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Abstract: Resistance to conventional lines of therapy develops in
approximately 20% of all patients with lymphoma. These patients
have a dismal prognosis, with an expected median survival of 6.3
months. In recent years, T-cell immunotherapy has demonstrated
a remarkable capacity to induce complete and durable clinical
responses in patients with chemotherapy-refractory lymphoma. A
major contributor to the success of immunotherapy has been the
advent of genetic engineering technologies that introduce a chimeric
antigen receptor (CAR) into T cells to focus their killing activity on
tumor cells. The adoptive transfer of autologous CAR T-cell prod-
ucts specific for the pan-B-cell antigen CD19 have now received
approval from the US Food and Drug Administration (FDA) for the
treatment of relapsed or chemotherapy-resistant B-cell non-Hodgkin
lymphoma. This review is designed to showcase the clinical efficacy
and unique toxicities of individually developed CAR T-cell products
for the treatment of lymphomas and their evolution from the labora-

tory bench to commercialization.

Introduction

Lymphoma is the most common hematologic malignancy and is
responsible for 3.5% of all deaths from cancer in the United States.
According to the cell of origin, lymphomas can be broadly classified
as B-cell, T-cell, or natural killer/T-cell lymphomas. B-cell lympho-
mas are the most common type, making up more than 70% of the
approximately 80,000 newly diagnosed cases of lymphoma each year
in the United States.! The B-cell type can be further stratified into
Hodgkin lymphoma (HL; ~10% of all cases) and non-Hodgkin
lymphoma (NHL; ~90% of all cases), both of which comprise many
subtypes. NHL subtypes can be grouped into indolent forms, such as
follicular lymphoma (FL), and aggressive forms, such as diffuse large
B-cell lymphoma (DLBCL).

Standard therapies for lymphoma include combination immu-
notherapy/chemotherapy, radiation therapy, and hematopoietic stem
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cell transplant (HSCT). Overall, resistance to conventional
lines of therapy will develop in approximately 20% of all
patients with lymphoma.*® The prognosis in this setting
remains grim, especially for patients with DLBCL—the
most common aggressive subtype—in which the overall
survival is 6.3 months from the last treatment failure.”
Thus, novel therapies that can improve the outcomes for
patients with relapsed or treatment-refractory lymphoma
are clearly needed.

It has long been postulated that the curative graft-
versus-tumor effect mediated by T cells following allo-
geneic HSCT can be replicated without HSCT by the
adoptive transfer of T cells that are specific for tumor-
expressed proteins. In early proof-of principle studies,
infusions of T cells targeting Epstein-Barr virus (EBV)
proteins through their native receptors eliminated
chemotherapy-refractory EBV-driven  lymphomas.®
However, most cancers do not express immunogenic
viral proteins that can be easily targeted with T cells. As
a result, many centers experimented with redirecting T
cells to tumor targets by genetically engineering them to
express a chimeric antigen receptor (CAR).>'® A CAR
is a molecule that consists of 2 critical components: (1)
a single-chain variable fragment (scFv) derived from an
immunoglobulin that has affinity to a cell surface tumor
target antigen, and (2) an intracellular signaling moiety.
These components are connected to each other by linker
and transmembrane domains. The genetic sequence for
this molecule is loaded into viral or nonviral vectors,
which are then used to transduce T cells, enabling them
to target tumors."!

The full implications of this technology have only
recently been realized, with the striking efficacy of CD19-
specific CAR T cells directed against treatment-resistant
B-cell malignancies demonstrated in early-phase clinical
trials. Because of these results, 2 products based on this
technology have recently been licensed by the Food and
Drug Administration (FDA) as standard-of-care thera-
pies. Clinical trials using CD19 CART cells first reported
unprecedented efficacy in patients with B-cell acute
lymphoblastic leukemia (ALL), a highly aggressive B-cell
malignancy. B-cell lymphomas were a natural extension
for the application of CD19 CAR T-cell therapy because
most B-cell NHLs also express CD19. The overall clinical
efficacy of CD19 CAR'T cells in patients with lymphoma
appears to be less striking than in those with ALL; for
example, cumulative 6-month complete response (CR)
rates are 24% to 54% in B-cell lymphoma, compared
with a 70% molecular CR rate in patients with ALL
in reported clinical trials.’*"> The reasons for these dif-
ferences are not immediately clear, although ongoing
correlative studies may be able to provide some answers.
Nonetheless, many patients with lymphoma for whom

standard-of-care approaches were exhausted have exhib-
ited dramatic responses.

Although it is tempting to combine efficacy and tox-
icity data from distinct CD19 CAR trials in lymphoma,
this is likely unwise because a wide range of variables may
affect the activity of CAR T-cell products, even when they
target the same antigen. These variables include the fol-
lowing: (1) the vectors used for transduction (retroviral
vs lentiviral vs nonviral); (2) the costimulatory domains
included in the CAR (CD28 vs 4-1BB); and (3) the
manufacturing processes (eg, cytokines, ratios of T-cell
subsets). Indeed, distinct CAR T-cell products specific
for the same cancer antigen have been developed inde-
pendently. The purpose of this review is to outline the
evolution of clinical trials of CAR T cells in patients with
NHLs and to highlight unique aspects of using CAR T
cells to treat these patients.

