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1. INTRODUCTION:

My research focuses on developing Chimeric Antigen Receptor (CAR) T cells for adoptive
immunotherapy. The goal of the research is to enhance the efficacy of CAR T therapy by developing
potent CAR T cells. Another goal of this research is to shorten the CAR T manufacturing period to
increase the availability of this therapy in resource constraint health care settings, as well those
patients with rapidly progressive disease. CAR T cells are generated by transducing activated T cells
with lentiviral vectors and expanding their progeny over 9-14 days. T cells progressively differentiate
over time. Transducing quiescent T cells with CAR will preserve the intrinsic stem-like properties of
naive and memory T cells. This approach will yield CAR T cells with enhanced replicative capacity,
engraftment, and in vivo activity. The purpose of this work is to determine the optimal T cell subset
and corresponding optimal costimulatory domain for CAR when it is expressed in quiescent T cells.
The scope of this research is that CAR T cells generated by transducing quiescent T cells will
preserve the intrinsic stem-like properties of naive and memory T cells.

2. KEYWORDS:

CART cells, adoptive immunotherapy, CART19 (CD19-specific CAR), non-activated CAR T cells

3. ACCOMPLISHMENTS:

What were the major goals of the project?

1. CAR Lentivirus production

2. Comparing the proliferation, differentiation, metabolism, and cytolytic effector function of
quiescent CD19-specific CAR T cells in vitro.

3. Identifying which costimulatory domain, is most effective in xenograft models of ALL.

4. Comparing the effects of varying CAR design in different T cell subsets
5. ldentifying which quiescent CAR T cell subset, with corresponding optimal costimulatory domain,
is most effective in xenograft models of ALL

What was accomplished under these goals?



Aim 1: To determine how CAR co- stimulation influences quiescent T cell potency

Major task 2: Comparing the proliferation, differentiation, metabolism, and cytolytic effector
function of quiescent CD19-specific CAR T cells in vitro.

In this aim, | evaluated the effect of CAR design on proliferation and metabolism of CD19 specific
CAR T cells (CART19). Using a panel of CARs that we cloned previously, freshly isolated T cells
were transduced with CAR19 with different costimulatory domain (bbz, 28z, ICOS Z and ICOS bbz).
Following transduction, T cells were cultured for 5 days in IL-7 and IL-15 to permit CAR expression
and support cell viability. T cells were then stimulated microbeads (Dynal) coated with anti-idiotype
-Fc to the FMC63 scFv present within the corresponding CD19 specific CAR. Six days following
activation, the metabolic properties of each group were assessed via seahorse assay (Fig. 1).
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Figure 1. The impact of co-stimulation on metabolic profile of CAR T cell. The oxygen consumption
rates (OCR) of CAR T cells from T cells transduced with CAR19 with different costimulatory domain on day
6 in culture under basal metabolic conditions and in response to mitochondrial inhibitors are shown. Data is
representative of 3 individual experiments with separate donors.

| also developed a repeated antigen stimulation model to assay mitochondrial fitness, as measured
by spare respiratory capacity (SRC), over time. Freshly isolated T cells were expanded for 9 days.
Following the rest-down, these cells were restimulated with irradiated K562-CD19 target cells for 5
days. To mimic repeated antigen encounter, the cells underwent 3 cycles of these restimulations.
In each round, their metabolic properties were assessed by Seahorse Assay (Fig. 2).
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Figure 2. The impact of co-stimulation on the metabolic profile of CAR T cell after rounds of
restimulation. The spare respiratory capacity (SRC), an index of mitochondrial fitness, of CAR T cells from
T cells transduced with CAR19 with different costimulatory domain in repeated stimulation assay. Data is
representative of 3 individual experiments with separate donors.

Significant results for Aim 2:

As shown in Figure 1, 28z cells had the highest oxidative response (Fig 1) following initial stimulation.
This has limited insights for metabolic fitness in the context of persisting antigen. To this end, spare
respiratory capacity, SRC, is sustained/replenished in ICOSZ as well as BBZ CAR T cells. This
correlates with a contingency energy reserve that cells can access in order to survive the energy cost
of the hostile tumor environment (Figure 2).

Aim 3: Identifying which quiescent CAR T cell subset, with corresponding optimal costimulatory
domain, is most effective in xenograft models of ALL.

In this aim, | evaluated the anti-tumor potency of different T cell subsets (Naive like T cells, Tcm) when
quiescent CAR-T cells are used. To evaluate the potency of these cells in vivo, | sorted T cells into
different T cell subsets. Each subset was transduced separately with a CD19-specific CAR with 4-1BB
co-stimulatory domain, for 24 hours. | then transferred 2x10° of each subset into NSG mice bearing
pre-established Nalm6 xenografts. Bulk quiescent T cells (unsorted) were used as a control as well as
2 x10° mock transduced quiescent T cells.

Significant results for Aim 2:

As shown in Figure 3, all CAR T cell subsets show comparable ability to control tumor burden over an
extended duration (60 days). However, tumor persists showing that CARTs cannot completely tumor
cells; a feature often associated with a lack of CAR T cell number. However, naive subsets have
increased circulating numbers coinciding with decreased tumor burden (Fig 3A-B). These findings are
compelling and we will repeat this study to 1) optimize the dose to completely eliminate tumor burden,
and 2) show reproducibility in our findings.
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Figure 3: T cell subset expressing a CD19-specific non-activated T cells control leukemia at low doses in
xenograft model of ALL. (A) Survival of NSG mice treated with quiescent day1 CART19 cells derived from
naive-like T, Tcm, Total T cells and NTD (0.7x10° T cells per mouse). (B) Absolute peripheral blood CD45+ T cell
counts in blood collected from mice shown in panels d-f at 19 days following T cell transfer measured by a
TruCount assay.

What opportunities for training and professional development has the project provided?

My trainees had several opportunities to present their findings on this project at intramural conferences
within the Penn Medicine Department. This facilitates valuable skill development in presenting data
and obtaining feedback. In National and International presentations, I was responsible for presenting
the findings. These talks are listed below.




How were the results disseminated to communities of interest?

Invited talk:

Engineering Next Generation CAR T cells with Enhanced Potency, The New York Academy of
Sciences, Sep 2021

Engineering next generation CAR T cells with enhanced potency. ACC/IFI Cancer Retreat,
Philadelphia, PA, Dec 2021

Rapid manufacturing of non-activated potent CAR T cells, Orion Corporation, Apr 2022

Engineering best-in-class CAR T cells with enhanced potency, Janssen Pharmaceutical, May 2022

What do you plan to do during the next reporting period to accomplish the goals?

Future plan of aim 2: In the next step, | will determine what how the optimal costimulatory domain impacts
cytolytic activity using our state-of the art eSIGHT RTCA impedance and imaging-based technology. We
will sort T cells and each T cell subset (naive, central memory, effector memory) will be transduced CD19-
specific CARs containing either 4-1BB or CD28 co-stimulatory domain. The cytolytic function of each subset
with specific CAR design will be evaluated as described using this innovative advance.

Future plan of aim 3: | have already performed a repeated in vivo experiment under condition above. This
will provide results from a separate donor. This experiment is ongoing. In the next step, | will determine what
is the optimal costimulatory domain for each individual subset. | will sort T cells and each T cell subset
(naive, central memory, effector memory) will be transduced CD19-specific CARs containing either 4-1BB
or CD28 co-stimulatory domain. The potency of each subset with specific CAR design will be evaluated in
vivo by injecting limiting doses of each subsets into the Nalm6 leukemia model.

