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B cell malignancies pose challenges due to therapeutic resistance and repeated relapse. Advances in adoptive
cellular therapies including chimeric antigen receptor (CAR)-T cells have the potential to transform the treat-
ment landscape in hematological and solid tumor cancers. Improvements in constructs of CAR-T have improved
specificity in targeting malignant cells. Multiple clinical trials have demonstrated the efficacy of CAR-T and other

cellular treatments. In spite of advances in cellular therapies, hurdles in managing toxicities and lingering resis-
tance remain. This review aims to summarize current innovations in adoptive cellular therapies and introduces
future paths of discovery that will enhance these therapies in the era of precision oncology.

1. Introduction

The natural course of B cell malignancies is a repetitive process of
remission and relapse. During this course of therapeutic pressure, mu-
tations continue to accumulate causing progressive increases in drug
resistance which leads to rapidly deteriorating efficacy until t we lose
the patient to B cell malignancies. In certain B cell malignancies such
as large cell lymphoma, 60% of patients achieve long term remission,
but the other 40% of large cell lymphomas behave like the majority of
B cell malignancy with the debilitating natural course described above.
Therapies for B cell malignancies have evolved from chemotherapy to
chemo-free targeted therapies, to immunotherapies and now to genetic
cellular therapies. We have now learned that chemotherapies, targeted
therapies and immunotherapies can only cure a small fraction of B cell
malignancies. When B cell malignancies become resistant to multiple
therapies, the risk of mortality is very high and the patient’s survival
is usually less than a year'-3. The “magic” of chimeric antigen receptor
(CAR)-T cell therapy is that it can rescue patients from high risk ter-
minal B cell malignancies, rendering a portion of them into long term
survivors with prolonged remissions. More than ever, this has excited
scientists, clinicians and translational researchers. Although these ther-
apies induce long term remissions in some patients, many patients re-
lapse after CAR-T cell therapy” or suffer severe toxicities and adverse
events®, suggesting that there is still space for innovation.

This review will focus on cellular therapies in B cell malignancies,
where most advances in cellular therapy have occurred. We must know
and we should understand while we advance in cellular therapies, we
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continue to grow other therapy types including less toxic more effi-
cient chemotherapies, targeted therapies and immunotherapies. We’ll
also continue to explore the best ways to integrate all these therapeutic
modalities for the best clinical outcome for our patients with B cell ma-
lignancies. Since many excellent reviews on cellular therapies exist, we
shall focus on critical points and new ideas.

2. CAR-T design and strategies for utilization

Many building blocks are used to compose the CAR-T construct and
include signaling domains and antigen recognition domains (Fig. 1). To
date, five generations of CAR-T designs have been reported (Fig. 2). The
first generation of CAR-T cells was a simple design with an extracellu-
lar antigen recognition unit and one intracellular CD3 delta functional
unit. Although some patients achieved remissions in clinical trials with
the first-generation CAR-T cells, a substantial percentage of patients had
severe toxicities correlated with serum inflammatory cytokine levels.®
Second generation CAR-T cells have improved upon the original con-
struct. This generation included costimulatory molecules, either CD28
or 4-1BB. All the clinically-approved CAR-T therapies belong to the sec-
ond generation of construct designs 7-'4. CAR-T products used in clini-
cal trials leading to these approved therapies are represented in Fig. 3.
Clinical trials are ongoing with third generation CAR-T products that
have 2 costimulatory molecules, and may have both CD28 and 4-1BB.
The third generation has not improved efficacy and toxicity thus far.
12,13 Fourth and fifth generation CARs attempt to overcome barriers re-
lated to the tumor microenvironment!® and reduce off target immune
responses which increases the risk of toxicities'®. These advances may
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Building Blocks of Chimeric Antigen Receptors (CARs)
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Fig. 1. Building Blocks of Chimeric Antigen Receptors. CARs contain a binding domain and an intracellular signaling domain, and can be modified to target specific
antigens using co-stimulatory domains. Additional components may include “off-on” switches, additional receptors, mAbs and BiTEs.

allow CAR-T therapy to be used to target solid tumors and may also im-
prove treatment of hematological malignancies. Constructs improving
on third generation CARs are still in preclinical stages of validation.

Simultaneous infusion of a second-generation anti-CD19 CAR-T cells
(containing the CD28 domain) and third-generation CAR-T cells (con-
taining both the CD28 and 4-1BB domains) in a phase I trial of 16 non-
Hodgkin lymphoma (NHL) patients revealed that the third-generation
designs had superior expansion and persistence !”. This was confirmed
in previous in vitro and in vivo studies by the Ramos group, demon-
strating the benefit of adding the 4-1BB kinetic to CD28 containing
CD19-targeted T cells. The same study, reported the inclusion of 4-1BB
in addition to CD28 is associated with superior expansion and persis-
tence which can lead to significant clinical responses, including sus-
tained complete responses (CRs), in patients with relapsed or resistant
NHL. '7 Other reports, however were less optimistic when measuring
the robustness and efficacy of these constructs; however, they reported
excellent toxicity profiles 13-18.

