1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

NATIG,

o
HE

s sy,
Y

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Curr Hematol Malig Rep. 2013 March ; 8(1): . d0i:10.1007/s11899-012-0145-y.

CARs in Chronic Lymphocytic Leukemia — Ready to Drive

Chitra Hosing#,
Department of Stem Cell Transplantation, University of Texas MD Anderson Cancer Center, Unit
423, 1515 Holcombe Blvd, Houston, TX 77030, USA

Partow Kebriaei®,
Department of Stem Cell Transplantation, University of Texas MD Anderson Cancer Center, Unit
423, 1515 Holcombe Blvd, Houston, TX 77030, USA

William Wierda,
Department of Leukemia, University of Texas MD Anderson Cancer Center, Houston, TX, USA

Bipulendu Jena,
Division of Pediatrics, University of Texas MD Anderson Cancer Center, Houston, TX, USA

Laurence J. N. Cooper, and
Division of Pediatrics, University of Texas MD Anderson Cancer Center, Houston, TX, USA

Elizabeth Shpall
Department of Stem Cell Transplantation, University of Texas MD Anderson Cancer Center, Unit
423, 1515 Holcombe Blvd, Houston, TX 77030, USA

# These authors contributed equally to this work.

Abstract

Adoptive transfer of antigen-specific T cells has been adapted by investigators for treatment of
chronic lymphocytic leukemia (CLL). To overcome issues of immune tolerance which limits the
endogenous adaptive immune response to tumor-associated antigens (TAAS), robust systems for
the genetic modification and characterization of T cells expressing chimeric antigen receptors
(CARs) to redirect specificity have been produced. Refinements with regards to persistence and
trafficking of the genetically modified T cells are underway to help improve potency. Clinical
trials utilizing this technology demonstrate feasibility, and increasingly, these early-phase trials are
demonstrating impressive anti-tumor effects, particularly for CLL patients, paving the way for
multi-center trials to establish the efficacy of CAR* T cell therapy.
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Introduction

T cells can target and eliminate malignant B cells. Allogeneic hematopoietic stem-cell
transplantation (HSCT) cures a substantial portion of patients with chronic lymphocytic
leukemia (CLL) who are incurable with conventional chemotherapy, and underscores the
powerful therapeutic effect of the T cell immune response in controlling advanced and high-
risk disease [1e, 2, 3]. Polyclonal (non-targeted) T cell therapy in the form of donor
lymphocyte infusion (DLI) following HSCT has been used to effectively treat patients with
relapsed CLL [3-11]. However, disease relapse and graft-versus-host-disease (GVHD)
following HSCT and DLI illustrate the two most significant limitations of non-directed
cellular therapy, namely, immune evasion of the tumor leading to relapse, and on-target
effects in which donor-derived Tcells target major or minor histocompatibility antigens
leading to GVHD.

To achieve remission, infused T cells must recognize and eliminate tumor cells that have
arisen in the immunocompetent host and that have evolved a range of passive and active
immune evasion strategies to avoid immune-mediated destruction. Passive evasion strategies
include the emergence of tumor escape variants that have lost the targeted tumor-associated
antigen (TAA) such as described in a report by Vago and colleagues [12]. Active evasion
strategies are exemplified by the ability of tumors to adversely modulate the tumor
microenvironment that impair T cell effector functions, such as through secretion of TGF3
[13].

Investigators have used genetic tools to overcome the limitation of immune tolerance by
genetically modifying T cells to express transgenic T cell receptor (TCR) a and  chains that
recognize TAA in context of human leukocyte antigen (HLA), or by expressing a single-
chain chimeric antigen receptor (CAR) to redirect T cell specificity to a TAA expressed on
the cell surface independent of HLA. In this review, we focus on the design and
implementation of CARs for CLL.