4. IMPACT:

What was the impact on the development of the principal discipline(s) of the project?



My work is amenable to the development of a micro-fluidic device that optimizes CAR gene delivery into
quiescent T cells. We are engaged in collaborations with the Singh Center for Nanotechnology at Penn to
generate such a device.

What was the impact on other disciplines?

Stem cell therapies for tissue repair and regeneration face the same barriers as adoptively transferred T cells-
poor survival and engraftment. My work highlights the therapeutic potential of maintaining quiescence during
ex-vivo culture. My data suggests it preserves resilience and potency.

What was the impact on technology transfer?

Streamlining the process from 14 days to 24 hr will facilitate a breakthrough such that
manufacturing hubs are no longer needed to manufacture CAR T cells. This versatile platform is
amenable to the widespread application of CAR T cells at point-of-care facilities including all hospital
location. Decentralizing the entire system through the development of nonactivated rapid manufactured
CAR T cells will decrease the cost burden and increased accessibility, and have inherent advances for
patients with advanced disease. These next generation CARTs will be transformative for all T cell
therapies against cancer and auto-immunity.

Describe how results from the project made an impact, or are likely to make an impact, beyond the
bounds of science, engineering, and the academic world on areas such as:

My findings have particular translational relevance for extending the use of CAR T cells from large
pharmaceutical Centers to point-of-care hospital facilities, thereby improving access for all.




5. CHANGES/PROBLEMS:

Changes in approach and reasons for change

Nothing to Report

Actual or anticipated problems or delays and actions or plans to resolve them

Changes that had a significant impact on expenditures

Unfortunately, with the advent of cell and gene therapies in Phiadelphia, there has been an influx of

companies (Cellican Valley), that recruit talent trained at Penn. This has led to high staff turnover and
competition for talent as a valuable resource.

I lost valuable lab members and am still trying to find suitable replacements.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

Significant changes in use or care of human subjects

Nothing to Report




Significant changes in use or care of vertebrate animals

Nothing to Report

Significant changes in use of biohazards and/or select agents

Nothing to Report

6. PRODUCTS:

o Publications, conference papers, and presentations

Journal publications.

1. Garcia-Canaveras JC, Heo D, Trefely S, Leferovich J, Xu C, Philipson Bl, Ghassemi S,
Milone MC, Moon EK, Snyder NW, June CH, Rabinowitz JD, O'Connor RS. CAR T-Cells
Depend on the Coupling of NADH Oxidation with ATP Production. Cells. 2021 Sep
6;10(9):2334.

2. Akbari B, Ghahri-Saremi N, Soltantoyeh T, Hadjati J, Ghassemi S, Mirzaei HR. Epigenetic
strategies to boost CAR T cell therapy. Mol Ther. 2021 Sep 1;29(9):2640-2659.

3. Ghahri-Saremi N, Akbari B, Soltantoyeh T, Hadjati J, Ghassemi S, Mirzaei HR Genetic
Modification of Cytokine Signaling to Enhance Efficacy of CAR T Cell Therapy in Solid
Tumors. Front Immunol. 2021 Oct 14;12:738456.

4. Durgin JS, Thokala R, Johnson L, Song E, Leferovich J, Bhoj V, Ghassemi S, Milone M,
Binder Z, O'Rourke DM, O'Connor RS., Enhancing CAR T function with the engineered
secretion of C. perfringens neuraminidase, Mol Ther, 2022 Mar 2;30(3):1201-1214

5. Ghassemi S, Durgin JS, Nunez-Cruz S, Patel J, Leferovich J, Pinzone M, Shen F,
Cummins KD, Plesa G, Cantu VA, Reddy S, Bushman FD, Gill SI, O'Doherty U, O'Connor
RS, Milone MC. Rapid manufacturing of non-activated potent CAR T cells. Nat Biomed
Eng. 2022 Feb;6(2):118-128.




Books or other non-periodical, one-time publications.

Nothing to Report

Other publications, conference papers and presentations

Reported above.

Website(s) or other Internet site(s)

News report:

https://www.pennmedicine.org/news/news-releases/2022/march/penn-researchers-
shorten-manufacturing-time-for-car-t-cell-therapy

https://endpts.com/a-team-at-penn-says-it-has-slashed-car-t-cell-therapy-
manufacturing-timeframe-to-just-24-hours/

https://www.cellandgene.com/doc/innovation-in-car-t-cell-therapy-manufacturing-0001

Technologies or techniques

Development of non-activated CAR T cells in the most rapid time done to-date.




. Inventions, patent applications, and/or licenses

Patent number: PCT/US2020/027734

° Other Products

Nothing to Report

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?



Name: Saba Ghassemi
Project Role: PI
Researcher Identifier (e.g. ORCID ID): 0000-0002-2415-3576

Nearest person month worked: 4.2

Contribution to Project: Dr. Ghassemi supervised the technician in carrying out the project aims,
and she write the results and progress reports.

Funding Support: Current DOD Career Development Award
Name: Xiaoling Jin
Project Role: Research Specialist

Researcher Identifier (e.g. ORCID ID):
Nearest person month worked: 12

Contribution to Project: Xiaoling performed the experiments mentioned in the project aims. He
analyzed results and reported to the PI

Funding Support: Current DOD Career Development Award




Has there been a change in the active other support of the PD/PI(s) or senior/key personnel
since the last reporting period?

Nothing to report

What other organizations were involved as partners?

Nothing to report
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Rapid manufacturing of non-activated potent
CART cells

Saba Ghassemi®'2%, Joseph S. Durgin', Selene Nunez-Cruz'?, Jai Patel', John Leferovich'?,
Marilia Pinzone?, Feng Shen', Katherine D. Cummins ®1, Gabriela Plesa®?, Vito Adrian Cantu3,
Shantan Reddy?, Frederic D. Bushman?, Saar I. Gill'4, Una O'Doherty? Roddy S. O'Connor©'2? and
Michael C. Milone ®12X

Chimaeric antigen receptor (CAR) T cells can generate durable clinical responses in B-cell haematologic malignancies. The
manufacturing of these T cells typically involves their activation, followed by viral transduction and expansion ex vivo for at
least 6 days. However, the activation and expansion of CAR T cells leads to their progressive differentiation and the associated
loss of anti-leukaemic activity. Here we show that functional CAR T cells can be generated within 24 hours from T cells derived
from peripheral blood without the need for T-cell activation or ex vivo expansion, and that the efficiency of viral transduction
in this process is substantially influenced by the formulation of the medium and the surface area-to-volume ratio of the culture
vessel. In mouse xenograft models of human leukaemias, the rapidly generated non-activated CAR T cells exhibited higher
anti-leukaemic in vivo activity per cell than the corresponding activated CAR T cells produced using the standard protocol. The

rapid manufacturing of CAR T cells may reduce production costs and broaden their applicability.