Early-Phase Trials of CD19 CAR T Cells
for Lymphoma

CD19 CAR T Cells

Table 1 details the outcomes of patients with lymphoma
in selected US early-phase clinical trials of the adoptive
transfer of CAR-modified T cells. Although CART cells
had shown excellent preclinical antitumor potential for
a couple of decades, it was not until 2006 that their use
as a therapy for patients with cancer was first reported.'¢
Disappointingly, no clinical responses were seen in this
pilot clinical trial, and the T cells did not persist for more
than a week after infusion despite systemic interleukin 2
(IL-2) infusion support. In lymphoma, similar findings
of only modest efficacy were subsequently reported in
phase 1 clinical trials of adoptively transferred CD20 or
CD19 CAR-redirected T cells for patients with NHL
and B-cell ALL,"'® respectively, and it was clear that
poor in vivo T-cell persistence was a contributor to these
disappointing results. As a result, a second generation
of CARs was developed, which in addition to provid-
ing T-cell activation mediated by CD3z (or “signal 1”
of the 3 necessary for full activation of T cells) provided
costimulation through extra domains derived from
a molecule such as CD28 or 4-1BB (“signal 27). The
inclusion of costimulatory domains within the transgene
construct did significantly improve the persistence of T
cells from less than 2 weeks to more than 6 weeks; the
best evidence for this improvement was demonstrated in
a clinical trial that directly compared the persistence of
first- and second-generation CD19 CAR T cells admin-
istered concomitantly to patients with B-cell malignan-
cies.” Thus, second-generation CAR T cells are now the
basis of the majority of clinical trials in patients with
lymphomas.
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Table 1. Single-Center Early-Phase Clinical Trials of CAR T Cells for Lymphomas

CRS/
Neuro
Total CTX ORR/CR | Grade
Study Target | Type (n) Construct | Vector CTX Dose, mg/m* | Rate, % | 23, % Biomarkers
Till,'”” 2008 | CD20 | FL (6) CD3z Plasmid | None None 14/0 0/0 1. Persistence <21 d
MCL (1) 2. Continued CRs <2 y in 2 pts
Jensen,'® CD20 | FL(1) CD3z Plasmid | Flu 125 0/0 0/0 1. Persistence <1 wk
2010 CD19 | DLBCL (1) 2. Transgene rejection limits
persistence
Kochender- | CD19 FL (1) CD3.28z | yRv Flu/Cy 125/120 100/0 NR/0 1. Persistence for 27 wk
fer,! 2010 (mg/kg) 2. B-cell aplasia for 39 wk, then
CD19+ relapse
Savoldo," CD19 | DLBCL (4) | CD3z YRv None None 0/0 0/0 1. 2nd gen expands and persists
2011 FL (1) (1st) + longer than 1st gen
CNS-L (1) | CD3.28z
(2nd)
Till,¥ 2012 | CD20 | MCL (4) CD3.4- Plasmid | Cy 1000 0/0 33/0 1. Peak levels of CAR+ T cells
FL (1) 1BBz were at 1 h after infusion (max,
(3rd) 3.2%) but persisted to 12 mo
in 1 case
2. Continued CRs <2 y in 2 pts
Kochender- | CD19 | FL (4) CD3.28z | yRv Flu/Cy 125/120 87/12 75137 1. Higher level of expansion
fer,” 2012 MZL (1) (mg/kg) results in longer persistence
CLL (4) <6 mo
Kochender- | CD19 | DLBCL (9) | CD3.28z | yRv Flu/Cy 125/60-120 89/56 84/40 1. Peak levels of IL-6 and
fer,” 2015 CLL (4) (mg/kg) IFN-y correlated with timing of
FL (1) toxicities
SMZL (1) 2. CAR+ T cells infiltrated
disease sites
3. In vivo, expanded CAR+
T cells had a differentiated
phenotype (more effector and
fewer central memory markers)
Turtle,” CD19 | MCL (4) CD3.4- Lenti-v | Cy 4000 72/50 12.5/28 | 1. CR rate 8% with Cy or Cy/E
2016 FL (6) 1BBz Cy/E 4000/200 vs 50% with Cy/Flu combined
DLBCL Flu/Cy 125/60 (mg/ 2. Flu abrogates anti-transgene
(22) kg) rejection, limiting expansion in
the Cy-only arms
3. Higher peak expansion
level and AUC over 28 days
correlates with CRS
4. Higher levels of IL-6 (>15.2
pg/mL) and IL-15 (76.7 pg/
mL) on d 1 can predict severe
neurotoxicity
Ramos,* K DLBCL (4) | CD3.28z | yRv Cy in 1000 33/22 None/ | 1. Persistence of 6-wk, durable
2016 LPL (2) selected cases none CRin 1 pt
CLL (2)
MCL (1)
Kochender- | CD19 | DLBCL CD3.28z | yRv Flu/Cy 125/1500 73155 62/55 1. Median peak blood CAR+
fer,4 2017 (19) cell level 98/UL in responders vs
FL (2) 15/uL in nonresponders
MCL (1) 2. Higher pretreatment

IL-15 levels in responders vs

nonresponders

(1able continued on next page)
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Table 1. (Continued) Single-Center Early-Phase Clinical Trials of CAR T Cells for Lymphomas

CRS/
Neuro
Total CTX ORR/CR | Grade
Study Target | Type (n) Construct | Vector CTX Dose, mg/m* | Rate, % | 23, % Biomarkers
Ramos, CD30 | ALCL (2) CD3. YRv None None 33/22 None/ | 1. Serum CD30 levels inversely
2017 HL (7) CD28z none correlated with T-cell expansion
Schuster," CD19 | DLBCL CD3.4- Lenti-v Benda 180 67/50 18/11 1. Of 5 nonresponding DLBCL
2017 (14) 1BBz Cy/Flu 800/80 pts, 1 was CD19—
FL (14) Cy 1800 2. B-cell recovery seen in 50%
Cy/lE 800/200 of responders despite persisting
Others T cells
3. Immune checkpoint markers
3-fold higher in nonresponders

