disease of the central nervous system
(CNS) (Mosser et al. 1993; Moser et al. 2007). Allo-HCT is the only effective ther-
apy, which can arrest the neuroinflammatory demyelinating process, provided the
procedure is performed at an early stage of the disease (Aubourg et al. 1990; Shapiro
et al. 2000). However, demyelination cannot be arrested if the disease has pro-
gressed past a certain stage.

The first clinical trial for ALD patients was conducted in France. The two patients
without suitable HSC donor underwent a fully myeloablative conditioning regimen
with busulfan and cyclophosphamide and were subsequently infused with GM-CSF-
mobilized CD34* cells transduced with a SIN lentiviral vector expressing ABCD1
cDNA under the control of a modified MND promoter (Biffi et al. 2011; Cartier
et al. 2009). Clear clinical benefit from the HSC gene therapy was observed.
Progression of demyelination disease was arrested 14—16-month post-gene therapy,
and lesions did not further progressed up to 4 years posttreatment (Cartier et al.
2009, 2010), which is similar to those obtained in patients who had successful
HSCT. No clonal skewing or dominance related to vector insertional mutagenesis
was detected during the period of post-infusion follow-up (Biffi et al. 2011)
(Table 14.2).

14.3.2 HSC Gene Therapy for MLD

MLD is a fatal neurodegenerative lysosomal storage disease (LSD) caused by defi-
ciency of the lysosome enzyme arylsulfatase A (ARSA). ARSA deficiency results in
a massive accumulation of its substrate, sulfatide, in oligodendrocytes, microglia,
and neurons of the CNS and in Schwann cells and macrophages of the peripheral
nervous system, which leads to widespread demyelination and neurodegeneration.
Patients experience severe progressive motor and cognitive impairment and suc-
cumb to the disease within a few years of symptoms onset. MLD is classified into
clinical variants—Ilate infantile, early and late juveniles, and adult—based on symp-
toms onset; the infantile patients exhibit the worst prognosis (Gieselmann and
Krageloh-Mann 2010). No effective treatments, including allo-HCT, can signifi-
cantly delay the progression and the fatal outcome of this disease (Biffi et al. 2008;
Musolino et al. 2014).

A phase /I HSC gene therapy clinical trial was conducted in Italy in nine children
diagnosed with early-onset disease using a SIN lentiviral vector in which the human
ARSA cDNA was under the control of the human phosphoglycerate kinase (PGK)
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promoter (Biffi et al. 2013; Sessa et al. 2016) (Table 14.2). Autologous bone marrow-
derived CD34* HSCs transduced with the SIN lentiviral vector were reinfused into
patients after myeloablative conditioning with busulfan. The follow-up analysis of all
nine children enrolled in this trial was reported recently with clear and convincing clini-
cal benefits using this therapy (Sessa et al. 2016). Stable and sustained engraftment of
gene-corrected HSC and a progressive reconstitution of ARSA activity in HSC and
cerebrospinal fluid were documented in all patients. Eight out of the nine patients had
prevention of disease onset or arrest of disease progression. Treatment resulted in pro-
tection from CNS demyelination in eight out of the nine patients and sign of remyelin-
ation in at least three patients. So far, no genotoxicity related to lentiviral vector insertion
was observed in all the patients with a medium of 3-year follow-up (Sessa et al. 2016).
Although long-term follow-up and larger cohort of patients are still needed, this study
shed light on the first possible curative treatment for this devastating disease.

14.3.3 HSC Gene Therapy for §-Thalassemia and Sickle
Cell Disease

The B-thalassemias are inherited blood disorders that result from the defective or
absent production of the beta chain of hemoglobin. Beta-thalassemia major is
treated with lifelong transfusions of donor red blood cells (RBCs), but transfusion
therapy does not correct ineffective erythropoiesis and exacerbates systemic iron
accumulation, requiring intense iron chelation therapy. The transplantation of donor
HSCs in thalassemic patients is potentially curative, but this option is not available
to the majority of thalassemic subjects, for whom a suitable matched related donor
cannot be found (Sadelain et al. 2007). Because of the greater risks associated with
HLA-matched-unrelated or mismatched transplants, most thalassemia patients
undergo lifelong transfusion therapy and all of its consequences.

Sickle cell disease (SCD) is a recessive congenital blood disorder caused by an
amino acid substitution at position 6 (Glu— Val) in the p-globin chain of hemoglo-
bin (Hb) (Steinberg et al. 2001a; Pauling et al. 1949). The resulting hemoglobin,
termed HbS, polymerizes causing red blood cells to sickle and eventually obstruct
blood flow in small vessels. Chronic hemolysis, frequent infections, and recurring
episodes of microvascular obstruction are the archetypal features of SCD. The vaso-
occlusive “crises” which are responsible for damaging various organs can cause
long-term disability, significantly reduced mean life span, and sometimes sudden
death (Serjeant 1985; Steinberg et al. 2001b; Bunn 1997).