genetically modified to express a chimaeric antigen recep-
tor (CAR) or cloned T cell receptor (TCR) yield durable
clinical responses in patients with cancer'. The effectiveness of
adoptive cellular immunotherapy led to the regulatory approval of
several CD19-specific CAR T (CART19) cell therapies, including
tisagenlecleucel and axicabtagene ciloleucel. Both these therapies
involve the isolation of mononuclear cells containing T cells from
the peripheral blood of the patient, followed by T-cell activation
through their endogenous T cell receptor-CD3 complex, genetic
modification using a viral vector and expansion ex vivo before
re-infusion. We recently showed that activated T cells undergoing
rapid proliferation ex vivo differentiate towards effector cells with
a loss of anti-leukaemic potency’. The ability of T cells to engraft
following adoptive transfer is related to their state of differentiation
with less-differentiated naive-like and central memory cells show-
ing the greatest potency in several preclinical studies®''. A number
of interventions have been reported to limit the differentiation of
T cells and enhance the potency of ex vivo-expanded T cells, such as
blockade of Fas-FasL interactions', inhibition of Akt signalling'*'*
or activation of Wnt signalling'*~". However, elimination of the acti-
vation step and corresponding proliferative phase of T cells ex vivo
offers a far simpler and more cost-effective approach provided the
barriers to gene transfer into quiescent T cells can be overcome.
Natural human immunodeficiency virus (HIV) has the ability to
infect quiescent T cells in the GO stage of the cell cycle'®*’. Unlike
gammaretroviruses, HIV-based lentiviral vectors can infect both
dividing and non-dividing cells. However, the transduction effi-
ciencies in quiescent T cells are typically lower than their activated
counterparts. Lentiviral infection is a multi-step process involving
binding of the viral particle to the plasma membrane of a T cell and

ﬁ doptive cellular immunotherapy using T cells that are

endocytosis, followed by envelope fusion, reverse transcription to
form a pre-integrated DNA provirus and finally integration into the
host T-cell genome. Lentiviral particles that are pseudotyped with
the vesicular stomatitis virus g-glycoprotein (VSV-G) to broaden
the viral tropism depend on the low-density lipoprotein receptor
(LDL-R), which is ubiquitously expressed on the surface of various
cells, including lymphocytes, for entry’-*%. Limitations to efficient
lentiviral transduction of quiescent T cells occur at each stage of
infection. The fusion of lentiviral particles with quiescent T cells is
inefficient””*. Conditioning the cell culture medium with recom-
binant interleukin (IL)-7 and IL-15 cytokines can overcome this
limitation” and increase the transduction efficiencies as well as
cell survival in quiescent T cells’”. Engineering viral particles to
express an IL-7 fusion protein increases quiescent T-cell lentiviral
transduction®. Post entry, low concentrations of nucleotides and
the presence of additional restriction factors such as SAMHDI1 limit
the rate of reverse transcription in quiescent T cells*~*'. Collectively,
these factors make lentiviral transduction of non-activated T cells
inefficient.

Having previously shown that shortening the ex vivo culture of
CAR T cells yields a cellular product with less-differentiated T cells
and significantly enhanced effector function, we hypothesized that
elimination of the CD3 and CD28 (CD3/CD28) activation step
could yield a T-cell product with high functional potency. Reducing
the culture duration could also substantially reduce the vein-to-vein
time and substantially improve the logistics required to make CAR
T-cell products. Here we have overcome some of the barriers to len-
tiviral transduction of non-activated T cells with a CAR by modi-
fying the ex vivo manufacturing protocol. This technical advance
resulted in CAR T cells with potent antitumor function that were
available within 24 h of mononuclear-cell collection compared with

'Center for Cellular Immunotherapies, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA. 2Department of Pathology and
Laboratory Medicine, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, USA. 3Department of Microbiology, Perelman School of
Medicine, University of Pennsylvania, Philadelphia, PA, USA. “Division of Hematology-Oncology, Department of Medicine, Perelman School of Medicine,
University of Pennsylvania, Philadelphia, PA, USA. ®e-mail: ghassemi@pennmedicine.upenn.edu; milone@pennmedicine.upenn.edu
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the 9d process currently used by tisagenlecleucel. These results
demonstrate the potential for a vast reduction in the time, materials
and labour required to generate CAR T cells, which could be espe-
cially beneficial in patients with rapidly progressive disease and in
resource-poor healthcare environments.

Results

Transduction of non-activated T cells by lentiviral vectors. We
confirmed the previously reported low transduction efficiency of
freshlyisolated quiescent T cells with VSV-G-pseudotyped lentivirus
vector. Primary human T cells obtained from healthy donors were
mixed with an infrared red fluorescent protein (iRFP)-encoding
lentiviral vector under conditions identical to activated T cells and
followed for 96 to assess the efficiency and kinetics of transduc-
tion (Fig. 1a). In comparison to lentiviral transduction of T cells
activated 24 h previously with anti-CD3/CD28 microbeads at a mul-
tiplicity of infection (MOI) of five, which yields >85% transduction
at 48h, the efficiency (Fig. 1a) and kinetics (Fig. 1b,c) of lentivi-
ral transduction in non-activated T cells was substantially slower,
requiring at least 72h to achieve detectable expression of an iRFP
transgene and with a transduction efficiency that was about 11-fold
lower at 96h than activated T cells (Fig. 1a). The slower kinetics
of this process is consistent with the previous observation of inef-
ficient transduction efficiency of VSV-G-pseudotyped lentivirus
vector” and the decreased rate of reverse transcription reported for
natural HIV in quiescent T cells compared with activated T cells™.
Transduction was observed in both memory and naive subsets of
CD4* and CD8* T cells, with the highest efficiency observed in
CDB8" cells with a memory phenotype (Fig. 1d.e).

We repeated the same studies using a third-generation lentiviral
vector encoding a CD19-specific CAR (CAR19), which in contrast
to the cytoplasmic nature of iRFP is a cell membrane-expressed
protein. The levels of CAR expression were measured by immu-
nostaining with a monoclonal antibody recognizing the idiotype
of the single-chain variable fragment®. In a similar kinetic analy-
sis to that performed with the iRFP-encoding lentiviral vector, we
observed that non-activated T cells acquired CAR expression as
early as 12h after the addition of the CAR lentiviral vector, with
a steady increase to >80% of T cells transduced by 96h (Fig. 2a).
To determine whether the CARs were stably expressed, the T cells
were treated with either a reverse transcriptase (RT) or integrase
inhibitor during the lentiviral transduction process. As shown in
Fig. 2b,c, CAR expression in non-activated T cells was unaffected by
either compound, whereas both RT and integrase inhibition com-
pletely abrogated CAR expression in activated T cells. This pseu-
dotransduction observed in non-activated T cells is probably due
to the transfer of CAR protein from the lentiviral vector envelope
by viral fusion to the T cell, as it is well-known that membrane pro-
teins expressed in the packaging cells are incorporated into the HIV
envelope™. The absence of apparent pseudotransduction with a vec-
tor that encodes iRFP, a cytoplasmic protein, provides support for
this envelope-mediated transfer mechanism (Fig. 2d). Notably, the
observed pseudotransduction was not exclusive to non-activated
T cells. However, greater rates of pinocytosis in activated T cells
may increase cell-membrane turnover and hence clearance of pas-
sively transferred proteins contributing to pseudotransduction.
Importantly, CART19 cells generated by lentiviral transduction of
non-activated T cells in the presence of RT and integrase inhibi-
tors showed no specific cytolytic activity and cytokine production
against CD19-expressing target cells (Supplementary Fig. la,b).
Based on these data, we conclude that long-term persistence of CAR
expression in T cells will require vector integration, which occurs at
a substantially lower frequency in non-activated T cells compared
with activated T cells.