Different modalities of incorporating CAR-T therapies have been
proposed (Fig. 4). Cocktail CAR-T employs a combination of CAR-T
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cells that have two or more different targets (i.e. CD19 and CD22 in
acute lymphoblastic leukemia)'®. Bispecific CARs are engineered to
prevent tumor resistance due to a loss in targeted antigens, such as
CD19, expressed on the surface of malignant B cells. CARs expressing
single-chain variable fragments (scFvs) that are specific for two dif-
ferent antigens on a single-chain are defined as bispecific CARs, also
known as “tandem CARs.” Like the single-chain bispecific “OR-gate”
CAR, dual-CARs and CAR-pool are alternative strategies to fulfill bis-
pecific targeting. Dual CARs co-express two full-length receptors spe-
cific for cognate antigens with two individual signals on the same sin-
gle cells 2°. For example, two CARs can target CD19 and CD22 re-
spectively.?! Cocktail-CARs or CAR-pools simply combine two or more
single-inputs of CAR-T cell products in the “cocktail”. Cocktail-CARs in-
volve the sequential administration of two different antigen-targeting
CAR-T cell populations and has been used in clinical trials 2. In a re-
cent study, CD19 CAR-Tcells were administered in pediatric ALL pa-
tients followed by an infusion of CD22 CAR-T. All 20 study partici-
pants achieved remission defined by negative minimal residual disease
(MRD).?3
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CAR (Chimeric Antigen Receptor) Generations.

First-generation Second-generation Third-generation Fourth-generation Fifth-generation
CAR CAR CAR CAR CARor
“Armored CAR-T” next-generation CAR
Signal 2 Signal 2 Signal 2 Silgnal 2
Signal 1 CD27/CD28/ 4-1BB/ CD27/CD28/ CD27/CD28/
D3 CD134/CD137 OX-40 Signal 2 L2 CD134/CD137 IL2Rp CD134/CD137
Signal 1 CD27/CD28/ inducer
cD3C CD134/CD137
Signal 1 Signal 1 Signal 1
CD3¢ CD3¢ CD3¢

QJb Antigen-binding domain

. Intracellular activation domain

8 Costimulatory domain

Fig. 2. CAR (Chimeric Antigen Receptor) Generations. First generation CARs. consist of an antigen-binding domain and an intracellular activation domain.® The
design of second-generation CARs improved by adding a costimulatory domain that can be specific for CD 27, 28, 134 or 137.1%33 Third-generation CARs added a 2™
costimulatory domain increasing targeting capability.'?1%:'8 “Armored” or fourth-generation CARs, sometimes referred to as TRUCKs include an IL-12 inducer that
allows autocrine stimulation and enhances cytotoxic effector functions of the T-cells; these allow the CAR-T cells to overcome a hostile tumor microenvironment.'® %2
Fifth-generation CARs or “next-generation” CARs may contain costimulatory molecules that may produce various specific cytokines and localize treatment to a tumor;
IL-2Rp is shown in this example, but other inducers may be used (scFv to block PD-1 for example); this approach is thought to improve the toxicity profile of CAR-T
therapy.'°

CD19 CAR T Products in Pivotal Trials

CD19 Ab
Hinge
Transmembrane
Signal 2
Signal 1
Gene transfer Retrovirus Retrovirus Lentivirus Lentivirus
Kite Pharma Kite Pharma Novartis Juno Therapeutics
KTE-C19 KTE-X19 CTL-019 JCAR017 (CD4:CD8=1:1)
Axicabtagene ciloleucel Brexucabtagene Autoleucel Tisagenlecleucel Lisocabtagene maraleucel
Axi-cell Tecartus Kymriah Liso-cel
Yescarta

Fig. 3. CAR-T Products in Pivotal Trials Leading to Clinical Use Approval. Varied CAR constructs were used in clinical trials for hematological malignancies. These
products have been approved for clinical application. Although axicabtagene clioleucel (KTE-C19) and brexucabatgene autoleucel (KTE-X19) are similar constructs
with CD28 costimulatory signals, their manufacturing procedure differs: KTE C19 utilizes T-cell selection and lymphocyte enrichment. Both KTE-C19 and KTE-X19
use retroviral gene transfer. Tisagenlecleucel (CTL-019) and lisocabtagene maraleucel (JCAR017) utilize 4-1BB costimulatory signals and a lentiviral gene transfer.
These two products differ by hinges: CD8a and CD28 respectively.