CLL Antigens

The most commonly targeted TAA on CLL is CD19. The rationale for redirecting the
specificity of T cells for CD19 using a CAR is based on the following: (i) CD19 is a lineage
cell-surface antigen expressed on CLL derived from malignant B cells, (ii) CD19 is not
expressed on cells other than derived from B-lineage, (iii) CD19 is apparently not shed into
circulation to interfere with binding of CAR, and (iv) CD19* tumor cells are amenable to
lysis by T cells expressing CD19-specific CAR [14-16]. Other antigens that are expressed
on B-CLL cells and are being studied as targets of CAR are CD20, \ or x light chains, and
the B cell tumor associated antigen ROR1 [17¢].

The CAR Structure

The prototypical CAR uses a mouse monoclonal antibody (mAb) that docks with a
designated cell-surface TAA triggering desired T cell activation and effector functions. The
specificity of a CAR is achieved by its exodomain which is typically derived from the
antigen-binding motif from a mAb that links V' with V|_ sequences to construct a single-
chain fragment variable (scFv) region. In the event that the TAA is itself a receptor,
exodomains of CARs have also been fashioned from ligands or peptides (e.g., cytokines) to
redirect specificity to receptors (e.g., cytokine receptors), such as the IL-13Ra2—-specific
“zetakine” [18]. The exodomain is completed by the inclusion of a flexible (hinge), such as
from CD8a or immunoglobulin [19, 20] and is expressed on the T cell surface via a trans
membrane domain. Upon binding TAA, the CAR activates T cells via an endodomain which
typically includes cytoplasmic domains from CD3 or high-affinity receptor FceRI [21-23].
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The docking of CAR to TAA ideally provides the genetically modified T cell with a fully
competent activation signal, minimally defined as CAR-dependent killing, proliferation, and
cytokine production. Such effector functions are made possible by the design and redesign
of CARs, such as to include more than one chimeric activation domain. These iterative
modifications to the CAR have resulted in first-, second-, and third-generation CARS
designed with one, two, or three signaling motifs within an endodomain. However, most
trials for CLL are currently administering T cells genetically modified to express second-
generation CAR designs (Fig. 1). These include modifying CAR endodomains with
cytoplasmic signaling motifs derived from CD28, CD134, CD137, Lck, ICOS, and DAP10
[14, 15, 20, 24].

Implicit in the design of CARs is the desire by investigators to improve the survival of
adoptively transferred T cells as persistence correlates with their therapeutic potential. While
the optimal CAR design remains to be determined, results from early clinical trials appear to
indicate that first-generation technology, in which a CAR signals solely through
immunoreceptor tyrosine-based activation motif (ITAM) domains on CD3-, is unlikely to
sustain the in vivo persistence of T cells in most patients [16, 25-28]. Second-generation
CARs, which have signaling domains in addition to CD3-{ coupled to co-stimulatory
molecules, have improved T cell effector functioning [16, 29, 30]. For this reason, most
current clinical trials infusing CAR T cells use the second-generation CAR design. Third-
generation CARs include a combination of co-stimulatory endodomains (e.g., combining
chimeric CD28 and CD137 (or CD134) with CD3-{) which may be capable of
supraphysiologic signaling [20].

The persistence of infused CAR* T cells may be curtailed by endogenous immune response
recognizing immunogenic determinants from the genetically modified T cells. Modifications
to scFv region may reduce potential immunogenicity by using humanized scFv regions, for
example, to target carcinoembryonic antigen (CEA) [31] and ERBB2 [20]. It is anticipated
that these humanized CARs may avoid immune-mediated recognition leading to elimination
of the genetically modified T cells.