Although functional CAR expression could not be assessed
post transduction due to the substantial pseudotransduction, we

hypothesized that the transduction process would probably con-
tinue following adoptive transfer in vivo, giving rise to functional
CART19 cells. We therefore performed an in vivo experiment to
evaluate non-activated CART19 cells transduced for 24h (day 1,
dl) as in Fig. 1 using a well-established Nalmé B-cell acute lympho-
blastic leukaemia (ALL) mouse model™. As shown in Fig. 3, a dose
of 3x10° non-activated CART19 cells (d1) washed and infused
within 24 h of collection was compared with a dose of 3x 10° CAR*
CD3/CD28-activated CAR T cells that were expanded ex vivo for
9d before injection, a research process comparable to that used to
manufacture tisagenlecleucel, as shown schematically in Fig. 3a,b.
Although non-activated CAR T cells were unable to induce a com-
plete regression of leukaemia, they controlled leukaemia for an
extended duration of 60d. As a comparison, we show the effective-
ness of d9 CAR T cells is highly variable across donors (Fig. 3d.e).
Typically, d9 cells exit their logarithmic growth phase and are resting
down. However, some donors can maintain high metabolic activity
and function at this time point. This contributes to donor-to-donor
variability in antitumour responses. Given the persistence of T cells
in the peripheral blood of mice (Fig. 3f,g), our findings suggest that
non-activated CAR T cells retain replicative capacity to maintain
function under continuous antigenic stimulation (Fig. 3d). This
contributed to a significant increase in the overall survival of the
leukaemia-bearing mice (Fig. 3h). These results support the func-
tional nature of non-activated CART19 cells, and they encouraged
the optimization of the transduction process to further enhance
non-activated CART19 activity.

Modification of the culture conditions to enhance non-activated
T-cell transduction. Numerous mechanisms restrict quiescent
T-cell infection by natural HIV. Viral attachment and entry repre-
sent a critical initial phase of the transduction process, during which
the RNA genome of the lentiviral vector is inserted into the cyto-
plasm of the host T cell. Although natural HIV uses both chemokine
receptors and CD4 for attachment and entry*, VSV-G-pseudotyped
lentiviral vectors use the LDL-R as their primary receptor®. The
low transduction efficiency of non-activated T cells has been attrib-
uted to low expression of LDL-R?. As the abundance of LDL-R
is linked to the metabolic state of the cell and LDL uptake can be
enhanced by cholesterol restriction”, we evaluated whether a brief
serum starvation before lentiviral-vector transduction increases the
lentiviral-vector transduction of non-activated T cells. Brief (3-6h)
serum starvation increased iRFP expression by an average of two-
fold in non-activated T cells (Fig. 4a and Supplementary Fig. 1).
The slow kinetics of reverse transcription in non-activated T cells
by both natural HIV and lentiviral vectors also contribute to the
reduced transduction efficiency. Completion of reverse transcrip-
tion during natural HIV infection is enhanced by high concentra-
tions of deoxynucleosides (dNs)". Supplementation of the culture
medium with 50 uM dNs also increased the lentiviral transduction
of non-activated T cells by two- to threefold (Fig. 4b). Finally, the
limited diffusibility of lentivirus in large culture vessels is another
major barrier limiting the transduction efficiency in T cells*. To
evaluate this, we adjusted the geometric conditions to enhance the
colocalization of vector particles with T cells. By increasing the sur-
face area-to-volume ratio of the culture vessel, while keeping the
volume constant, we increased the transduction of non-activated
T cells by at least twofold (Fig. 4c). Furthermore, we show that
the transduction efficiencies can be enhanced by 2-12-fold in
non-activated T cells by combining these approaches (Fig. 4d).
Given that pseudotransduction with CAR19 interferes with
the ability to estimate the transduction efficiency (Fig. 2) and
vector integration is likely to be ongoing at the time of infu-
sion, we estimated the efficiency of the optimized transduction
process by adoptively transferring the transduced T cells into
non-leukaemia-bearing NSG mice, which permits an estima-
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Fig. 1] Lentiviral vectors transduce non-activated T-cell subsets with a preference for memory subsets. a, Transduction efficiency of freshly isolated
human T cells that were either cultured in IL-7 (10 ngmI=") and IL-15 (10 ng ml~™") or activated with beads coated with anti-CD3/CD28 and transduced

with lentiviral vector encoding iRFP for 5d. The mean of each group is indicated by the solid black line. The two groups were compared using a two-tailed
unpaired Mann-Whitney test; P=0.0079. b,¢c, Freshly isolated human T cells were cultured in IL-7 and IL-15, and transduced with lentiviral vector encoding
iRFP for the indicated time periods. b, iRFP* cells were quantified by flow cytometry. Ctrl, control. ¢, Similar transduction efficiencies were obtained in

an independent experiment from six different donors. Data are the mean +s.e.m. d, Representative flow cytometric analysis of non-activated T cells
transduced as in a. Naive, central memory (Tcm), effector memory (Tem) and total effector (Tte) T-cell subsets were identified following gating on

live singlets of CD3*CD4* (top) and CD3*CD8* (bottom) T cells using CD45R0 and CCR7 expression. b,d, The percentages of transduced cells (pink
boxes) are indicated. e, Similar transduction efficiencies were obtained in an independent experiment from six different donors. CD4+ versus CD8* cells,
P=0.0308; two-tailed paired t-test (left). CD8* naive-like T cells versus Tcm, Tem and Tte cells, P=0.0133, 0.0204 and 0.0427, respectively (right); and
CD4* naive-like T cells versus Tcm and Tem cells, P=0.0423 and 0.0208, respectively (middle); paired one-way analysis of variance. *P< 0.05; **P< 0.01.

tion of the frequency of integrated vector in the absence of CAR  duction frequency of 8% (range of 6-16%) based on analysis
stimulation by antigen-expressing tumour cells that would nor- performed 3 weeks following the adoptive transfer (Fig. 4f),
mally stimulate and enrich for CAR T cells. CART19 cells were ~ which is within the lower end of the range of CART19 products
generated from freshly isolated peripheral blood T cells by serum  using a 9 d manufacturing process®. This was confirmed by quan-
starving the T cells for 3 h, followed by transduction in a minimal titative PCR (qPCR) analysis of the integration of lentivirus vec-
volume of lentiviral vector encoding CAR19 (MOI of five) for 20h  tor in non-activated T cells over time (Table 1). Thus, our data
in the presence of dNs (50 uM), and IL-7 and IL-15 (10ngml~' are consistent with the integration of the lentiviral vector in the
each; Fig. 4e). When we evaluated three CART19 products pro- non-activated T cells occurring over several days after infusion of
duced from three separate donors, we observed a mean trans- the non-activated CART19 cells.
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Fig. 2 | CAR lentivirus mediates pseudotransduction in non-activated

T cells. a, Freshly isolated human T cells were cultured in IL-7 and IL-15, and
transduced with lentiviral vector encoding CAR19. The gene transduction
efficiency was measured after immunostaining with an anti-idiotype
antibody for the indicated time periods. Representative flow cytometry
plots of CAR expression from six separate experiments with independent
donors are shown. b,¢, T cells that had been previously stimulated with
anti-CD3/CD28 microbeads (b) as well as non-activated T cells (¢) were
transduced with CAR lentivirus and co-cultured with integrase (middle)

or RT (right) inhibitor for 4d. The CAR* cells were quantified by flow
cytometry. a-c, The percentages of transduced cells (pink boxes) are
indicated. d, Non-activated T cells were transduced with iRFP lentivirus and
co-cultured with integrase (middle) or RT (right) inhibitor as in b,c. iRFP*
cells were quantified by flow cytometry.