Bispecific CARs or CAR pools are engineered to prevent antigen es- pecific approaches, the OR-gate CAR approach appears to be the most
cape and improve the efficacy of CAR-T therapy. With expert design effective. To overcome the limitation of CD19 CAR-T therapy in CD-19
and optimization, these bispecific receptors can serve as an “OR-gate” negative relapse, an investigation led by the Dai group demonstrated
CARs that enable T cells to effectively target tumor cells that express that bispecific CD19/CD22 CAR-T cells can trigger robust cytolytic ac-
either antigen A or antigen B, thus tumor cells can only escape T cell tivity against target cells. Complete remission with no residual disease
detection when both antigens are lost.?* Interestingly, among the bis- was reported in all 6 patients?®.
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Fig. 4. Cocktail, dual, and bispecific CAR-T cell structures. A normal CAR-T cell structure is depicted in the top panel, with CD19 as the target. (A) Cocktail CAR-T
cell is used when a combination of CAR-T cells with two or more different targets are needed for therapy (i.e. targeting both CD19 and CD22 simultaneously in acute
lymphoblastic leukemia). (B) When CAR-T cells are made to express two tumor-associated antigen receptors simultaneously, a dual CAR-T cell therapy is used. This
reduces the possibility of the T cells attacking non-tumor cells. (C) In bispecific CAR-T cells (BiTES), bispecific molecules adapted from two antibodies targets both
an antigen and CD3 on the surface of the T cells. By doing so ensures that the T cells cannot be activated unless they are in close proximity to the tumor cell.

Although CD19 CAR-T cell therapy is clinically effective against
relapsed/refractory (R/R) B cell lymphomas, this efficacy may be
improved by combining the CD19 construct with additional im-
munotherapies such as programmed cell death-1 (PD-1)/programmed
cell death-ligand 1 (PD-L1) inhibitors.?® CARs may also be engi-
neered to include a PD-1 receptor to target diverse immunosup-
pressive pathways. Liu et al. generated a novel anti-CD19 CAR
expressing PD-1/CD28 chimeric switch-receptor (CD19-PD-1/CD28-
CAR). Following a phase 1b study evaluating the safety and ef-
ficacy of CD19-PD-1/CD28-CAR-T cells in the treatment of PD-
L1* B cell lymphoma, safety and efficacy was demonstrated in
early trial analyses providing proof of principle for this unique
therapy.>’

A study conducted by Shah et al., addressed CD19 downregulation
mediated relapse through a first-in-human trial that used bispecific, non-
cryopreserved anti-CD20, anti-CD19 (LV20.19) manufactured using the
CliniMACS Prodigy device at a dose of 2.5 x 10° cells per kg for R/R
B cell NHL and chronic lymphocytic leukemia (CLL) 2. Lower rates
of toxicity were reported using this manufacturing process. Grade 3-
4 cytokine release syndrome (CRS) occurred in one (5%) patient, and
grade 3-4 neurotoxicity (NT) occurred in three (14%) patients. Eighteen
(82%) patients achieved an overall response at day 28, while 14 (64%)
had a complete response (CR), and 4 (18%) had a partial response (PR).
The overall response rate to the dose of 2.5 x 10° cells per kg with non-
cryopreserved infusion (n = 12) was 100% (CR, 92%; PR, 8%). Given
the low toxicity and high efficacy of the bispecific CAR described in
this study, this modality could become a potential method of improv-
ing clinical response by mitigating target antigen downregulation as a
mechanism of relapse (NCT03019055).

Lymphodepleting therapy could enhance CAR-T cell responses by
eradication of T regulatory cells, elimination of other immune cells that
consume homeostatic cytokines.?”30 It is very important to note the role
of conditioning therapies in the majority of CAR-T cell trials, which is es-
sential to the efficacy of any CAR construct.®' This was evidenced in the
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recent ZUMA 2 and 3 trials which employed conditioning chemother-
10,32
apy.'%

3. Clinical studies of CAR-T therapies in hematological
malignancies

Several CAR-T products have been studied and approved for clinical
use. These studies and approvals are summarized in Table 1.

3.1. Acute lymphoblastic leukemia (ALL)

CAR-T products are studied and used extensively in acute lym-
phoblastic leukemia (ALL). The first Food and Drug Administration
(FDA) approval for CAR-T therapy was tisagenlecleulcel (Kymriah) for
pediatric (up to 25 years) relapsed or refractory ALL in 2017. Both the
safety and efficacy of this therapy were demonstrated in a multicenter
clinical trial that consisted of 75 pediatric and young adult ALL patients.
81% achieved remission within 3 months of the treatment and were also
MRD negative when tested via flow cytometry. However, the side ef-
fects of CAR-T can be extreme, which include CRS, neurological effects,
acute kidney injury, and hypoxia. A single infusion of tisagenlecleucel
gave durable remission and persisted in a long-term manner among ALL
patients 33,

A hurdle in wide utilization of CAR-T in ALL is the long manufactur-
ing time, which may range from 2 to 3 weeks. In a recent clinical trial, a
“FasT CAR” requires only one day to transduce T cells. In FasT CAR trials
the response rate in ALL is high with 20/20 responding to therapy and
an objective response rate (ORR) of 100%.3* However, without consoli-
dation chemotherapy or transplantation with only CAR-T cells, median
overall survival (OS) in ALL is only about 13 months 3°. More strategies
and studies are needed to further improve the outcome. Currently, con-
solidative stem cell transplantation, either auto or allo, should be used
to consolidate the CAR-T cell response for long-term remissions. >°
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CAR Product Lead Investigator(s)  Trial Year Major Findings
ALL

Tisagenlecleucel (tisa-cell) Maude and Grupp ELIANA®® 2017  ORR 81%, EFS 73%, OS 90%
DLBCL