Approaches to Genetic Modification of Clinical-Grade T Cells to Express

CAR

Genetic manipulation of T cells for the introduction of CAR transgene often relies on
transduction using recombinant retrovirus. As an alternative, we and others are investigating
the clinical potential of non-viral approaches to gene transfer. The different approaches to
the expression of transgenes are summarized reviews by June and Jena [32, 33].
Recombinant retroviral systems can efficiently and stably genetically modify populations of
T cells with the inherent goal to shorten their in vitro time to production and release, since
prolonged time in culture can lead to terminal differentiation and replication senescence
[34-39]. Despite the theoretical risk for insertional mutagenesis there has been no apparent
genotoxicity attributed to CAR* T cells genetically modified with retrovirus. However,
transduction using recombinant clinical grade retroviruses can be cumbersome and
expensive as it requires specialized facilities and personnel skilled in current good
manufacturing practice (cGMP). Nevertheless, retroviral transduction systems have been
extensively studied and validated in the clinical setting. Lentivirus vectors offer some
advantages over retroviral vectors, in that, like non-viral gene transfer using the
Nucleofector technology, they can transduce non dividing cells [40, 41]. This avoidance of
ex vivo activation before transduction may contribute to reducing the activation induced
clonal exhaustion and cell death [42]. Lentiviruses when compared to retroviruses also have
a higher cargo capacity and reduced susceptibility to gene silencing. Although insertional
mutagenesis is still a possibility, there is a reduced possibility of integration in to
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transcriptionally sensitive sites compared to retroviral vectors [43, 44]. In efforts to
determine the superiority of either approach, investigators at Memorial Sloan Kettering and
the University of Pennsylvania have designed an NCI funded collaborative study in which
patients will receive a 50/50 mix of CARs manufactured with lentivirus and retrovirus.
Results of this study will yield important information towards the optimization of the
manufacturing process [45].

As an alternative to transduction, electroporation has been adapted as an approach to the
nonviral gene transfer of DNA plasmids to generate CAR* T cells [27, 46, 47]. The
electrotransfer and integration of naked plasmid DNA into T cells has been considered
inefficient because it depends on illegitimate recombination for stable genomic insertion of
nonviral sequences. As a result, lengthy in vitro culturing times were required to select for
stably transfected T cells, leading to senescence of some of the T cells and decreased
efficacy [48, 49]. The efficiency of integration can be greatly improved leading to shortened
time in tissue culture using transposon and transposase systems such as derived from
Seeping Beauty (SB) [46, 50, 51] and piggyBac [52, 53] to stably introduce CAR from
electrotransferred DNA plasmids [47, 52, 54-58]. The electroporation of T cells in
compliance with cGMP with clinical-grade supercoiled DNA plasmids from the SB system
is less costly compared with retrovirus or lentivirus systems. We have shown that the SB
system can be used to introduce CAR and other transgenes into primary human T cells with
approximately 60-fold improved integration efficiency, compared with electro transfer of
DNA transposon plasmid without transposase [50]. After electroporation, T cells can be
rapidly expanded in a CAR-dependent manner by recursive culture on y-irradiated artificial
antigen-presenting cells (aAPC) achieving clinically sufficient numbers of cells for infusion
within a few weeks after electroporation.

Clinical Trials Infusing Autologous CD19-Specific CAR* T Cells

CD19-Specific CAR There have been several clinical reports describing the therapeutic
potential of targeting CD19 on malignant B cells by CAR* T cells and six studies are
highlighted here. Kalos et al. treated three patients with advanced chemo-refractory CLL
with second generation CAR* CD19-specific T cells. The “CART-19” cells were autologous
T cells transduced with a lentivirus construct that expressed a CAR signaling through both
CD3-and 4-1BB costimulatory domain to target CD19 on CLL cells. All three patients had
received extensive prior chemo-immunotherapy and two of the three patients had p53
deletion which has shown to be a poor prognostic factor in CLL. At the time of the CART
19 infusion all three patients had extensive lymphadenopathy, bone marrow (BM)
infiltration (40 — 95 %) and one patient had peripheral lymphocytosis. All patients received
lymphodepleting chemotherapy prior to a single infusion of CAR™ T cells. The CART-19
cells infusion was administered over 3 days because of prior concerns regarding toxicity due
to synchronous activation of a bolus of T cells. In two of three patients delayed release of
high levels of cytokines was observed, but classic cytokine storm was not observed
presumably because the infusion was given over 3 days and because of use of signaling
domains that did not promote secretion of IL-2 and TNF-a [59ee, 60<]. Potent antileukemic
responses were observed in all three patients as two of three recipients achieved a complete
remission and one patient achieved a partial remission. In contrast to previously reported
studies the authors were able to show >1,000-fold expansion of CAR* T cells in vivo and
persistence for greater than 6 months. The correlative studies benefited from the application
of a monoclonal antibody that detected the scFv region and multi-parameter flow cytometry
demonstrated that a sub-population of infused T cells persisted with a memory phenotype.