ALCL, anaplastic large cell lymphoma; AUC, area under the curve; Benda, bendamustine; CAR, chimeric antigen receptor; CLL, chronic lymphocytic

leukemia; CNS-L, primary CNS lymphoma; CR, complete remission; CRS, cytokine release syndrome; CTX, lymphocyte-depleting chemotherapy; Cy,

cyclophosphamide; Cy/E, cyclophosphamide/etoposide; d, day(s); DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; Flu, fludarabine; gen,

generation; h, hour(s); HL, Hodgkin lymphoma; IFN-y, interferon ; IL, interleukin; K, kappa; Lenti-v, lentivirus; LPL, lymphoplasmacytic lymphoma;

Max, maximum; MCL, mantle cell lymphoma; mo, month(s); MZL, marginal zone lymphoma; Neuro, neurotoxicity; NR, not reported; ORR, overall

response rate; YRv, gamma retrovirus; pts, patients; SMZL, splenic marginal zone lymphoma; wk, week(s); y, year(s).
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Efficacy of Second-Generation CD19

CAR T Cells for Lymphomas

The best clinical responses, however, as well as the highest
rates of T-cell expansion and persistence, were reported
in clinical trials in which patients received some form
of lymphocyte-depleting (“lymphodepleting”) chemo-
therapy immediately before the infusion of CAR T cells.
This concept of preconditioning is borrowed from allo-
geneic HSCT, in which the chemotherapy is designed
to achieve 2 broad purposes beyond its cytotoxic effect:
(1) limit rejection of the infused product and (2) create
“space” to allow infused T cells to expand preferentially
in an environment rich in homeostatic T-cell cytokines
(providing “signal 37).%

Kochenderfer and colleagues from the National Can-
cer Institute (NCI) delivered one of the earliest examples
of the importance of providing lymphodepleting chemo-
therapy in a report of a single patient with chemotherapy-
refractory FL. This patient had a partial response after
infusion of a second-generation CD28-containing CD19
CAR T-cell product.?’ Although the patient received
high-dose lymphodepletion in the form of cyclophos-
phamide (120 mg/kg) and fludarabine (125 mg/m?) over
5 days, the response could not be attributed to chemo-
therapy alone because CAR T cells could be detected in
the peripheral blood for more than 6 months that cor-
related with normal B-cell aplasia, indicating biological
activity of the infused T cells. In addition to this patient,
the clinical trial went on to enroll another 8 subjects with
indolent B-cell neoplasms (3 with FL, 4 with chronic
lymphocytic leukemia [CLL], and 1 with marginal zone
lymphoma [MZL]), all of whom received 0.3 to 3.3 x
107 CAR-positive (CAR+) T cells per kilogram after being

treated with similar conditioning therapy.”> Most patients
(6 of 9) had a partial response, and 1 patient entered a
long-term (>15 months) CR after treatment; however, all
patients experienced significant toxicities.

The NCI has now completed 2 larger dose-finding
clinical trials of the same CAR T-cell product in patients
with aggressive lymphomas in which a modified lympho-
cyte-depleting regimen was used. In both trials, more than
50% of the treated patients—most of whom had chemo-
therapy-refractory DLBCL—entered a CR, in parallel
with prolonged persistence of the CAR T cells in vivo (>6
months).??* The investigators also determined that a T-cell
dose of 2 x 10%/kg after lymphodepletion with low doses
of cyclophosphamide (total dose <1.5 g/m?) and fludara-
bine (total dose <75 mg/m?) was suficient to facilitate a
high peak expansion level and long-term persistence of the
infused T cells with the most acceptable toxicity profile.

These findings are in close agreement with the
reported clinical efficacy of a CD19 CAR T-cell product
developed and clinically tested at the Fred Hutchinson
Cancer Research Center (FHCRC).® Although the
manufacturing platform (enforcing a CD4-to-CD8 ratio
of 1:1 in infused products) and the CD19 transgene
construct (containing a 4-1BB costimulatory domain
and a CD28 transmembrane domain) used at this center
differed from those at the NCI, the response rate seen
in a cohort of 32 patients with B-cell lymphomas and a
similarly poor prognosis was comparable (CR rate of 50%
when cytarabine/fludarabine was used for lymphodeple-
tion along with cell doses ranging from 2 x 10%/kg to 2 x
107/kg). Importantly, they identified a ceiling dose level
(2 x 107/kg) at which the toxicity and death rate (>20%)
from their product was unacceptably high.
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More recently, the University of Pennsylvania
(UPenn), which had already demonstrated the remark-
able efficacy of CD19 CAR T cells in a series of land-
mark reports of 3 patients (1 with relapsed ALL and the
other 2 with chemotherapy-resistant CLL),**? extended
its experience with this therapy to 28 patients with
relapsed and/or chemorefractory DLBCL (n=14) or FL
(n=14).>* Impressively, the overall response rate was
67% at 6 months after infusion (71% in patients with
FL and 43% in those with DLBCL) when they were
treated with a single dose across a range of 3.08 x 10°
to 8.87 x 10° CD19 CAR+ cells per kilogram after vari-
ous lymphodepleting chemotherapy regimens. The most
common of these regimens (n=8) consisted of 2 doses of
bendamustine at 90 mg/m? (other regimens used are listed
in Table 1). There was a trend toward a higher level of
expression of immune checkpoint markers (programmed
death ligand 1 [PD-L1], TIM3, LAG3, and programmed
death 1 [PD-1]) in 5 patients with DLBCL who did not
respond compared with 5 who entered a CR after infu-
sion. Of 16 patients who entered a CR, 14 had detectable
circulating CD19 CAR T cells more than 6 months after
infusion that lasted up to 24 months. Importantly, relapse
had developed in none of the patients in CR by the time
of publication, which was up to 3 years after treatment.