Axicabtagene Clioleucel (axicell) Locke and Neelapu ZUMA 1%° 2017  ORR 83%, CR 58%

Tisagenlecleucel (tisa-cell) Schuster JULIET® 2019 ORR 52%, CR 40%

Lisocabtagene Maraleucel (liso-cel) ~ Abramson TRANSCEND-NHL!! 2021 ORR 73% CR 53%
FL

Axicabtagene Clioleucel (axicell) Jacobson and Salles ZUMA-5°8 2021 ORR 91%, CR 74%
MCL

Brexcabtagene Autoleucel Wang ZUMA 210 2000  ORR 93%, CR 67%

Abbreviation: ALL, acute lymphoblastic leukemia; CR, complete response; DLBCL, diffuse large B cell lymphoma; EFS, event-free
survival; FL, follicular lymphoma; MCL, mantle cell lymphoma; ORR, overall response rate; OS, overall survival.

3.2. Diffuse large B cell lymphoma (DLBCL)

DLBCL has been the most studied cancer type in CAR-T cell ther-
apy. Three CD-19 CAR products are approved for clinical use in DLBCL:
axicabtagene clioleucel (axicell, Yescarta)?, tisagenlecleucel (tisa-cell,
Kymirah)® and lisocabtagene maraleucel (liso-cel, Breyanzi). 3©

The TRANSCEND trial includes 268 patients with various types of
R/Rlarge B cell lymphoma. These include patients with DLBCL, primary
mediastinal B cell lymphoma, and follicular lymphomas. The TRAN-
SCEND trial is an open label, multicenter, phase I study °°. Results pub-
lished in September 2020 were promising. An objective response was
achieved by 186 (73%, 95% CI: 66.8-78.0) patients and a CR was seen
in 136 patients (53%, 95% CIL: 46.8-59.4). Adverse events of grade 3
or higher were neutropenia (60%), anemia (37%), thrombocytopenia
(27%), whereas CRS occurred in 113 patients.

3.3. Mantle cell lymphoma (MCL)

On July 24, 2020, during the COVID-19 pandemic, the FDA approved
Brexucabatagene Autoleucel for MCL. The enrollment for ZUMA-1, Axi-
cel and the ZUMA-2 trials, both started in 2015. However, with MCL
being a rare disease and far fewer cases, an FDA approval of Brexuca-
batagene Autoleucel fell behind the FDA approval of Axi-cel by 3 years.
During these 3 years, while many large cell lymphoma patients enjoyed
the Axi-cel and Liso-cel therapeutic benefits, many MCL patients contin-
ued to die. Juno CAR-T cell has also developed a cohort for MCL FDA
approval. The initial result was reported at American Society of Clinical
Oncology (ASCO) in 2019. The follow-up results presented at ASCO in
2020 showed promising results with a tolerable toxicity profile. ORR
was 78%, whereas 44% had serious treatment-emergent adverse events
(TEAESs). 56% had grade 3/4 TEAEs, primarily anemia, neutropenia, and
hypophosphatemia. 33% had CRS, all of which were grade 1 7, this will
be most likely the second product approved for MCL. Please note that the
ZUMA-2 used CD28 while Juno used 41BB as co-stimulatory molecule
in the construct design.

Brexucabtagene autoleucel (Tecartus) is the first CAR-T cell therapy
approved for patients with R/R MCL. The FDA granted this approval
in 2020 following the results from the clinical trial, Zuma 2. Zuma 2
assessed brexucabtagene autoleucel in 60 patients who had received up
to 5 prior MCL therapies. 93% responded following a single infusion,
with 67% showing CR status. This trial showed CAR-T cell therapy’s
ability of overcoming prior treatment resistant MCL.!?

3.4. Follicular lymphoma (FL)

CAR-T therapy was approved in FL in 2021 after the successful
ZUMA-5 trials. Investigators reported 91% ORR and 74% CR. 38
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3.5. Hodgkin’s lymphoma (HL)

Two studies have examined the efficacy of CAR-T therapy in HL.
These studies utilized a CD30 CAR-T product (ATLCAR). The first en-
rolled 18 patients; at 6 months 7 patients achieved PR, and progression
free survival (PFS) was also 6 months.>® The second study enrolled 41
patients and reported an ORR of 62%, CR of 51%, PFS of 36% and a
1-year OS of 94%.%° More studies are needed to determine if CAR-T is
an effective treatment in HL.