Table 1| Integrated lentiviral vector analysis using repetitive
sample Alu-gag qPCR

Sample RU5 copies per Proviral HIV copies
cell per cell
12h 0.19 0.01
24h 0.16 0.09
48h OI55 0.23
72h 0.69 0.60
12h (RT and integrase 0.15 <LOD
inhibitor)
24h (RT and integrase 0.12 <LOD
inhibitor)
48h (RT and integrase 0.07 <LOD
inhibitor)
72h (RT and integrase 0.05 <LOD
inhibitor)

<LOD, below the limit of detection; RU5, long-terminal repeat (LTR) primer only for total
vector (integrated + non-integrated). Comparison of integrated vector (number of proviral
HIV copies per cell) with the total vector copies (number of RUS5 copies per cell, detected total
integrated + non-integrated vector) with or without RT and integrase inhibitors.

In vivo functional assessment of optimally transduced CART19
cells. We hypothesized that a non-activated CAR T-cell product
preserves the intrinsic stem-like properties of naive and memory
T cells, culminating in enhanced persistence following infusion. To
evaluate this hypothesis, we performed an in vivo functional ‘CAR
stress test’ using limited numbers of CAR T cells in the Nalm6 leu-
kaemia model. Total non-activated T cells (2 X 10, 7 X 10° or 2 X 10°)
transduced using our optimized process were adoptively transferred
into NSG mice bearing pre-established Nalmé6 xenografts. Activated
CART19 cells (3x10°) prepared by anti-CD3/CD28 bead stimula-
tion, followed by 9d of ex vivo expansion were used as a control
in addition to 3X 10° mock-transduced non-activated T cells (Fig.
5). As shown in Fig. 5b-d, complete regression of Nalmé6 leukae-
mia to a bioluminescence flux (BLI) of less than 1x10° photons
per second was observed in all groups treated with non-activated
CART19 cells. The kinetics of the anti-leukaemic response for
the non-activated CART19 cells was dose dependent; the lowest
dose group cleared the tumour by d18, whereas the highest dose
group achieved tumour regression by d11 (Fig. 5e). The CD3/
CD28-stimulated and expanded CART19 cells were the quickest to
clear leukaemia (Fig. 5d). However, the depth and durability of the
response for this donor was limited, with all mice relapsing by d17.
In contrast, the non-activated CART19 cells controlled leukaemia
for the duration of the experiment in all mice at the highest dose and
in most mice at the lower doses (Fig. 5¢). This durability was associ-
ated with an increased persistence of T cells. As seen in Fig. 5f-h,
the absolute counts of CART19 cells were significantly increased
in the peripheral blood of the mice treated with non-activated
CART19 cells—which was proportional to the dose infused—com-
pared with treatment with activated CART19 cells. These cells were
mostly effector memory cells (Supplementary Fig. 3). To demon-
strate the broader applicability of our approach, we also evaluated
the antitumour function of CD33-specific CAR T cells generated
from non-activated T cells in a xenograft model of acute myeloid
leukaemia (AML). As seen in Extended Data Fig. 1, non-activated
CAR T cells demonstrated an anti-leukaemic function that was
similar to CAR T cells generated from CD3/CD28-activated T cells
and expanded over 9d. Unfortunately, the durability of the response
could not be assessed in this model due to an allogeneic response
that was evident with non-transduced (NTD) cells 2 weeks after the
CAR T-cell infusion.
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Fig. 3 | Non-activated T cells expressing CAR19 control leukaemia in xenograft models of ALL. a, Schematic of the generation of non-activated CART19
cells in less than 24 h. Freshly isolated human T cells were transduced with CAR19 lentiviral vector for 20 h in the presence of IL-7 and IL-15. The cells
were then washed and injected into mice. b, Schematic showing how CART19 cells are generated using standard approaches. After overnight stimulation
with anti-CD3/CD28 beads, T cells are transduced with CAR19 lentiviral vector and expanded for 9d. The cells are then washed, de-beaded and injected
into mice. ¢, Schematic of the xenograft model with CART19 cell treatment in NSG mice. IV, intravenously. d, Total BLI in mice treated with 3 x10°
non-activated T cells transduced as in a (d1; left) and mice treated with 3x10° CAR* T cells previously stimulated with anti-CD3/CD28 microbeads and
expanded over 9d as in b (d9; middle) and NTD (right) control non-activated T cells (3x10° cells per treatment; n=10 mice per group). e, Representative
BLI in mice treated with 3x10% CAR T cells stimulated with anti-CD3/CD28 microbeads and expanded over 9 d from three additional donors. f,g,
Absolute CD45* T-cell counts, measured using a TruCount assay, of peripheral blood collected from the mice in d on d27 (f) and d55 (g) following T-cell
transfer. The mean of each group is indicated by the solid black line. Groups were compared using a two-tailed unpaired Mann-Whitney test; **P=0.02;
****P < 0.0001. h, Overall survival of the mice in each group. P<0.0001 for d1 versus NTD and d9 versus NTD; two-sided log-rank test.
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Fig. 4 | The transducing conditions can enhance the transduction efficiency in non-activated T cells. a, Freshly isolated human T cells were either serum
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were transduced with a lentiviral vector encoding iRFP in optimized conditions as described in a-¢ (serum starvation, dNs and optimized geometry). The
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achieved using this process. ¢,d, The percentages of transduced cells (pink boxes) are indicated. e, Schematic of the generation of non-activated CART19
cellsin 24 h. f, Frequency of CAR T cells, estimated by gPCR analysis of the vector copy number, in peripheral blood collected 3 weeks following the
adoptive transfer of T cells. The results are expressed as a percentage of human cells by normalization to the CDKNTA gene, which has two copies in the

human diploid genome. Each symbol represents a separate donor.

In summary, these findings demonstrate that as few as an esti-
mated 12,000-32,000 non-activated CAR T cells, based on the range
of transduction efficiency generated with the optimized transduc-
tion process (Fig. 3¢), within 24h from collection could eradicate
leukaemia. The long-term engraftment of non-activated CAR
T cells probably occurs due to their enhanced replicative capacity
compared with activated CAR T cells.

Feasibility and functionality of non-activated CAR T cells using
patient samples. After showing that non-activated CAR T cells can
be generated from healthy donor lymphocytes, we extended our
observations to T cells isolated from patients undergoing cancer
treatment. Immunosuppressive factors in the tumour environment
may impede the ability to generate functional CAR T cells using
our approach. We therefore evaluated the anti-leukaemic activity
of non-activated CAR T cells generated using apheresis-collected
mononuclear cells derived from an individual with diffuse large
B-cell lymphoma who was treated in one of our CART19 cell clini-
cal trials (ClinicalTrials.gov number NCT02030834). Given that

apheresis-collected mononuclear cells comprise numerous cell
types in addition to T cells, we employed a CD4* and CD8" T-cell
positive selection strategy using current good manufacturing prac-
tice (¢cGMP)-compliant anti-CD4 and anti-CD8 magnetic micro-
beads (Supplementary Fig. 4a). Following selection, the enriched
T cells were lentivirally transduced with CAR19 in medium con-
ditioned with 50 uM dNs and 10ngml IL-7 and IL-15 for 24h as
in the previous studies with healthy donor T cells. CART19 cells
manufactured at the University of Pennsylvanias Cell and Vaccine
Production Facility using a cGMP-compliant 9d process were used
a control. 3X10° total non-activated T cells (d1) versus 3x10°
CAR T cells (d9) were adoptively transferred to NSG mice bear-
ing pre-established Nalmé xenografts. To control for CD19-specific
cytolytic activity, 3 10° mock-transduced non-activated T cells
were included as an additional control. To estimate the transduc-
tion efficiency of the non-activated CAR T cells, 3 X 10° transduced
T cells were infused into NSG mice without leukaemia (Fig. 4¢). The
lentiviral infection efficiency was estimated to be 32%, as assessed
by integration analysis performed 7 weeks following the adoptive
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Fig. 5 | Non-activated CART19 cells induce potent and durable remission of ALL at low doses. a, Schematic of the xenograft model and CART19