An emerging feature of CD19 CAR T-cell therapy
is that those patients with any type of B-cell malignancy
who enter a CR are likely to have long-term remissions.
With these impressive clinical responses, selected CD19
CAR T-cell products that were originally developed at
individual centers have now entered larger, multicenter,
efficacy-focused clinical trials, which are discussed below
(see section “Late-Phase Multicenter Trials”).

Toxicity of CD19 CAR T Cells

Cytokine release syndrome. Notably, reports of striking
anticancer efficacy came with cautionary tales of signifi-
cant toxicity syndromes—some unexpected—associated
with this form of immunotherapy. For example, all 9
patients in the initial report from the NCI experienced
serious toxicities (grade 23), which we now know
comprise a constellation of findings that has come to
be known as cytokine release syndrome (CRS).** This
syndrome was also seen in concurrent clinical trials of
patients with B-cell ALL, some of whom received other
types of CD19 CAR T cells.'? The severity of CRS cor-
related with the peak expansion level of the infused CAR
T cells.?” Correlative analysis of data from patients with
CRS at the NCI and other centers demonstrated that
the development of CRS was directly related to a rapid
rise in the frequency of CAR T cells, large pretreatment
tumor burden, high peak CAR T-cell expansion levels,
and the upregulation of several inflammatory cytokines

after infusion. These cytokines include interferon y
(IFN-y), tumor necrosis factor o0 (TNF-av), IL-6, IL-15,
IL-10, monocyte chemoattractant protein 1 (MCP-1),
and macrophage inflammatory protein 1 (MIP-1p);
of these, IL-6 has consistently been associated with CRS
across multiple trials of CD19 CAR T cells.?*2

Our current understanding of CRS is that (much as
in macrophage activation syndrome or hemophagocytic
lymphohistiocytosis) massive, supraphysiologic T-cell
expansion in response to antigenic stimulation causes
macrophages and other immune cells to degranulate
rapidly and secrete cytokines that result in high fever,
hypotension, renal failure, and coagulopathy. To miti-
gate CRS, most centers have now modified the dose of T
cells administered to patients, in some cases reducing the
dose by 1 log from their maximum tested dose levels.”
Despite these modifications, 20% to 50% of patients
treated still experience a severe form of CRS. A grad-
ing scale has been established to document the severity
of symptoms and direct immunosuppressive therapy for
CRS accordingly.?

In most patients, peak CRS toxicities develop by day
7 following infusion. Most cases are transient and resolve
completely by 4 weeks after infusion with supportive
therapy and a possible brief stay in the intensive care unit.
Higher grades of CRS (grade 23) should trigger treat-
ment with immunosuppressive therapy. To this end, IL-6
has emerged not only as a major biomarker of toxicity
but also as a major target for the management of severe
CRS. Although corticosteroids are effective in mitigating
CRS, they can affect T-cell expansion and persistence. As
a result, direct targeting of the IL-6 axis—which likely
spares expanding T cells—has become the management
of choice.

Tocilizumab (Actemra, Genentech), an IL-6 receptor
antagonist, has been used successfully in clinical trials of
CAR T cells to treat CRS. In most cases, a single dose
is sufficient to induce a rapid (within 4 hours) decrease
of symptoms. For instance, all 3 patients in whom severe
CRS developed in one of the NCI reports were effectively
managed with tocilizumab.** As well as at the NCI, tocili-
zumab was successfully used in the single-center studies
at both FHCRC and UPenn for rapid control of the
symptoms of severe CRS.??! Tocilizumab is now FDA-
approved for the treatment of severe CRS in patients with
B-cell ALL receiving CD19-directed CAR T cells because
of its demonstrated efficacy in controlling CRS in pivotal
registration clinical trials. Therefore, the FDA has man-
dated that referral centers offering FDA-approved CD19
CAR'T cells have at least 2 doses of tocilizumab available
before any patients are infused with these products.®

In preparation for CAR T-cell infusions becom-
ing routine practice, levels of traditional inflammatory
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markers (eg, C-reactive protein and ferritin, which are
known to increase in CRS) and coagulation panels could
be substituted for cytokine levels at centers where these
measurements are not available in a timely fashion.

Neurotoxicity. A type of neurologic toxicity, called
CAR T-cell-related encephalopathy syndrome, tends
to develop in patients with severe forms of CRS.* This
syndrome manifests as a spectrum of encephalopathy,
aphasia, hemiparesis, seizures, and—in rare cases—fatal
cerebral edema and central nervous system (CNS) hemor-
rhage. In most cases, symptoms develop within the first 2
weeks after T-cell infusion, usually in the background of
ongoing CRS and thrombocytopenia. Most cases resolve
spontaneously within 7 to 14 days after onset. Treatment
with tocilizumab may be beneficial in reducing the sever-
ity of the toxicity, although this has not been seen in all
settings. Correlates of neurotoxicity in initial reports
mirror those of CRS, such as high peak T-cell expansion
levels and a large pretreatment tumor burden. However,
the key mechanisms that underlie the development of this
syndrome remain to be determined.