4. CAR-T cells and combination therapy in B cell malignancies

Lenalidomide, acalabrutinib, ibrutinib and checkpoint inhibitor have
all been reported to enhance CAR-T cell function and expansion. A
caveat is that while the enhanced CAR-T cell expansion may increase
function, it can also increase toxicity. To increase CAR-T treatment effi-
cacy in multiple myeloma in vivo, CS1 specific CAR-T cells were trans-
duced and expanded in the presence of lenalidomide. When compared
to mice that received CAR-T cell treatment without lenalidomide, mice
that received the combination were found to have enhanced immune
functions of the CAR-T cells, which include cytotoxicity, Thl cytokine
production, and immune synapse formation. 4! In CLL, a defect in the
formation of an immunological formation between T and CLL cells is
present. Lenalidomide has been shown to reverse this defect in vitro
when administered as a single agent, which is the underlying reason-
ing behind the aim of combining it in a low-dose fashion with CAR-T
cell therapy. Once both treatments were injected into a patient derived
xenograft (PDX) murine model, it resulted in an improved survival when
compared to mice that were injected with lenalidomide as a single agent
(P<0.03). Thus, adding low doses of lenalidomide alongside CAR-T cell
therapy in CLL was shown to give positive and improved outcomes 2.
Studies in both cell lines and PDX models also occurred in MCL, where
ibrutinib was used with anti-CD19 CAR-T cell therapy. Targeting and
killing of MCL cells were enhanced when ibrutinib was added to CAR-T
cells and this was further supported in the PDX models as mice only
receiving CAR-T cell as a monotherapy eventually relapsed. Overall,
80-100% mice injected with both treatments remained in long-term re-
mission compared to 0-20% of mice with CAR-T cell only (P<0.05). In
addition to lenalidomide, ibrutinib was shown to be an effective adju-
vant therapy option as well > In a more recent study, the functionality
of the anti-CD19 CAR of lisocabtagene maraleucel (liso-cel) in combina-
tion with ibrutinib or acalabrutinib was assessed both in vitro and in vivo.
RNA-seq showed that only ibrutinib resulted in CAR-T cells gene expres-
sion change that was consistent with a memory-like, Th1, and Bruton’s
Tyrosine Kinase (BTK) phenotype. However, both BTK inhibitors im-
proved tumor clearance and increased survival when combined with
CAR-T cells *4.

Recent clinical data shows improved efficacy when combining CAR-
T and ibrutinib in CLL. In a pilot study of 19 R/R patients, ORR was
83% and 61% of patients achieved negative MRD status.*®
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4.1. Toxicity management

Toxicities associated with CAR-T therapies can be apparent in mul-
tiple organ systems, but typically include CRS, NT and B cell aplasia.
Currently, we rarely lose a patient to CRS or NT in experienced ma-
jor academic centers thanks to insights learned from previous CAR-T
studies 4©. With more cases treated and longer follow up, we have grad-
ually discovered that B cell aplasia related immunocompromised host
status including leukopenia and hypogammaglobinemia could lead to
fatal infections and sometimes could kill patients in more numbers than
CRS and NT “°, Cardiovascular complications could also hinder thera-
peutic outcome by resulting in unacceptable morbidity and mortality.
In a retrospective analysis of 145 adult patients undergoing treatment
with CAR-T cell therapy, 31 patients reported major adverse cardio-
vascular events. These included 22 heart failure events in 21 patients
(15%), 12 episodes of atrial fibrillation in 11 patients (7.5%), 2 events of
other arrhythmias (supraventricular tachycardia, non-sustained ventric-
ular tachycardia), 2 episodes of acute coronary syndrome, and 2 cardiac
deaths.*”

CRS is typically treated with Tocilizumab which is a humanized
monoclonal antibody against the IL-6 receptor that has been FDA ap-
proved and has been very effective!!. Siltuximab (CNTO 328) is an IL-
6 antagonist, a chimeric monoclonal antibody against the IL-6 protein
molecule which binds directly to the cytokine and could also diminish
CRS symptoms.*® The IL-1 antibody, Anakinra which is a drug used to
treat rheumatoid arthritis and is a modified version of IL-1 has also been
effective to help control CRS*%-50,

Steroids are a common treatment modality in the management of
toxicities and adverse events associated with CAR-T cell therapy al-
though their usage remains controversial and must be weighed for each
patient individually °!. A recent study examined the impact of steroid
usage on clinical outcomes in patients with R/R large B cell lymphoma
who were being treated with commercial anti-CD 19 CAR-T cell ther-
apy. 100 patients were studied, 60 of whom received steroids for vari-
ous CAR-T cell therapy adverse events. The median dose given was 186
mg (8-1803 mg) with a median duration of 9 days (1-30 days). Steroids
were started between day 0 and day 7 in the majority of patients (75%).
After a median follow-up of 10 months (95% CI: 8-12 months), use of
higher cumulative dose of corticosteroids was associated with signifi-
cantly shorter PFS. The results from this study suggest that steroid use
in CAR-T cell therapy patients should be administered at the lowest dose
for short duration. Additionally, the use of steroids should be delayed
whilst managing CAR-T cell associated toxicities. > There is one report
recently, showing that early use of high-dose steroids could hinder the
function of CAR-T cells compromising efficacy °3-°4.