cell treatment in NSG mice. b-d, Serial quantification of disease burden by bioluminescence imaging. b, Total BLI in mice treated with NTD control
non-activated T cells. ¢, Total BLI in mice treated with a single high (2 x10¢; left), medium (0.7 x 10%; middle) or low (0.2 x 10, right) dose of non-activated
T cells (d1) transduced as in Fig. 4e. d, Total BLI in mice treated with 3x10° CAR T cells stimulated with anti-CD3/CD28 microbeads and expanded over
9d. For b-d, there were eight mice in each group. e, Time to initial anti-leukaemic response (that is, first reduction in bioluminescence) after infusion

of non-activated CART19 cells relative to the T-cell dose. Data are mean +s.d. f, Absolute CD45* T-cell counts, measured using a TruCount assay, of
peripheral blood collected from the mice in b-d on d10 following the T-cell transfer. *P=0.0255; **P=0.0011; ***P=0.0002. g, Vector copy number,
measured by gPCR and normalized to the DNA concentration, in peripheral blood collected on d10 following the T-cell transfer. *P=0.0286. h, Absolute
CD45* T-cell counts, measured using a TruCount assay, of peripheral blood collected from the mice shown in b-d on d30 following the T cell transfer
measured by a TruCount assay. ***P=0.0002. f-h, The mean of each group is indicated by the solid black line. Groups were compared using a two-tailed

unpaired Mann-Whitney test.

transfer. These data were corroborated by flow cytometric analy-
sis (Supplementary Fig. 4b). As shown in Fig. 6a,b, the d9 CART19
cells exhibited complete regression of Nalmé6 leukaemia. However,
all mice relapsed by d20, consistent with the progressive loss of
function and low replicative capacity of CAR T cells in this model.
In contrast, non-activated CART19 cells provided sustained leukae-
mia control in half of the mice (three of six) for the duration of the
experiment. The enhanced durability of the anti-leukaemic activity
in the mice treated with non-activated CAR T cells, demonstrated
by a lower bioluminescence signal on d49 (Fig. 6e), was associated
with an improved persistence of T cells in the peripheral blood
(Fig. 6f-h). In summary, these results demonstrate the feasibility of
generating CAR T cells from patient-derived non-activated T cells
using a process that can be imported into a cGMP environment and
further demonstrated that rapidly produced non-activated CAR
T cells exhibit a more durable anti-leukaemic function compared

124

with CAR T cells manufactured using a 9d ex vivo expansion pro-
cess following CD3/CD28 activation.

Distribution of vector integration sites in non-activated CAR
T cells. To assess whether the different methods of cell preparation
affected the distribution of the vector integration sites, samples were
analysed by ligation-mediated PCR*-** and compared with histori-
cal CAR T-cell products” (Supplementary Report). Experimental
infections were carried out in non-activated and activated cells,
and their DNA was purified. The DNA was sheared by sonication,
DNA adaptors were ligated onto the free DNA ends and the region
between the adaptor and the edge of the integrated vector was PCR
amplified. The PCR products were then subjected to sequencing,
the DNA sequences were mapped to the human genome and the
distributions of the vector integration sites were compared. We also
compared a set of pre-infusion samples from CAR T-cell products
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Fig. 6 | Non-activated CAR T cells generated from patient samples show potent efficacy in vivo. a-d, Serial quantification of disease burden by
bioluminescence imaging. Total BLI in mice treated with 3 x10° non-activated T cells (d1) transduced as in Fig. 4e (a;n=7), CAR T cells stimulated with
anti-CD3/CD28 microbeads and expanded over 9d (d9; b; n=10) or NTD control non-activated T cells (¢; n=10) as well as the total BLI of untreated mice
(tumour only; d). In a and b, the dashed line is the baseline BLI. e, BLI measurement of the disease burden of the mice from the d1and d9 groups (from a and
b) in relation to the absolute CD45* T-cell counts in their peripheral blood on d49. f-h, Absolute CD45* T-cell counts, measured using a TruCount assay, of
peripheral blood collected from the mice in a-c on d16 (f), d23 (g) and d49 (h) following the T-cell transfer. The mean of each group is indicated by the solid
black line. Groups were compared using a two-tailed unpaired Mann-Whitney test. ***P=0.0001; **P=0.002.

where aliquots were later infused into human study participants and
for which no vector-associated adverse events were noted*.

Integration in both the resting and activated cell samples was
favoured in active transcription units and the associated genomic
annotation, as has been seen in many studies**. No expanded
clones were observed. The integration frequency near annotated
cancer-associated genes was comparable for the non-activated and
activated CAR T cells and not obviously different from the CAR
T-cell pre-infusion comparison set. Thus, we conclude that there
were no obvious differences in integration-site distributions that
might raise safety concerns. These findings correlate with studies
of HIV integration-site distributions in resting and activated T cells,
where at most modest differences were detected®’.

Discussion

This study presents an approach to rapidly generate highly func-
tional CAR T cells for adoptive immunotherapy. This approach
capitalizes on the unique ability of lentiviral vectors to trans-
duce non-activated quiescent T cells. Ex vivo cell culture fol-
lowing T-cell activation is an essential part of the manufacturing
of CAR T-cell therapies. Because T-cell-receptor activation and
clonal expansion promote irreversible differentiation of T cells
as well as potentially other detrimental changes to the T cells
through processes such as oxidative stress***, the potency of
CAR T cells may be compromised during their manufacturing
process. Although interventions such as the provision of different
costimulatory receptor signals® and cytokines®’, or other altera-
tions to the culture conditions (for example, Akt inhibition)** help
to limit this cellular differentiation, stable expression of a CAR in
a non-activated T cell provides a far simpler approach to limiting
differentiation. Our results demonstrate that functional transduc-
tion of non-activated T cells, including memory subsets, can be
achieved within less than 24 h of the T-cell collection. Moreover,
non-activated T cells transduced with CAR19 exhibit potent
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in vivo anti-leukaemic efficacy at cell doses well below those
effective for activated T cells’.

To show the potential benefit of our approach beyond CART19
in models of ALL, we confirmed the antitumour potency of
unstimulated CAR T cells redirected against CD33. These find-
ings broaden the impact of our approach to other blood-based leu-
kaemias, including AML. We found that NTD cells controlled the
tumour burden 2 weeks following infusion in our xenograft model
of AML. High levels of antigen presentation specific to AML may
create an allogeneic immune pressure that stimulates the ‘graft ver-
sus leukaemia effect’ in donor T cells. This is an expected response
as bone-marrow transplantation works to treat patients with
leukaemia.

Importantly, we established that our overall process was tech-
nically feasible in line with current manufacturing procedures,
facilitating a rapid transition into the clinical sector. Using patient
apheresis material, we demonstrated that T cells can be isolated
using cGMP-grade antibodies and standard column-based purifi-
cation methods. These cells retain maximal functional competence
using our method of CAR gene delivery and preparatory phase,
which eliminates activation. Our approach is poised for a rapid
implementation to Clinimax-based systems that are currently used
in our manufacturing division at the University of Pennsylvania as
well as other facilities.