Although many centers have demonstrated the
trafficking of CD19 CAR T cells to the cerebrospinal
fluid in patients with neurotoxicity, CD19 expression
is consistently negative in CNS tissues.?”?' Therefore,
the leading hypothesis is that a cohort of vasoactive
cytokines disrupts the blood-brain barrier by promoting
endothelial cell activation and microthrombus forma-
tion, causing the leakage of T cells and perhaps other
toxins into the CNS. In support of this theory, Gust and
colleagues demonstrated that severe CNS toxicity (grade
>3), which occurred in more than 20% of 123 patients
treated with CD19 CAR T cells at their center, cor-
related with the absence of high-molecular-weight von
Willebrand factor multimers and low levels of platelets
and ADAMTS13 activity, indicating their consumption
in the formation of microthrombi.** These observations
are supported by the results of experiments with an in
vitro endothelial system exposed to several cytokines
that are upregulated in patients with CRS, and by the
finding of widespread microthrombi and disrupted CNS
endothelium at the autopsy of a patient who died of
severe neurotoxicity. Other centers using other CD19
CAR T cells have reported similar rates of CNS toxic-
ity after CAR T-cell infusion, highlighting the need to
identify strategies to prevent and effectively treat these
complications.

Preventing CRS/neurotoxicity. Because of the correla-
tion between the dose of infused T cells and the incidence
of severe toxicity syndromes, reducing the infused dose of
T cells, in particular in patients who have a larger disease

burden, has been proposed.” Furthermore, in the dose-
finding clinical trial performed at FHCRC, the highest
dose level was considered unsafe (64% rate of neurotoxic-
ity) when both fludarabine and cyclophosphamide were
used for lymphodepletion. By contrast, no neurotoxic-
ity was seen when only cyclophosphamide was used for
lymphodepletion, albeit at the cost of lower response
rates (8% CR compared with 50% when fludarabine was
added), leading to the notion that the therapeutic window
for the combination of lymphodepletion and T-cell doses
may be narrow.”> Thus, doses of each lymphodepletion
agent have now been optimized for each CAR product
in the ongoing registration clinical trials. Administering
tocilizumab  prophylactically,®® incorporating suicide
systems into the T cells,”” and achieving transient CAR
expression by T cells by using mRNA transfection® are all
being tested in ongoing clinical trials as additional strate-
gies to limit overall toxicities.

B-cell aplasia. B-cell aplasia is one of the expected toxici-
ties of CD19 CAR T cells because CD19 is a pan—B-cell
marker. Most patients with lymphomas who have been
heavily pretreated with chemoimmunotherapy already
have low levels of circulating normal B cells and conse-
quent hypogammaglobulinemia. CD19 CAR T cells,
however, which persist long term, can induce and main-
tain severe B-cell aplasia. Residual B-cell or immuno-
globulin levels can serve as surrogate markers for the per-
sistence of biologically active CD19 CAR T cells because
polyclonal B-cell recovery occurs only when CD19 CAR
T cells are no longer detected in the peripheral blood. It
is plausible that the hypogammaglobulinemia induced by
CD19 CARTT cells is partly responsible for the high rate
of infectious complications noted after CD19 CAR T-cell
therapy (>30% of patients experiencing bacterial, viral,
or fungal infections, according to one group),” although
many of these patients will have pre-existing hypogamma-
globulinemia owing to previous therapies. The adminis-
tration of intravenous immunoglobulin to those in whom
severe hypogammaglobulinemia develops might prevent
these infectious complications.

Biomarkers of the Efficacy of CD19 CAR T Cells

As expected, most centers have confirmed the notion that
a higher T-cell expansion level and longer persistence are
related to each other and to the development of durable
responses. For specific CD19 CAR T-cell products, the
peak CAR T-cell expansion level (98 CAR+ cells per
microliter of peripheral blood for NCI, >10 CAR copies
per microgram of DNA for FHCRC, peak of >11% CD3+
CD19 CARG+ cells in peripheral blood mononuclear cells
for UPenn) and the pretreatment levels of cytokines such
as IL-15 and IL-6 have been independently identified as

380 Clinical Advances in Hematology & Oncology Volume 16, Issue 5 May 2018



CHIMERIC ANTIGEN RECEPTOR T CELLS IN PATIENTS WITH NON-HODGKIN LYMPHOMA

correlated with a clinical response. Furthermore, specific
characteristics of infused products have been identified
that predict better outcomes, such as the presence of a
subset of central memory cells in the infused product,
which consistently induces CRs in CLL patients treated
with the CAR developed at UPenn and improves in vivo
persistence in NHL patients treated with a different CAR
at Baylor College of Medicine."” Similar subsets have
been identified in other products (Table 1). Therefore,
strategies to improve the quality of infused products
are being attempted, including, for example, generating
products from patients who are currently receiving ibruti-
nib (Imbruvica, Pharmacyclics),” which has been shown
to increase the frequencies of certain memory subsets in

CD19 CART cells.

Improving the Efficacy of CD19

CAR T Cells for Lymphomas

Despite treatment with similar CD19 CAR products, there
remain differences in responses across CD19-expressing
tumor types. Some of these may be the consequence of the
immune-inhibitory microenvironment present in most
B-cell lymphomas, which recruits immune-suppressive
cells and secretes immune-inhibitory cytokines, allowing
tumor inhibition of CAR T-cell activity. For example, in
one report published in abstract form, more than 33%
of all patients with DLBCL who failed to respond to or
had a relapse after an infusion of CD19 CAR T cells had
high levels of PD-L1 expression on tumor cells.”’ More-
over, 25% of the remaining nonresponders had tumors in
which the expression of CD19 was downregulated. In one
case report, the repeated administration of PD-1 inhibitor
antibody therapy resulted in a CR after treatment with
CD19 CAR T cells, when previously each treatment
alone had failed to induce a response.”? Therefore, the
combination of CD19 CAR T cells with immune check-
point inhibitors is likely to enhance their efficacy and is
currently being tested in at least 2 ongoing clinical trials
(NCT02650999, NCT03208556).