At the American Society of Hematology (ASH) in 2019, we reported
one case where a patient with R/R MCL undergoing treatment with
anti-CD19 CAR-T cell therapy, developed CAR-T cell therapy-associated
grade 4 cerebral edema with concomitant CRS which resolved follow-
ing a multimodality clinical intervention including anti-thymocyte glob-
ulin (ATG) administration. Ventriculostomy was initiated rapidly with
dramatic successful recovery. Although difficult to conclude whether
ATG administration was solely responsible for the amelioration of symp-
toms, from the timeline of events it suggests that ATG contributed to
the patient’s improvement in neurological symptoms while also damp-
ening CAR-T levels in the blood. Pharmacokinetic and pharmacody-
namic results indicated that ATG might have contributed to the res-
olution of cerebral edema, along with other clinical interventions, in-
cluding corticosteroids, IL-6 or IL-6 receptor blockade with siltuximab
or tocilizumab, and a ventriculostomy.>°

Subgroups of patients treated with CD19 CAR-T cells display neuro-
logical events following infusion which includes fatal cerebral edema.
Using single cell RNA sequencing, Parker et al., found that brain mural
cells express CD19, which is critical for the blood brain barrier integrity
56, They suggested a possible on-target mechanism for CD19 CAR-T cell-
mediated NT, which may be caused by the previously unrecognized ex-
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pression of CD19 in mural cells in the human brain. Such studies depict
the importance of developing a comprehensive human single-cell atlas.
Certain cell types might be missed in measurements of bulk tissue due
to their low frequency, but which may be critically important and have
clinical repercussions for targeted therapy. This will become even more
crucial with future generations of CAR-T cells which may distinguish
between combination of target antigens in order to improve specificity.

Safety mechanisms to halt toxicities such as “suicide or safety
switches” have been proposed. The incorporation of safety-switches
with genes such as caspase-9 and truncated epidermal growth factor
are under investigation for the improvement of patient safety and the
management of life-threatening toxicities. °” In a phase 1 and 2 trial
of CAR-natural killer (NK) cells, a caspase-9 safety switch was included
in the construct design. However, given a lack of serious CRS, NT (NT)
or hemophagocytic lymphocytosis the caspase-9 safety switch was not
activated °8.

4.2. Predictive biomarkers and clinical factors of efficacy and toxicity

Vitale and Strati report baseline high tumor burden is indicated
by either an elevated lactate dehydrogenase (LDH) level or high total
metabolic tumor volume measured by position emission tomography
(PET) scans.?® This has been shown to be associated with a lower ORR
in a correlative analysis study in tisagenleclecucel-treated R/R DLBCL
patients in the Juliet trial °°. In ZUMA-1, outcomes were also associated
with the baseline high tumor burden. ©°

Early steroids may also play a role in toxicity and response. ZUMA-1
found that early steroid use for patients who had grade 1 NT and CRS
had a lower incidence of toxicity at the median follow-up; however,
liberal use of steroids is not encouraged as it has a potential negative
impact on CAR-T cells efficacy >*.

Cytokines may be predictive of toxicity and efficacy. The progression
of CRS can be generalized into 4 stages: 1) CAR-T cell local expansion
stage, 2) CAR-T cell overflow and inflammatory cytokine surge stage,
3) CAR-T cell redistribution and organ damage stage and 4) Recovery
stage (immune reconstruction). The first stage occurs between days 0-
5 post CAR-T infusion, where sustained intra-tumoral expansion CAR-T
cells are retained within tumor mass while a few other cells recirculate
in the peripheral blood (PB). Activated CAR-T cells release cytokines in
a large surge, followed by a local inflammatory response. In a range of
days 3-12, the second stage occurs where both CAR-T cells and cytokines
enter the circulatory system. There’s a rapid increase in CAR-T cells and
IL-6 in the PB. ©!

When evaluating relapse following treatment with CD19, it is im-
portant to evaluate tumor relapse due to mutation in CD19 which can
reduce the efficacy of CAR-T cell therapy. Zhang et al., analyzed CAR-
T and CD19" B cells from peripheral blood or bone marrow using flow
cytometry 2. Genomic sequencing was conducted to identify the molec-
ular characteristics of CAR-T and CD19% B cells from both pre-relapse
and post relapse samples. CD19 CARs comprising scFv from antibody
clones (e.g. FMC63 or 21D4) were constructed. Their analysis showed
that FMC63 CAR-T cells exhibited limited cytotoxic efficacy in patients
with CD19 mutations, leading to relapse after the CAR-T cell therapy.
Conversely, 21D4 CAR-T cells could exert cytotoxic effect on B cells
with CD19 mutations both in vitro and in vivo, which could be a po-
tential alternative strategy for treatment for lymphoma patients with
CD19 mutations. This paper is a clear example of how point mutation
can both facilitate CAR-T relapse and also effectively eradicate mutated
B cells allowing for an individualized treatment approach for patients
with relapsed lymphoma.

Correlative analyses on CAR-T cell therapy and responses are limited
and have mainly focused on toxicity and immune programs associated
with CAR-T cell therapy. There is a lack of data on mechanisms of treat-
ment resistance, including target antigen loss seen in a subset of respond-
ing patients. A recent study was initiated to analyze biomarker data
from ZUMA-1 in a statistical analysis plan for correlations of durable
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Table 2
CAR NK cell therapies for hematological malignancies under investigation
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Clinical Trial