Brentjens et al., treated 10 patients with chemotherapy-refractory CLL or relapsed B cell
acute lymphoblastic leukemia (ALL) with autologous T cells modified with retrovirus to
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express CD19-28z (a second-generation CAR that signals through CD28 and CD3-¢). In
contrast to their earlier report [61+], the infusions of CAR™ T cells split over 2 days was well
tolerated in eight of the nine treated patients. Three of four patients with bulky CLL who
received prior conditioning with cyclophosphamide exhibited either a significant reduction
or a mixed response in lymphadenopathy. The persistence of infused T cells was enhanced
by lymphodepleting the recipient with cyclophosphamide administration and was inversely
proportional to the peripheral blood tumor burden. The authors showed rapid trafficking of
modified T cells to tumor. One patient with bulky CLL developed a syndrome of
hypotension, dyspnea, and renal failure following administration of T cells that were
delivered as one infusion. He died 4 days after administration of cyclophosphamide and
modified T cells. Post mortem studies did not attribute the cause of death to infusion of the
CAR* T cells. Another subject at the —1 treatment T cell dose level exhibited fever and
transient hypotensive episode 24 hours after T cell infusion that responded to increased
intravenous hydration. This episode rapidly resolved with no evidence of infectious etiology
or renal compromise [62].

Kochenderfer et al. achieved lymphodepletion in a patient with advanced non-Hodgkin
lymphoma (NHL) with fludarabine and cyclophosphamide preconditioning followed by
infusion of autologous T cells modified with retrovirus transduction to express a second
generation CAR that recognized CD19 and activated T cells via CD28 and CD3-{.
Significant regression of the follicular lymphoma was noted which could be attributed to the
chemotherapy and/or T cell infusion. Evidence for in vivo activity of administered T cells
was based on observation that B-cell precursors were selectively eliminated from the BM
and absent in the peripheral blood for at least 39 weeks following infusion [63]. In a follow
up publication, Kochenderfer et al. subsequently treated eight patients with advanced,
progressive B cell malignancies (CLL 4, NHL 4). Six of the eight patients obtained
objective remissions after single infusion of CAR_ T cells. Four of the eight patients had
long-term depletion of normal polyclonal CD19* B-lineage cells. One patient on the study
died from a viral infection presumably because of loss of humor immunity [64]. They were
able to detect genetically modified T cells containing the CAR transgene in the blood of all
patients. Four of the eight treated patients had significant, but reversible, elevations in the
serum of IFNy and TNF after infusion of CAR* Tcells and the severity of acute toxicities
experienced by the recipients correlated with levels of these pro-inflammatory cytokines
[65].

Jensen et al. administered autologous T cells expressing a first-generation CAR that
activated only through CD3-{'in patients with recurrent B cell NHL. The CAR was stably
expressed after electro-transfer of a DNA plasmid and use of drug selection and extensive ex
Vivo propagation to retrieve genetically modified T cells. A total of 15 infusions were
administered to four patients. Detection of transferred genetically modified T cells in
peripheral blood, as measured by quantitative polymerase chain reaction, was short (1-7
days), and immune rejection responses targeting the bacterial-derived drug selection gene
were noted in 2 patients [66].

Savaldo et al. treated six patients with B cell NHL administering two autologous T cell
products expressing first- and second-generation CARs with specificity for the CD19 TAA.
One CAR product encoded only the CD3-{, while the other encoded for both CD28 and
CD3-L. T cells bearing a CAR that signaled through CD28 endodomain showed enhanced
expansion and persistence compared with first-generation CAR™ T cells lacking this
endodomain [67].