14.3.4 HSC Gene Therapy for §-Thalassemia: Myeloablative or
Non-myeloablative Conditioning?

The report by May et al. describing the therapeutic efficiency in thalassemic mice
of recombinant lentiviruses expressing the human beta-globin gene under the
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control of its locus control region paved the way for the treatment of hemoglobin-
opathies using HSC gene therapy (May et al. 2000). Trials evaluating globin gene
transfer in thalassemic subjects are opened and accruing patients. The first two
trials opened in Paris (LG0O01, (Cavazzana-Calvo et al. 2010)) and New York
(NCTO01639690, (Mansilla-Soto et al. 2016)), evaluating the b87/HVP569 and
TNS9.3.55 vectors, respectively. Other trials subsequently opened utilizing either
the BB305 vector, a variant of the p87/HPV569 vector, or the GLOBE vector
(Mansilla-Soto et al. 2016; Negre et al. 2016) (Table 14.3).

Despite low engraftment of HVP569-transduced HSCs, one of the four sub-
jects in the Paris trial showed clinical benefit, thanks to the emergence of a
single myeloid progenitor clone driven by the transactivation of the HMGA2
gene at the site of vector integration (Cavazzana-Calvo et al. 2010). The ery-
throid progeny of this dominant clone expressed the vector-encoded b87 chain,
which accounted for about one-third of the total hemoglobin starting 1 year
after the infusion. Another third of the hemoglobin came from the subject him-
self who did have a f* form of the disease. Additionally, the patient had an
unusually elevated and sustained expression of hemoglobin F resulting from
the activation of the endogenous fetal or gamma-globin gene post-autologous
transplantation. Subsequently, 13 thalassemic subjects have been infused with
CD34* cells transduced with BB305 (NCT02151526, NCT01745120). Initial
results have been reported at scientific meetings indicating clinical benefit in
patients with B*- or BE-thalassemia (Negre et al. 2016). The New York trial
opened in 2012, enrolling adult subjects with transfusion-dependent beta- thal-
assemia major. The treatment is based on the administration of autologous
CD34* hematopoietic cells transduced with the TNS9.3.55 vector that encodes
the wild-type human -globin gene. Importantly, this protocol calls for reduced-
intensity conditioning in contrast to the fully myeloablative regimen applied in
the trials described above. Indeed, in other blood disorders treated with trans-
duced autologous CD34* cells, it was demonstrated that conditioning with
busulfan at 8 mg/kg is sufficient to achieve therapeutic engraftment of modi-
fied HSCs (Ott et al. 2006). Our results to date show stable engraftment with-
out clonal dominance in four subjects infused and one patient with significant
decrease in transfusion requirements (Mansilla-Soto et al. 2016; Sadelain et al.
2015). Although there is general consensus that a non-myeloablative condi-
tioning regimen would have many advantages, including decreased toxicity,
rapid hematopoietic recovery, and shortened hospitalization, it remains to be
determined whether it will be sufficient to support the efficacy of this treatment
(Table 14.3).

The Milano trial utilizes another variant of TNS9 lacking the HS4 element
(Miccio et al. 2008). The protocol opened recently and the first subject was infused
in late 2015 (NCT02453477, (Marktel et al. 2017)). It differs from the trials
described above by the cell infusion route, which is not intravenous but medullary
via the iliac crest. The conditioning used by the TIGET team includes thiotepa and
treosulfan.
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14.3.5 HSC Gene Therapy for Sickle Cell Disease

The only available curative therapy for SCD is also allogeneic bone marrow trans-
plantation. In the absence of a suitable donor, the genetic correction of autologous
HSCs represents a highly attractive alternative. In SCD, the vector-encoded globin
chain must compete against the endogenous f*-chains for binding to a-chains. For
this reason, several investigators favor the use of f-chains other than the normal
[B-chain for the treatment of this disease. The y-globin chain, which has higher affin-
ity for the a-chain than the p-chain, is therefore frequently utilized in vectors
designed to treat SCD (Blouin et al. 2000). A variation on this concept is to muta-
genize the human p-globin gene to introduce amino acid residues that increase
a-chain affinity. Two mutant f-chains, 87 and BAS3, have increased competitive
properties vis-a-vis of p3 (Pawliuk et al. 2001; Levasseur et al. 2003, 2004).

Four subjects with SCD have been treated with BB305 (87 variant)
(NCT02151526, NCT02140554) in France and in the USA in ongoing trials. Initial
results have been presented at scientific meetings (Negre et al. 2016). Two addi-
tional trials have opened in the USA using either the BAS3 variant (NCT02247843)
or the y-globin cDNA (NCT02186418). Genetic approaches to treat SCD are not
confined to globin gene addition and encompass a variety of other strategies. Some
aim to reactivate the endogenous y-globin gene, which is normally silenced after
birth, and others to correct the sickle mutation or remove the mutated pS-globin
transcript. One important finding is that Bcllla acts as a negative regulator of
y-globin expression, promoting the switch from fetal to adult hemoglobin produc-
tion (Canver and Orkin 2016). It was demonstrated that the alteration of Bcllla
expression using a ZFN that cleaves a GATA1 motif in the Bcllla gene results in
marked increase of y-globin transcripts associated with a corresponding decrease in
Bcllla mRNA levels (Vierstra et al. 2015). These studies have uncovered the role
of Bcllla in the complex regulation of globin gene expression and also revealed
potential new genetic approaches to reverse globin switching for the treatment of
hemoglobinopathies (Mansilla-Soto et al. 2016; Guda et al. 2015) (Table 14.3).