Disease Target Source Principal Investigator/location Phase Identifier
MM BCMA NK-92 Department of Hematology, Wuxi People’s Hospital, Phase I/11 NCT03940833
Nanjing Medical University
Wouxi, Jiangsu, China, 214000
ALL, CLL, NHL CD19 CD NK cells University of Texas MD Anderson Cancer Center, Houston, Phase I/11 NCT03056339
Texas, United States
Refractory B Cell Lymphoma CD22 Unknown Allife Medical Science and Technology, Beijing, China Early Phase I NCT03692767
Refractory B Cell Lymphoma CD19 Unknown Allife Medical Science and Technology, Beijing, China Early Phase I NCT03690310
Refractory B Cell Lymphoma CD19/CD22 Unknown Allife Medical Science and Technology, Beijing, China Early Phase I NCT03824964
B Cell Lymphoma, CLL CD19 iPSC Wayne Chu, MD Fate Therapeutics Phase I NCT04245722

San Diego Ca

Abbreviation: ALL, acute lymphocytic leukemia; CD, cord derived; CLL, chronic lymphocytic leukemia; iPSC,induced pluripotent stem cell; MM, multiple myeloma;

NHL, non-Hodgkin lymphoma.

response and parameters differentially associated with efficacy and tox-
icities. Through univariable and multivariable analyses, it was found
that rapid CAR-T cell expansion is correlated with pretreatment tumor
burden, the number of CD8 and CCR7 CD45RA T cells infused, and host
systemic inflammation®?.

Another correlative study in a modified intent to treat (mITT) popu-
lation from ZUMA-1 yielded similar rates of overall response (OR) and
toxicities from the trial in 122 patients regardless of eligibility for the
study. CR and duration of response (DOR) were higher in those enrolled
in ZUMA-1 4, This also revealed that bridging therapy (rendering some
ineligible for the trial) may be a useful strategy in CAR-T since OR and
toxicities are relatively the same. Several markers were also collected to
assess response and T cell expansion.

Cellular characteristics of the CAR-T product themselves may be im-
plicated in variable efficacy and toxicity. Green et al., conducted a study
to determine why responses to CAR-T cell therapy are so varied and
diverse®>. They performed single-cell RNA sequencing of axicabtagene
clioleucel products from 24 patients with large B cell lymphoma. The
results from sequencing were correlated with clinical responses at 3
months. 50% progressive disease (PD), 38 % CR and one patient died
before the 3-month evaluation

From their analysis of the cell types in the infusion they found central
memory CD8" T cells to be more abundant in patients who achieved
complete remission status. Conversely, patients whose infusion products
had a large quantity of exhausted CD8* and CD4" T cells were more
likely to experience PD or achieve only partial remission status.

CAR-T cells’ impact on side effects were also examined. They eval-
uated the cell characteristics of patients who developed grade 3 or 4
immune effector cell-associated neurotoxicity syndrome (ICANS). They
found their infusions to contain numerous cells with gene expression
pattern characteristic of monocytes which produced cytokines such as
IL-6 promoting ICANS.

Future research will be conducted to identify the nature of the cells
in the CAR-T cell preparations. Directions as such have the potential
for making CAR-T cells more effective. Implementing ctDNA may prove
beneficial for choosing personalized CAR-T treatments for patients.

5. Novel cellular therapies
5.1. CAR-NK cells

NK cells have recently been modified to express an anti-CD19 CAR
which have the potential to overcome the toxicity and adverse events
associated with CAR-T cell therapy. Ongoing CAR NK trials are summa-
rized in Table 2. Phase 1 and 2 trials were conducted to evaluate the
use of anti-CD19 CAR NK cells in patients with R/R NHL or CLL.°® NK
cells were transduced with a retroviral vector expressing genes that en-
code anti-CD19 CAR, interleukin-15, and inducible caspase 9 as a safety
switch. The cells were expanded ex vivo and administered in a single in-
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fusion at one of three doses (1 x 10, 1 x 108, or 1 x 107 CAR-NK cells
per kilogram of body weight) after lymphodepleting chemotherapy.

Promising results were found with the administration of CAR-NK
cells. There was no association with the development of CRS, NT or
graft versus host disease (GVHD). Additionally, there were no increases
in the levels of inflammatory cytokines when compared to baseline lev-
els. 73% had a response; of which 7 (4 with lymphoma and 3 with CLL)
had a complete remission.

5.2. Cancer specific T cell receptor (TCR)

Adoptive transfer of T cells genetically modified to express a cancer-
specific TCR has shown remarkable therapeutic potential for both hema-
tological and solid tumors. While CAR-based adoptive cell therapies are
already showing great promise, a key constraint of most CARs is that
conventional CAR-T cells recognize antigens expressed on the cell sur-
face, limiting potential for using any intracellular tumor proteins as tar-
gets ©7 . TCRs have the advantage of targeting any peptide including
those derived from intracellular proteins processed through proteasome
degradation 8. Unlike CAR-T cells that recognize proteins expressed
on the surface, TCRs can recognize all types of tumor-specific proteins
processed into peptides and presented on major histocompatibility com-
plex MHC molecules, including intracellular proteins that remarkably
increases the number of potential peptide targets. A unique TCR ex-
pressed on each T cell enables the cell to scan for antigens presented
on MHC molecules on the tumor cell surface. These tumor antigens
can be divided into two categories: non-mutated common antigens, in-
cluding tissue-specific or cancer-testis (CT) antigens that are aberrantly
expressed in cancerous cells and patient unique neoantigens resulting
from non-synonymous somatic mutations within the cancerous cells.®”
TCRs are engineered to recognize a tumor-specific peptide/MHC com-
bination,”” leading to TCR-T therapy which has the advantage to rec-
ognize most of tumor antigens as they are able to recognize both ex-
tracellular and intracellular antigens.”! To generate TCR-engineered T
cells, one or more tumor antigens are to be first identified as therapeu-
tic targets. Genes encoding TCRs can be isolated from high avidity T
cells that recognize cancer antigens, and then introduced into patient
or donor-derived T cells, using genetic engineering techniques. Alter-
natively, TCRs from these patient’s tumor infiltrating cell (TIL) could
be transferred into autologous peripheral blood T cells with a younger
phenotype and administered as treatment. TCR-T cells that specifically
recognize tumor antigens are expanded in vitro and then reinfused to
patients to kill tumor cells.”?