Kebriaei et al. have begun enrolling patients that receive patient-derived CAR™ T cells after
autologous HSCT. The T cells are genetically modified using the Nucleofector system to
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electrotransfer DNA plasmids coding for a second-generation CAR (that activates T cells
through CD28 and CD3-() as a SB transposon and a hyperactive SB transposase [68]. Stable
integrants expressing CAR could be retrieved and selectively propagated by co-culture on -
irradiated CD19*_aAPC without the need to co-express a bacterial-derived selection gene in
CAR* T cells [50]. These electroporated and propagated T cells can be produced in
compliance with cGMP for infusion in the lymphopenic recipient who is lymphodepleted
due to the conditioning regimen employed for HSCT.

Immunotherapy with CAR* T Cells Targeting Other TAA on Malignant B

Cells

Other targets bedside CD19 that have been studied as targets for CAR and these include
CD20, immunoglobulin light chain, CD23, and ROR1 [69-71].

CD20-Specific CAR

Till et al. conducted a pilot clinical trial in patients with relapsed indolent B cell and mantle
cell lymphomas to evaluate a third-generation CD20-specific CAR that activated T cells
through CD28, 4-1BB, and CD3-{. The CAR was introduced into T cells by electroporation.
Four patients were enrolled, and three received T cell infusions after lymphodepletion with
cyclophosphamide. One patient developed transient infusional symptoms. Two patients
without evaluable disease remained progression-free for 12 and 24 months. The third patient
had an objective partial remission, but relapsed at 12 months after infusions. Genetically
modified T cells were detected by quantitative PCR at tumor sites and at low levels for up to
1 year in peripheral blood. No evidence of host immune responses against infused cells was
detected. A similar approach could be used in CLL patients [69].

CAR Specific for Immunoglobulin Light Chain

Most B-CLL cells express monoclonal immunoglobulins expressing either kappa or lambda
light chains. Vera et al. modified autologous T cells to target the tumor-associated light
chain, thus sparing normal B lymphocytes that expressed the reciprocal light chain, and
consequently avoid impairment of humoral immunity. They observed that T cells expressing
a CAR targeting kappa light chain exhibited in vitro and in vivo cytotoxic activity against Ig
kappa* tumor cell lines and B-CLL cells. Incorporation of the CD28 endodomain within the
CAR enhanced the anti-tumor effects. Free Ig kappa did not compromise the ability of
redirected T cells to eliminate 1g kappa* tumors. Adoptive transfer of CAR* T cells
targeting the appropriate light chain could be a useful immunotherapy approach to treat B-
CLL and other -lymphocyte malignancies that clonally express immunoglobulin without
entirely compromising humoral immunity [70].

CD23-Specific CAR

Giordano et al. cloned and expressed a CAR targeting the CD23 TAA in autologous T cells
and in vitro and in vivo cytotoxic activity against CD23* tumor cell lines and primary
CD23* CLL cells. This effect was obtained without significant toxicity against normal B
cells, in contrast to CARs targeting CD19 or CD20 antigens, which are also expressed by
normal B lymphocytes leading to their destruction. Thus, a CD23-specific CAR could be
used as selective immunotherapy for the elimination of CD23* CLL cells [71].

Receptor Tyrosine Kinase-Like Orphan Receptor 1 (ROR1)-Specific CAR

One of the major disadvantages of T cells modified to express chimeric antigen receptors
specific for B cell lineage surface molecules such as CD20 or CD19 is that they exert
antitumor activity, but deplete normal B cells. This results in profound
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hypogammaglobulinemia in majority of cases. The receptor tyrosine kinase-like orphan
receptor 1 (ROR1) is selectively expressed on B cell CLL, but not on normal B cells and
may, therefore, serve as a tumor-specific target for immunotherapy. ROR1 has
characteristics of an oncofetal gene and is expressed in undifferentiated embryonic stem
cells, B-CLL, mantle cell lymphoma, and other tumors [72, 73], but not in major adult
tissues (except for low level expression on adipose tissue and at an early stage of B cell
development). Hudecek et al. constructed a ROR1-specific CAR that when expressed in T
cells from healthy donors or patients with CLL conferred specific recognition of primary B-
CLL and mantle cell lymphoma, but not mature normal B cells. T cell therapies targeting
ROR1 may, therefore, be effective in B-CLL and are being pursued by us [17].