The feasibility and effectiveness of simultaneously
targeting multiple antigens to mitigate relapses in
patients with CD19-negative tumors, which is now an
accepted mechanism of immune escape, is also currently
being tested in the clinic as a means to improve out-
comes. At least for ALL, the use of CD22 CAR T cells
in one clinical trial®® and of CD123 CAR T cells in a
preclinical report* was effective in eliminating CD19-
negative ALL relapses after CD19 CAR T-cell therapy.
In lymphomas as well, CAR T cells specific for targets
other than CD19, such as kappa (), CD30,% and
CD20," have demonstrated safety and, in some cases,
anti-lymphoma efficacy (Table 1). Thus, a CAR T-cell

product specific for multiple antigens is an attractive

advance for this therapy and is currently in preclinical
development.

Late-Phase Multicenter Trials of CAR T Cells
for Lymphomas

Axicabtagene Ciloleucel (KTE-C19)

Axicabtagene ciloleucel (Yescarta, Kite Pharma) is a cen-
trally manufactured second-generation CD19-directed
CAR T-cell product that has a CD28 costimulatory
domain. The parent construct was developed and first
tested in at least 3 phase 1/2 investigator-initiated trials at
the NCI. With each iteration, several modifications were
made to the clinical trial design, dosages, type of lympho-
mas targeted, and type of lymphodepleting chemotherapy
administered before a pivotal clinical trial (ZUMA-1, A
Phase 1-2 Multi-Center Study Evaluating Axicabtagene
Ciloleucel in Subjects With Refractory Aggressive Non-
Hodgkin Lymphoma) was begun.** So far, in the latest
results reported from this trial, 108 patients with
relapsed/refractory (R/R) NHL (95% with DLBCL) had
received lymphodepleting chemotherapy (total fludara-
bine dose of 90 mg/m? and total cyclophosphamide dose
of 1500 mg/m?), followed by an infusion of up to 2 x 10°
CAR T cells per kilogram. With impressive efficacy, this
product met its prespecified endpoint at 3 months of an
objective response rate of 82%, compared with a histori-
cal rate of 20%. More than half of the treated patients had
a CR at the time of the report, and the expected rates of
CRS (93% any grade, 13% grade >3) and neurotoxicity
(64% any grade, 28% grade >3) identified in earlier-phase
clinical trials were replicated. Of the enrolled patients,
43% required tocilizumab and 27% received gluco-
corticoids to manage the toxicities. Again, as predicted
from early-phase studies, higher peak CAR expansion
levels and persistence were associated with both response
and the development of toxicities (area under the curve
for responders 5.4 times that for nonresponders). This
product is now licensed by the FDA for the treatment
of “relapsed or refractory large B-cell lymphoma after 2
or more lines of systemic therapy, including DLBCL not
otherwise specified, primary mediastinal large B-cell lym-
phoma, high-grade B-cell lymphoma, and DLBCL aris-
ing from follicular lymphoma” and is thus commercially
available to patients as standard of care.

Tisagenlecleucel (CTL019)

Tisagenlecleucel (Kymriah, Novartis) was the first
gene-modified T-cell immunotherapy to receive FDA
approval, although only for the treatment of B-cell ALL.
This product is currently being tested in a registration
trial (JULIET, Study of Efficacy and Safety of CTL019
in Adult DLBCL Patients) for the treatment of B-cell
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NHL.?® It was developed at UPenn and first clinically
tested in patients with CLL. In the ongoing pivotal trial,
147 patients with chemotherapy-refractory DLBCL have
been enrolled, and 99 of them have been treated with vari-
able lymphodepletion regimens (commonly cyclophos-
phamide at 0.75 g/m? and fludarabine at 75 mg/m? in 3
divided doses, or bendamustine at 90 mg/m? for 2 doses)
plus an infusion of CD19 CAR T cells."” The reported
durable CR rate at 6 months is approximately 30% in all
those patients who received an infusion, matching closely
the outcomes of both axicabtagene ciloleucel and liso-
cabtagene maraleucel. The rates of neurotoxicity (12%)
are lower than those in early-phase trials, possibly because
of optimization of the doses of T cells and lymphodeple-
tion agents used. With these findings, tisagenlecleucel
is anticipated to meet its primary endpoint and to be
licensed by the FDA in 2018.

Lisocabtagene Maraleucel (JCARO17)

Lisocabtagene maraleucel is the commercial CD19 CAR
T cell originally developed at FHCRC. The biggest dif-
ference in the manufacturing process compared with the
manufacture of the other commercial products is that
the CD4 and CD8 subsets are transduced independently
to express a CD19 CAR with a 4-1BB costimulatory
domain; they are then normalized to a 1:1 ratio before
administration to the patient. The pivotal study was
preceded by a multicenter dose-finding feasibility study
(TRANSCEND-NHL-001, Study Evaluating the Safety
and Pharmacokinetics of JCARO17 in B-cell Non-Hodg-
kin Lymphoma) in which 74 patients (69 with DLBCL)
who had had a relapse after a median of 3 lines of prior
therapy were enrolled and treated with either of 2 flat
dose levels of CAR+ cells: 0.5 x 10® or 1 x 10® cells."
Impressively, the toxicity rates were lower than expected,
with grade 3 or higher CRS limited to 1% of the patients
and severe neurotoxicity occurring in 15% of the treated
patients. At 6 months after infusion, 37% remained in
CR, including 1 patient with CNS lymphoma. With
precise dosing ensured, the investigators believe that a
fixed ratio of CD4+ and CD8+ CAR T cells limits vari-
ability in the in vivo biological effects of the CAR T cells
and the associated toxicities. The lower rates of toxicity
reported in this trial could be related to the more gradual
expansion of T cells, with peak expansion occurring at
approximately 15 days vs 5 to 7 days in earlier-phase stud-
ies of the same product. The pivotal registration phase of
this trial has now accrued 67 patients, and the responses

mirror those of the feasibility phase (Table 2).