A recent report on TCR T clinical trials showed that affinity im-
proved TCR T delivered 80% clinical responses in patients with ad-
vanced myeloma 7374, The remarkable capability of TCR-T has also
been illustrated by the complete cure of a metastatic melanoma patient
with NY-ESO-1 specific CD4* T cells isolated directly from the same pa-
tient 7°. Numerous trials have shown objective clinical responses, target-
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ing the melanocyte differentiation antigen, MART-1/Melan-A.”® Clinical
trials using TCRs for adoptive T cell therapy have had some successes in
eradicating both solid and hematological tumors, which target AHNAK
and ERBB2 in melanoma (via the Sleeping Beauty transposon system)””,
p53 in various cancers 78, MDM2 in CLL. 7°

TCR-T therapy is now being developed at an accelerating speed,
led by NCI, Medigene, Zeopharm Oncology (Sleeping Beauty TCR-T
Cell Therapy), PACT Pharm, Juno Therapeutics, and Genentech, among
many others. Future innovations in genomics, genetic engineering, and
cell manufacturing will make individualized TCR-based therapies tar-
geting multiple private neoantigens and dramatically enhance clinical
efficacy of adoptively transferred T cells expressing TCRs.

5.3. FT596

In 2019, a clinical-stage biopharmaceutical company dedicated to
the development of programmed cellular immunotherapies for can-
cer and immune disorders, announced new in vivo preclinical data for
FT596, its off-the-shelf, multi-antigen targeting NK cell product candi-
date derived from a clonal master engineered induced pluripotent stem
cell (iPSC) line. Data for the FT596 were presented at 615' ASH meet-
ing and exposition. The data highlighted the potential of next gener-
ation cancer immunotherapies to overcome the current limitations of
patient specific CAR-T cell therapy. Currently CAR-T cell therapies are
programmed to recognize only one antigen and patients often succumb
to relapse due to antigen escape mechanisms.®? To date, FT596 is the
only cellular immunotherapy engineered with three active anti-tumor
components under clinical investigation by the FDA.

5.4. Dominant negative CAR-T cell construct

Many groups have reported upregulation of PD-L1 and cytotoxic
T-lymphocyte-associated antigen (CTLA) thereby inhibiting CAR-T cell
function by accelerating the exhaustion of the CAR-T cells. This is espe-
cially relevant in targeting solid tumors. Dominant negative TGF-§ re-
ceptors in new constructs could enhance CAR-T proliferation, increase
cytokine activity and induce solid tumor eradication.®! This approach
could also prevent exhaustion of transduced CAR-T cells and reduce in-
duced regulatory T cell (Treg). This phenomenon has been observed
in patient derived xenografts (PDX) and cell-line derived xenografts
(CDX)®2. While this technique is priming CAR-T products for solid tu-
mor targets, better understanding the reaction of the tumor microen-
vironment, especially the activation of immune and stromal cells, may
improve CAR-T in B cell malignancies.

5.5. The future of genetic cellular products

In our current cellular therapy era, numerous sophisticated con-
structs have been generated to increase efficacy, decrease toxicity, and
prolong the duration of efficacy. Three major categories of constructs
are being made and emerging in publications. Category 1 is to modify
extracellular CAR-T protein product. Category 2 is to modify the intra-
cellular portion. Category 3 is to improve the microenvironment for the
CAR-T cells. All categories of construct innovations could enhance and
improve current available adoptive cellular products for B cell malig-
nancies.

Additionally, the molecular precision medicine era is dawning when
multi-omics and biological mechanistic studies may reveal drivers lead-
ing to drug resistance in tumors and individual patients. We could then
attack this “Achilles’ heel” of tumor resistance with personalized molec-
ular precision therapies knocking out the driver drug resistance mecha-
nism. Precision approaches combined with novel cellular therapies have
enormous potential in curing the now incurable.

Cellular therapy has rapidly accelerated the curative fraction of pa-
tients of B cell malignancies. Our generation enjoys the best and most
advanced science technology in the history of mankind. Therefore, it
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is both our fortune and responsibility to take advantage of available
scientific breakthroughs and translate them into clinical outcomes that
benefit patients.
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