Allogeneic T Cells

Clinical trials that infuse allogeneic T cells genetically modified to express CAR are also
being conducted. Kochenderfer et al. used retroviral vector to enforce expression of CD19-
specific CAR in allogeneic T cells. They treated a 65 year-old man with CLL who had
relapsed after HLA-matched unrelated donor HSCT. Following the relapse, the patient
received four DLIs with a maximum CD3" cell dose of 2.9x107/kg and then a second HSCT
from the original donor without achieving a response. Five months after the second HSCT
the patient received an infusion of 6.2x107 (106 cells/kg) allogeneic CD19-specific CAR™ T
cells derived from his unrelated transplant donor. The patient did not receive any other
therapy in conjunction with the infusion of genetically modified T cells. After infusion, the
patient experienced fevers, fatigue, mild hypoxemia, and intermittent mild hypotension and
increases in serum electrolytes consistent with tumor lysis syndrome. The patient’s blood B
cell count decreased from 286 cells/uL before infusion of CAR* T cells to 0 cells/uL, 26
days after the T cell infusion. Before the infusion, CLL cells made up 80 — 90 % of the
patient’s hypercellular bone marrow and a bone marrow biopsy performed 26 days after the
T cell infusion showed a normocellular marrow, nearly absent B lineage cells, and no
evidence of CLL. Imaging studies revealed a greater than 50 % decrease in the size of
multiple lymph nodes after the delivery of CAR™ T cells. CAR* T cells were not detected in
the patient’s blood by quantitative PCR during the first week after the T cell infusion, but
made up 0.98 % of blood mononuclear cells 11 days after administration. These results
encourage further development of donor-derived CAR* T cells as a treatment for malignant
relapse after allogeneic HSCT [74].

Bollard et al. hypothesized that a single T cell platform mediating both antiviral and
antileukemic activity could benefit Patients who relapse after allogeneic stem cell
transplantation. They prepared cytotoxic T-lymphocyes (CTLs) with specificities through
native receptors directed towards Epstein-Barr virus /cytomegalovirus /adenovirus (Ad) and
then engineered them to express a CAR targeting CD19. They used allogeneic donor-
derived antigen presenting cells expressing Ad antigens and transgenic CMVpp65 following
transduction with the Ad vector Ad5f35CMVpp65. Multivirus (MV)-specific CTL were
then transduced with a retroviral vector encoding CAR-CD19.28 . Six patients (ALL: 2,
CLL: 4) were infused with 1.5 to 4.5x107 cells/m2. There was no infusion related toxicity.
One CLL patient developed fever, diarrhea, and hypotension 4 weeks post CTL. Findings
were consistent with ileitis at known site of disease. Biopsy showed an absence of normal
and malignant B cells, and the presence of CAR-CD19.28 { T cells. Persistence of CAR
cells was documented by their presence in disease sites for up to 9 weeks. One patient had
adenovirus positivity in stool, which resolved without any antiviral treatment. No other
patient developed viral infections post CTL. Of the four patients with CLL one patient had
resolution of lymphadenopathy within 2 weeks of CTL infusion but following the
disappearance of CTLs from peripheral blood, progressed and died. The second CLL patient
had stable disease for over 6 months with an influx of T cells in his bone marrow. The
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remaining two CLL patients are still early but by 6 weeks both have had reductions in their
CLL counts without toxicity [75].