Chimeric Antigen Receptors for T-Cell
Lymphomas

With the emerging success of anti-CD19 CAR T cells

in treating B-cell malignancies, there is now an intense
interest in expanding this therapeutic modality to the
treatment of T-cell malignancies, such as peripheral T-cell
lymphomas (PTCLs). The PTCLs are a heterogeneous
group of lymphoid malignancies that make up 10% to
15% of NHLs and tend to behave aggressively.®>" The
prognosis for patients with T-cell acute lymphoblastic
leukemia/lymphoma (T-ALL) or a PTCL remains poor
compared with that of patients with similarly aggressive
B-cell malignancies.’® Unfortunately, the development of
novel targeted agents (eg, monoclonal antibodies, bispe-
cific T-cell engagers, CAR T-cell therapy) for the treat-
ment of T-cell malignancies has lagged behind that of the
agents developed for B-cell malignancies. Despite the suc-
cess seen with CD19 CAR T cells for B-cell malignancies,
targeting T-cell malignancies with CAR T cells has proved
more challenging owing to shared antigen expression
between normal and malignant T cells. Although CD19
is a pan—B-cell marker, the resultant depletion of normal
B cells as a consequence of CD19 CAR T-cell therapy is
considered an acceptable and treatable side effect.” How-
ever, the major concern with the loss of normal T cells is
the subsequent profound immunodeficiency due to T-cell
aplasia, which is not easily corrected.

Several commonly recognized leukocyte differen-
tiation markers have been identified on T lymphocytes,
including CD2, CD3, CD4, CD5, CD7, CDS8, and the
T-cell receptor.®>! The currently available data on the use
of CART cells in T-cell malignancies come from preclini-
cal studies targeting various several of the previously noted
antigens. CD5 is a surface marker expressed by approxi-
mately 80% of T-cell ALLs and PTCLs, in addition to
normal T lymphocytes and a small subpopulation of nor-
mal B lymphocytes.” Mamonkin and colleagues created
a second-generation CD5 CAR T-cell construct that led
to transient in vitro fratricide, which was likely limited by
downregulation of the CD5 protein from the cell surface
of CD5 CAR T cells, followed by normal expansion.’
The CART cells had significant antitumor activity against
CD5+ T-cell lines in vitro. The CD5-specific CAR T cell
was also able to recognize and eliminate malignant T cells
in vivo in 2 different murine models of T-cell ALL, with
minimal reduction in the number of normal human T
cells. A phase 1 trial of autologous T cells expressing a
second-generation CAR for the treatment of CD5+ T-cell
malignancies was recently registered (NCT03081910)
and opened for enrollment at the end of 2017.

CD7 is a transmembrane protein on T cells and
natural killer cells that is expressed in most T-cell leu-
kemias/lymphomas and a subset of PTCLs.”® The same
authors were able to produce a CD7-knockout CD7 CAR
T cell by using clustered, regularly interspaced, short
palindromic repeats (CRISPR)/Cas9 genome editing to
prevent CAR T-cell fratricide.”® The CD7 knockdown did
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Table 2. Multicenter Clinical Trials of CD19-CAR T Cells for Lymphomas

CHIMERIC ANTIGEN RECEPTOR T CELLS IN PATIENTS WITH NON-HODGKIN LYMPHOMA

CRS/
Total Max ORR/ Neuro
Con- Dose, Cell CR®, DOR, | Grade
Study Type struct Vector | CTX | mg/m* | Dose | % mo 23, % | Correlative Findings
Neelapu | DLBCL | CD3.28z | yRv Flu/Cy | 90/1500 | 2 x 82/40 | 8.2 12/31 | 1. Pancytopenia most common AE
201713 (96) 10%kg 2. Median PFS for pts in PR:
TFL (5) 1.9 mo
3. Higher peak CAR+ cell levels in
responders vs nonresponders
4. Higher peak CAR+ cell levels in
pts with grade >3 neurotoxicity
5. Of 21 biopsy specimens, 7 were
CD19- at progression
Schuster | DLBCL | CD3.4- | Lenti-v | Various | Variable | 0.6-6 x | 53/30 | NR 23/12 | 1. 23% of pts treated as outpatients
201715 (99) 1BBz 108 2. Median time to onset of CRS: 3 d
3. Manufacture time: 22 d
4. Persistence of CAR+ cells >1 y in
CR pts
Abramson | DLBCL | CD3.4- | Lenti-v | Flu/Cy | 90/900 | 0.5-1 x | 80/42 | NR 1/15 1. Defined composition achieved in
201714 (67) 1BBz 108 91% of products
2. Expected time from apheresis to
product release: <21 d

*Published, or data presented in abstract form.

> CR rate at 6 months after infusion.

AE, adverse event; CAR, chimeric antigen receptor; CR, complete response; day(s); CRS, cytokine release syndrome; CTX, lymphocyte-depleting

chemotherapy; Cy, cyclophosphamide; d, day(s); DLBCL, diffuse large B-cell lymphoma; DOR, duration of response; Flu, fludarabine; Lenti-v, lentivirus;

mo, month(s); Neuro, neurotoxicity; NR, not reached at last follow-up; ORR, overall response rate; PFS, progression-free survival; pts, patients; PR: partial

remission, YRv, gamma retrovirus; TFL, transformed follicular lymphoma; y, year(s).

not appear to affect the function of the CD7 CAR T cells
significantly; they were able to expand normally, exhibited
cytotoxicity against malignant T-cell lines, and were able
to control the progression of T-ALL in a xenograft mouse
model. These data demonstrate that CD7 might reason-
ably be a targetable antigen in T-cell malignancies.