The approach used for the transduction of non-activated T cells
in our studies has only been partially optimized and it is prob-
able that the efficiency of the transduction process can be further
enhanced. A recent study demonstrated that the use of a microflu-
idic chamber for transduction could significantly increase both the
efficiency and kinetics of the transduction process by overcoming
the diffusion barriers inherent to static cultures’. Interference
with SAMHDI, a deoxynucleoside triphosphate triphosphohydro-
lase that restricts HIV-1 infection in quiescent T cells, is another
potential strategy to enhance non-activated T-cell transduction®"**.
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Mechanistically, SAMHD1 hinders lentivirus infection by impeding
the rate of reverse transcription. Loss-of-function approaches show
that SAMHDI1 elimination leads to increased infection efficiencies
in non-activated T cells*. Small molecules that inhibit SAMHDI1
are under development and may have applications here™. In addi-
tion to the post-entry restrictions, substitution of the VSV-G enve-
lope protein with alternative glycoproteins such as the cocal virus
envelope may also enhance the lentiviral entry step into quiescent
T cells, as this envelope protein has yielded superior transduction
efficiencies in haematopoietic stem cells and activated T cells™.

In addition to optimizing the transduction process, the optimal
composition of non-activated T cells for adoptive immunotherapy
is largely unknown. Various syngeneic murine models show that
memory T-cell subsets have a superior antitumour function follow-
ing adoptive transfer®''®". In the CD8" T-cell compartment, the
transduction efficiencies were highest in the memory T-cell subsets
(Fig. 1e). It cannotbe assumed that the T-cell subsets found to be opti-
mal for activated T cells will be the same when using non-activated
T cells in adoptive immunotherapy. Cells with effector differentia-
tion and function may be needed in addition to memory cells for
replenishment of the tumour-specific T-cell pool when starting with
quiescent T cells. The optimal CAR design for non-activated T cells
has also not been defined. Our study used a second-generation CAR
incorporating the 4-1BB cytoplasmic domain; however, this design
was previously selected for its function in activated T cells, in which
natural 4-1BB is typically expressed®. Alternate CAR designs may
be required for optimal function in quiescent T cells. Combining
T-cell subsets with their preferred costimulatory domain may be
the most beneficial approach for immediate effector function and
long-lasting engraftment.

Intriguingly, quiescent memory T cells seem to be more suscep-
tible to lentiviral transduction than their naive counterparts. These
findings suggest that previous activation supports lentiviral trans-
duction, even when the T cells are in a quiescent state at the time of
transduction. It is possible that epigenetic alterations underlying the
commitment to memory render the cells more susceptible to infec-
tion at a later date. In support of this hypothesis, H3K36me3 his-
tone modifications promote viral integration in actively transcribed
regions in non-dividing cells*. In addition to the unique epigenetic
landscape of memory cells, transcriptional complexes are redistrib-
uted to the nuclear pore in non-dividing cells®’. Proteins assembled
at the nuclear pore may enhance HIV-1 nuclear entry in memory
T cells through unknown mechanisms.

The slow kinetics of lentiviral transduction observed in our
study complement the delay in reverse transcription and integration
observed in natural HIV infection of non-activated CD4* T cells'*
%, It is probable that the majority of T cells used in our in vivo stud-
ies lacked integrated proviral DNA at the time of adoptive transfer
and the processes of reverse transcription and integration instead
probably continue post infusion. This introduces challenges for
the assessment of the quality of the CAR T cells. Transduction effi-
ciency, typically measured by CAR expression at the cell surface
and/or vector integration, is routinely used as a surrogate measure
of product potency as well as CAR T-cell dose. Translation of a rapid
manufacturing approach using non-activated T cells will therefore
require the development of alternative methods to evaluate the
transduction process, such as quantitation of the reverse transcrip-
tion intermediates.

There are inherent regulatory challenges to conforming to the
current Food and Drug Administration guidelines, which were
largely developed for small-molecule drugs and simpler biologics
like protein therapeutics to highly complex, living therapeutics such
as CAR-modified T cells. In the case of the rapid manufacturing pro-
cess described here, one of the most important challenges is that the
‘manufacturing’ process is to some extent still ongoing at the time
of the CAR T-cell harvest. Limiting the ex vivo transduction process

to 24 h means that a number of vector particles will still be undergo-
ing reverse transcription and integration post infusion as these pro-
cesses are significantly slower in non-activated T cells. As we have
shown, quantitative measures of the active reverse transcription and
integration process, such as the Alu repeat-based qPCR, may be the
most direct methods for assessing the quality of the transduction
process in lieu of directly measuring CAR protein expression, as tra-
ditionally done with activated CAR T-cell products; however, this
needs to be rigorously evaluated in future studies.

In summary, the ability to generate highly functional CAR T cells
within a day has important implications for improving CAR T-cell
therapies. Lentiviral vectors provide a highly efficient method to
produce CAR T-cell products with durable engraftment and func-
tion by leveraging the unique ability of these vectors to enter and
integrate into the genome of non-dividing cells. Extended ex vivo
culture of T cells is unnecessary to produce CAR T cells for thera-
peutic purposes. Minimizing ex vivo manipulation, in addition to
reducing costs, conserves limited resources, such as human serum
and manufacturing space, as T-cell clonal expansion occurs entirely
in vivo. If the process can be reduced to a few simple steps, it also has
the potential to decentralize CAR T-cell manufacturing to local hos-
pital laboratories. This will avoid many of the logistical challenges.
The generation of engineered T-cell products within a shorter inter-
val between apheresis collection and the re-infusion of CAR T cells
could also be of particular benefit to patients with rapidly progres-
sive disease, who may otherwise be unable to receive the therapy®'.

Methods

Generation of lentiviral vectors. Replication-defective lentivirus was produced by
standard methods using a third-generation lentiviral vector transfer plasmid encoding
iRFP, an anti-CD19-BB{ CAR™ or anti-CD33-BB{ CAR’ mixed with three packaging
plasmids encoding VSV-G (pMDG.1), gag/pol (pMDLg/pRRE) and rev (pRSV-rev),
and transfected into HEK293T cells using Lipofectamine 2000 (Invitrogen).

Cells. Peripheral blood leukocytes from healthy donors were obtained from the
Human Immunology Core of the University of Pennsylvania. Informed consent
was obtained from all participants before collection. All methods and experimental
procedures were approved by the University of Pennsylvania Institutional

Review Board. Healthy donor T cells were purified at the Human Immunology
Core by negative selection using a RosetteSep T cell enrichment cocktail (Stem
Cell Technologies). Patient-derived T cells were isolated by positive selection

using CD4- and CD8-specific microbeads (Miltenyi Biotec) according to the
manufacturer’s protocols.

All cell lines (Nalmé6, MOLM14 and HEK293T) were originally obtained
from the American Type Culture Collection. Cells were expanded in RPMI
medium containing 10% fetal bovine serum, penicillin and streptomycin at a
low passage and tested for mycoplasma contamination. The culture medium was
adjusted to pH7.4. Cell-line authentication was performed by the University of
Arizona Genetics Core based on criteria established by the International Cell Line
Authentication Committee. Short-tandem-repeat profiling revealed that these
cell lines were above the 80% match threshold. All cells were cultured in standard
conditions using a humidified incubator with set-points at 5% CO,, 20% O, and
37°C.