Improving Persistence and Trafficking of CAR* T Cells

Limited survival of infused genetically modified T cells may contribute to a lack of clinical
responses. Some reasons for poor persistence are (i) incomplete T cell activation through the
CAR, (ii) diminished proliferative capacity of the T cell sub-population into which CAR
was inserted, (iii) unfavorable environment into which T cells are infused and/or home to,
and (iv) immune response by the recipient leading to clearance of infused T cells. The CAR
design has been modified to improve the ability of T cells to undergo a fully competent
activation signal to ultimately improve efficacy (Fig. 1). The sub-type of T cell into which
the CAR is expressed impacts the ability of the T cell to proliferate and survive after
adoptive transfer. Initially, pools of T cells directly obtained from peripheral blood were
genetically modified to express CAR. However, sub-populations of T cells, such as
exhibiting naive or central memory genetic and protein signatures, may be produced for
improved persistence and thus augmented therapeutic effect. Recent data from a pre-clinical
model of CARs directed against the tumor antigen mesothelin suggest that a new subset of T
cells termed T stem cell memory (Tscpm) may perform better naive or central memory sub-
populations [76]. However, the preferred T cell phenotype for expression of CAR generation
remains unknown [77, 78]. Additionally, T cells that signal through additional receptor, for
example via an endogenous afy TCR with specificity for known antigen (e.g. viral antigen or
allo-antigen) [28, 79, 80] or via enforced expression of a co-stimulatory molecule such as
CDB80 and CD137L, may exhibit improved persistence [81]. Triggering such TCRs in vivo
can lead to T cell proliferation thereby improving antitumor effect delivered by the
introduced CAR [80, 82].

Factors that modulate the host immune milieu have also been manipulated to improve
survival of adoptively transferred T cells. Sustained persistence of genetically modified T
cells has been observed when patients received lymphodepleting chemotherapy prior to T
cell infusion [26, 63]. Infused T cells may proliferate more efficiently in the lymphopenic
host through homeostatic mechanisms mediated by the removal of regulatory and suppressor
cells and increased availability of otherwise scarce pro-proliferative cytokines, while
immunogenicity against the CAR may be attenuated. Recipients can recognize immunogenic
transgenes which might lead to immune-mediated clearance of infused genetically modified
T cells. Humoral and cellular anti-CAR T-cell immune responses contributed to the limited
peripheral persistence of the transferred T cells in earlier studies [83, 84]. The persistence of
T cells can also be augmented by providing the recipient with exogenous cytokine support,
such as the infusion of supra-physiologic levels of interleukin (IL)-2. Preclinical models
have shown that administration of targeted therapy to induce Treg depletion combined with
homeostatic cytokines may be a less toxic approach than delivering cytotoxic, non-specific
lymphodepletion [85]. However, systemic administration of cytokines may cause toxicity,
activate regulatory T cells, and is expensive. As an alternative, investigators have enforced T
cell expression of cytokines such as IL-12 and IL-7 to replace the dependence of T cells on
exogenous cytokines for survival [86, 87].

Finally, immune responses to the CAR may be avoided using a humanized CAR [88, 89].
However, the viral vector itself may be a target for an immune response [83]. This anti-
vector response may be avoided by using non-viral, electroporation techniques to introduce
DNA plasmids to express CAR

To effectively penetrate the tumor to recycle effector functions, the genetically modified T
cells must home to the sites of malignancy. Migration may be compromised by the loss of
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desired chemokine receptors during genetic modification and passage ex vivo, or may result
from the selection of T cells that are inherently unable to localize to certain tissues. Panels of
tissue-specific homing receptors which are typically composed of integrins, chemokines,

and chemokine receptors are associated with T cell migration to anatomic sites of
malignancy. Therefore, flow cytometry can be used to describe the potential migration
patterns of T cells before infusion [90, 91]. Gene therapy can be used to enforce expression
of desired chemokine receptors to administer CAR* T cells with desired homing abilities.

Safety of CAR* T Cells

Although several Phase | clinical trials infusing ex vivo propagated autologous T cells are in
progress (Table 1) [92], there are still concerns regarding the safety profile. Firstly, toxicity
attributable to undesired, on-target effects of the transgene has been observed [83, 93, 94]
Hepatic toxicity necessitating discontinuation of treatment in one patient, and dose reduction
in two patients was required after infusion of T cells engineered to express CAR specific for
CAIX in a patient with renal cell carcinoma (RCC). While CAIX is over-expressed on RCC
cells it is also expressed to a reduced extent on epithelial cells lining the digestive tract,
including liver bile ducts. Biopsy of the liver in one of these patients indicated an attack of
the modified T cells against the bile ducts expressing CAIX resulting in cholangitis [83, 94]
Similarly, low-level expression of ERBB2 on normal lung tissue may have been associated
with the sudden death of a patient who received a large dose (delivered as a single infusion)
of autologous HER2-specific T cells expressing a third-generation CAR [95]. The
elimination of normal B cells and profound lymhopenia in the study reported by
Kochenderfer and colleagues [63] is an example of an undesired, on-target toxicity. Thus,
until B-cell immunity recovers patients that receive CD19-specific CAR* T cells should
receive intravenous immunoglobulin. Two deaths in patients that received CD19-specific
CAR+ T cells have not been attributed to the genetically modified T cells.