14.4 Gene Editing for HSC Gene Therapy

Tremendous headway in HSC gene therapy has been made during the past two
decades owing to deeper understanding of the molecular basis of diseases in combi-
nation with safer design of vectors for viral gene delivery and improved condition-
ing regimen (Booth et al. 2016; Kuo and Kohn 2016). However, potential insertional
mutagenesis due to incorporation of functional genes via viral vectors into diseased
cells at other sites than their natural loci is still a major safety concern. The rapid
development of gene-editing technologies including ZFN, TALEN, and CRISPR/
Cas over the past decade presents an attracting forefront that enables targeted gene
correction in situ. In theory, such targeted platforms allow the corrected target genes
to be expressed under the control of their native regulatory elements and thus elimi-
nate the risk of insertional mutagenesis.
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ZFN (Urnov et al. 2010), TALEN (Joung and Sander 2013), and CRISPR/Cas
(Sander and Joung 2014) are all artificial endonucleases that combine specific DNA
recognition sequences, which mediate precise genomic targeting, and an endonucle-
ase, which generates a double-stranded break (DSB) in the DNA. Following DSB,
repair could be made either by the error-prone nonhomologous end-joining (NHEJ)
pathway or by the high-fidelity homology-directed repair (HDR) pathway (Ott de
Bruin et al. 2015). NHEJ commonly introduces insertions and deletions, which can
be exploited to inactivate the dominant mutated allele. HDR pathway allows tar-
geted editing either by integrating an expression cassette into a safe genomic harbor
or correcting disease-causing mutations by inserting a functional copy of the
affected gene downstream of its own promoter. ZFN is the most clinically advanced
endonuclease and has been used to interrupt the CCR5 gene in T cells of HIV-
positive subjects. The trial has proven to be safe and demonstrated sustained increase
of engineered T cells in participating patients (Tebas et al. 2014). TALEN also
entered clinical trials for engineering allogeneic CD19-targeted chimeric antigen
receptor (CAR) T cells in an infant girl with refractory, relapsed B-cell acute lym-
phocytic leukemia (Waseem Qasim et al. 2015).

Therapeutic genome editing for p-thalassemia and SCD are also being developed
for clinical evaluation. Strategies based on gene addition or gene correction, including
homologous recombination for hemoglobinopathies, have been recently reviewed by
Mansilla-Soto et al. (2016). Although these approaches are exciting and transferable
to certain types of PIDs, the correction of diseased genes in patients HSCs is key for
many inborn monogenic disorders and still remains a challenge. To this end, Genovese
and colleagues have demonstrated targeted integration of corrective cDNA into the
IL2RG locus in SCID-X1 patient CD34+* cells using ZFN and long-term multi-lineage
immune reconstitution in immunodeficient NSG mice after infusion of the gene-cor-
rected CD34* cells (Genovese et al. 2014). Induced pluripotent stem cells (iPSCs)
derived from CGD patients have also been used as a model to demonstrate successful
genetic correction using ZFNs (Merling et al. 2015), TALENs (Dreyer et al. 2015),
and CRISPR/Cas9 (Flynn et al. 2015). More recently, the therapeutic potential of
CRISPR/Cas9 genome editing was further tested in vivo in a variety of murine disease
models (Long et al. 2016; Nelson et al. 2016; Tabebordbar et al. 2016). Despite the
exciting progress toward the clinical application of the gene-editing platforms, impor-
tant technical issues (such as low transduction efficiency in HSCs), safety issues (such
as off-target effects), and ethical issues (such as the use of embryo) remained to be
addressed. The undesirable mutations introduced by targeted nucleases are difficult to
assess, in part owing to their small size and easy escape from detection. Novel moni-
toring assays, however, hold the promise of advancing this field.

14.5 Concluding Remarks

HSC engineering beyond the crossroads—Over the past 20 years, more than 150
subjects with multiple disease indications have received, and most of them bene-
fited, from HSC gene therapy. This form of therapy has made significant progress
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since the seminal study in patients with SCID-X1 and continues to develop at a fast
pace. Up to now, HSC gene therapy has been shown to provide therapeutic benefit
in primary immunodeficiencies (Booth et al. 2016; Kuo and Kohn 2016), thalas-
semia (Mansilla-Soto et al. 2016), and leukodystrophies (Sessa et al. 2016). The
first approval of genetically modified HSCs a drug has been granted to GSK in May
2016 by the EMA in Europe for the treatment of ADA-SCID. The disease repertoire
for HSC gene therapy is steadily expanding. With the continuous improvement in
vector design; deeper understanding of HSC biology; more refinement in biopro-
cessing and manufacturing; promising new technologies, in particular the gene-
editing platforms; and better conditioning regimen prior to bone marrow
transplantation, HSC gene therapy is poised to become the standard of care for a
spectrum of hereditary and acquired disorders. HSC engineering remains one of the
most tantalizing medical research objectives for the twenty-first century.
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