Other potential targets that have been identified
in preclinical models include C-C chemokine receptor
4 (CCR4) and the T-cell receptor beta chain. CCR4
is a transmembrane cell surface receptor molecule
that is expressed on multiple T-cell subsets, including
T-regulatory cells, T-helper 2 cells, T-helper 17 cells,
natural killer cells, and platelets.® It is also highly
expressed on the surface of several T-cell lymphomas.’®>
Mogamulizumab, a humanized monoclonal antibody
against CCR4, has been approved in Japan for the treat-
ment of R/R adult T-ALL/lymphoma.®® On the basis of
the promising results seen with this agent,*"** a group
from the Lymphoid Malignancies Branch of the NCI
Center for Cancer Research developed an autologous
lentivirus-based CAR T cell that targets CCR4.” The

product exhibited ex vivo cytotoxicity against multiple

patient-derived cell lines representing adult T-cell leu-
kemia, cutaneous T-cell lymphoma, anaplastic large cell
lymphoma, and a subset of HL with T-cell markers. To
assess in vivo efficacy, the CCR4 CAR T cells were intro-
duced into a murine xenograft model of adult T-cell
leukemia, where they eradicated the tumor cells. Given
the potential hematologic toxicities, specifically throm-
bocytopenia, the authors plan to undertake a nonhuman
primate study to better evaluate the potential toxicities
and efficacy of CCR4 CAR T cells before initiating clini-
cal trials in humans.

More recently, Maciocia and colleagues showed
that specifically targeting the T-cell receptor beta-chain
constant domain (TRBC), type 1 or 2, could lead to
the killing of T-cell malignancies exclusively expressing
TRBC1 or TRBC2 while sparing an adequate number of
normal T cells to maintain cellular immunity.% In a series
of experiments, they demonstrated that the normal T-cell
population contains a mixture of TRBC1+ and TRBC2+
cells, whereas the populations in T-cell malignancies are
restricted to one. With the use of anti-TRBC1+ CAR
T cells, both in vitro and in a mouse model of T-cell
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centralized manufacturing laboratory. C, Prerequisites for administering FDA-approved CAR T-cell products to patients.

Figure. Evolution of patient access to CAR T cells.

CAR, chimeric antigen receptor; FDA, US Food and Drug Administration; REM, risk evaluation and mitigation strategy.

leukemia, TRBC1+ normal and malignant T cells were
eradicated, whereas TRBC2+ normal T cells were spared.
The results of this study are encouraging, as they may pro-
vide a targeted immunotherapy for T-cell malignancies
without the resultant T-cell aplasia and subsequent severe,
profound immunosuppression.

Exploiting CAR T-cell technology to develop tar-
geted therapies for T-cell malignancies would satisfy
an unmet need in the treatment of these disorders, for
which currently no curative options exist other than
HSCT in patients who can achieve an adequate remis-
sion. The studies illustrate the potential utility of this
modality in the treatment of a wide spectrum of T-cell
malignancies, evidenced by the activity in various cell
lines representing the many subtypes of T-cell malig-
nancies. Patients with B-cell malignancies have greatly
benefitted from immunotherapies, and if the right target
is identified, similar results could be achieved in treating
T-cell malignancies.

How Accessible Is CAR T-Cell Therapy to
Patients With Lymphoma?

The conventional management of lymphomas uses
off-the-shelf medications that can be made available
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rapidly at most centers with a chemotherapy phar-
macy. Although at least 3 CD19 CAR T-cell products
are positioned to become standard lines of therapy for
B-cell lymphomas, accessibility remains a challenge. In
addition to a chemotherapy pharmacy, centers must be
equipped with an apheresis center and tertiary hospital
facilities, and preferably have access to a cell-processing
facility. Initial clinical translation of CAR T-cell prod-
ucts has occurred at academic centers with established
HSCT clinical programs that meet these requirements
(Figure, A), although centralized good manufacturing
practice (GMP) facilities outside academia were neces-
sary for the simultaneous handling of enrolled patients
at multiple sites in pivotal multicenter trials (Figure,
B). Yet, to date only approximately 300 patients with
lymphomas have been enrolled and treated in registra-
tion clinical trials, a number dwarfed by the estimated
10,000 patients in the United States with R/R B-cell
lymphomas who could benefit from treatment with
CD19 CART cells. To meet this demand safely, commer-
cial companies with FDA-licensed products are currently
contracting for product administration sites that have
established HSCT programs, with the initial “rollout,” as
directed by the FDA, limited to a finite number of sites
that have experience with T-cell therapies. It is evident
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from toxicity profiles that patient selection in the early
adoption of standard-of-care CAR T-cell therapies will be
critical in limiting treatment-related complications. Each
“approved” site will undergo training in a risk evaluation
and mitigation strategy (REM) mandated by the FDA,
will have in place a contracting process with an apheresis
center and a local cell-processing facility, and will imple-
ment an established ordering process limited to selected
prescribers in each institution. As with HSCT, contracts
with health insurance companies based on unique cod-
ing for T-cell therapies may also have to be established
before the product can be ordered (preauthorization).
Thus, initially, access to standard-of-care CAR T-cell
therapies will be limited to referral centers that are con-
tracted with the manufacturing pharmaceutical compa-
nies (Figure, C). Nonetheless, the eventual goal in the
coming years is to expand access to a large number of
sites across the country.
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