There remains a theoretical concern for genotoxicity attributable to the vector [96]. The
stable expression of CAR currently requires the introduction of a promoter and the transgene
which raises the possibility of insertional mutagenesis leading to autonomous T cell
proliferation [97]. To date, there have been no apparent genotoxic events attributed to
genetically modified T cells that have been transduced by recombinant virus or
electroporation [57, 98]. The risk for insertional mutagenesis may be alleviated to some
degree by electro transfer of in vitro transcribed mRNA coding for a CAR [99]. Another
area of concern is the type of T cell being infused. In the allogeneic setting, the endogenous
afTCR on donor-derived T cells could target major or minor histocompatibility antigens
leading to the development of GVHD. Co-expression of a conditional suicide gene, such as
thymidine kinase from herpes simplex virus or dimerizable caspase, may prevent long-term
toxicity [100], however, this approach may not control potential CAR-mediated toxicity
arising in the acute setting.

Conclusions and Future Directions

The initial results of early phase trials using current CAR technology demonstrate the
feasibility and therapeutic potential of genetically modified T cells for patients with CLL
and other B-cell malignancies. Further investigation into optimal manufacturing processes to
improve T cell persistence, which may be TAA or disease specific, is needed. Future
directions will include combination therapies as CAR* T cells may benefit from
concomitant therapy with therapeutic monoclonal antibodies [101] or immunocytokine
support [102]. As the technology associated with gene transfer and manufacturing adapts to
improve potency, the regulatory oversight for the production and release of the T cells and
the safety of the recipient may become more complex. Most pilot trials, including those
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accruing patients to receive cell and gene therapy, enroll research participants with advanced
disease and it is not unexpected for a subset of these medically fragile patients to
unfortunately expire during the trial. While it is incumbent on the clinical team to safeguard
patient well-being, it is also important for regulatory bodies to continue to monitor gene
therapy trials to maintain safety while maintaining progress. The technology to manufacture
CAR* T cells has reached a point of “mass-production” so that many investigators can
readily participate in the design and implementation of clinical trials. As the field of
adoptive immunotherapy progresses clinical trials will require streamlining the current
regulatory processes governing T cell manufacturing so that multi-center trials powered for
efficacy can be efficiently conducted to definitively establish the therapeutic potential of
CAR* T cells.
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CAR structures expressed by clinical-grade genetically modified T cells to target CD19.
Most CARs combine an antibody binding domain (scFv) that recognizes a desired tumor

associated antigen (TAA) with one or more T cell receptor signaling endodomains.

Oligomerization of CAR on the T cell surface (such as by chimeric Fc regions derived from

immunoglobulin) leads to activation of T cells through CD3( and other chimeric co-

stimulatory domains (e.g., CD28 and CD137). Signaling through CAR in addition to CD3{

appears to enhance the therapeutic potential of the genetically modified T cells. Thus,
second-generation CARs are considered superior to a first-generation CAR design that

activates T cells solely through CD3¢. The final choice for design of second-generation
CAR structure has not been determined and likely depends on tumor load, TAA density, and
the sub-type of genetically modified lymphocytes to be infused. Based on available clinical
data it appears that populations of CAR* T cells that are activated through CD137/CD3( and
CD28/CD3¢ can both target malignant cells (and normal B cells). However, a CAR that
signals through CD137/CD3¢ has resulted in the most impressive anti-tumor effects to date

and thus is currently considered by many to be the preferred second-generation design
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