Transduction of T cells. For activated T cells, T cells were resuspended
(1x10°cells per ml) in X-VIVO 15 medium (Cambrex) supplemented with 5%
human AB serum (Valley Biomedical), 2mM L-glutamine (Cambrex), 20 mM
HEPES (Cambrex), and IL-7 and IL-15 (10ngml~" each, Miltenyi Biotec).
Dynabeads human T-activator CD3/CD28 beads (Thermo Fisher) were added
to a final ratio of three beads to one cell. After 24 h, lentiviral vector supernatant
was added at the indicated MOI. The cells were maintained in culture at a
concentration of 0.5 10° cells per ml by adjusting the concentration every

other day based on counting by flow cytometry using CountBright beads

(BD Bioscience) and monoclonal antibodies to human CD4 and CD8 (ref.

%2). The cell volume was also measured using a Multisizer III particle counter
(Beckman-Coulter) every other day. For non-activated T cells, T cells were
resuspended (1 10°cells per ml) in RPMI medium containing penicillin

and streptomycin as well as 20mM HEPES for 3-6h. The T cells were then
resuspended (1 x 107 cells per ml) in X-VIVO 15 medium supplemented with 5%
human AB serum, 2mM L-glutamine, 20 mM HEPES, IL-7 and IL-15 (10 ngml~!
each), and lentiviral vector supernatant to achieve the desired MOI, as indicated.
Integrase (Raltegravir, 1 uM) and RT (Saquinavir, 1 uM; Cayman Chemical)
inhibitors, and dNs (50 uM; Sigma) were also added to the medium in some
experiments, as indicated.
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Flow cytometry. T-cell differentiation was assessed using the following antibodies:
anti-CCR7-FITC clone 150503 (BD Pharmingen); anti-CD45RO-PE clone
UCHLI and anti-CD8-H7APC clone SK1 (BD Biosciences); and anti-CD4-BV510
clone OKT4, anti-CD3-BV605 clone OKT3, anti-CD14-Pacific Blue clone HCD14
and anti-CD19-Pacific Blue clone H1B19 (BioLegend). The anti-CAR19 idiotype
for surface expression of CAR19 was provided by Novartis. Cells were washed with
PBS, incubated with LIVE/DEAD fixable violet (Molecular Probes) for 15 min

and resuspended in fluorescence activated cell sorting buffer consisting of PBS,

1% BSA and 5mM EDTA. The cells were then incubated with antibodies for 1 h

at 4°C. Positively stained cells were differentiated from the background using
fluorescence-minus-one controls. A representative gating strategy to identify T-cell
subsets is shown in Supplementary Fig. 5. Flow cytometry was performed on a BD
LSR Fortessa system. Analysis was performed using the Flow]Jo software (Tree Star
Inc. version 10.1).

qPCR analysis. Genomic DNA was isolated using a QIAamp DNA micro

kit (Qiagen). Using 200 ng genomic DNA, qPCR analysis was performed

to detect the integrated BB CAR transgene sequence using ABI Tagman
technology as previously described®”. To determine the number of transgene
copies in the genomic DNA (copies per ug DNA), an eight-point standard

curve was generated consisting of 5X 10°~1 X 10° copies of the BB lentivirus
plasmid spiked into 100 ng non-transduced control genomic DNA. A
primer—probe set specific for the CDKNIA gene, a single-copy gene in the
human haploid genome, was used as a normalization control to estimate the
number of vector copies per cell. The levels of total and integrated DNA were
measured by PCR as previously described®>**. Briefly, for total lentiviral levels,
primers against the LTR (LTR E, 5'-TTAAGCCTCAATAAAGCTTGCC-3’

and LTR R, 5'-GTTCGGGCGCCACTGCTAGA-3") were used. Integrated

DNA was measured using primers against the human Alu element (Alu E,
5'-GCCTCCCAAAGTGCTGGGATTACAG-3’) and the lentiviral gag gene (gag
R, 5'-GCTCTCGCACCCATCTCTCTCC-3"). Notably, a small amount of gag was
retained in the lentiviral vector. For both reactions, a nested approach was utilized.
For the LTR PCR, the PCR conditions for the first round were: 95°C for 2 min;
followed by 12 cycles of 95°C for 155, 64 °C for 45s and 72 °C for 1 min; and then
72°C for 10 min. For the Alu-gag PCR, the following PCR conditions were used:
95°C for 2min; followed by 40 cycles of 95°C for 155, 56 °C for 455 and 72°C

for 3.5min; and then 72 °C for 10 min. Aliquots of the first-round PCR reactions
(15 pl) were run on the qPCR instrument using the LTR F and LTR R primers and
the probe 5'-CCAGAGTCACACAACAGACGGGCACA-3'. The PCR conditions
were: 95°C for 15s; followed by 40 cycles of 95°C for 10s and 60 °C for 20s. For
the Alu-gag PCR, genomic DNA was diluted to target 30-80% positive wells at
two dilutions to minimize variance. The percentage of positive wells was used to
estimate the lentiviral levels using a binomial distribution.

Sequencing sites of vector integration. The integration-site sequences were
acquired using ligation-mediated PCR as described*-*. Bioinformatic analysis of
the distribution of the integration sites, described in Supplementary Report, was
carried out as previously described*-*>. All primer and adaptor sequences were as
previously described*’.

Cytokine secretion. T cells were incubated with irradiated target cells at a ratio of
1:1 (1 10°cells per ml each) in cytokine-free medium. Supernatants were collected
after 24 h to assess the cytokine production. The cytokine measurements were
performed using a Luminex bead array platform (Life Technologies) according to
the manufacturer’s instructions®.

Cytotoxicity assays. Cytotoxicity assays were performed using a *'Cr release-assay
as previously described’. Briefly, Na,*'CrO,-labelled target cells were incubated
with CAR T cells for 20h at various effector:target ratios and placed into 96-well
Lumaplates (PerkinElmer). The amount of *'Cr released from the labelled

target cells was measured on a liquid scintillation counter (MicroBeta trilux,
PerkinElmer). Target cells incubated in medium alone or with 1% SDS were used
to determine the spontaneous or maximum *'Cr release. The percentage of specific
lysis was calculated as follows: 100 X (experimental release c.p.m. — spontaneous
release c.p.m.) / (maximum release c.p.m. — spontaneous release c.p.m.).

In vivo models. Xenograft models of leukaemia were used as previously
reported*°. Briefly, 6-10-week-old NOD-SCID yc~'~ (NSG) mice, which lack

an adaptive immune system, were obtained from Jackson Laboratories or bred
in-house under a protocol approved by the Institutional Animal Care and Use
Committees (IACUC) of the University of Pennsylvania. In all experiments, the
animals were assigned to treatment/control groups using a randomized approach.
The animals were injected via the tail vein with 2 10° Nalmé or 1x 10° MOLM14
cells expressing click beetle green luciferase and enhanced green fluorescent
protein (eGFP) in 0.1 ml sterile PBS. CAR T cells or NTD human T cells were
injected via the tail vein at the indicated dose in a volume of 100 ul 4d after the
injection with leukaemic cells. Given the inherent limitations of comparing cells
that were frozen before adoptive transfer (d1) and directly infused cells (d9), the
dI and d9 cells were manufactured from different donors. The mice were given
an intraperitoneal injection of 150 mgkg™ p-luciferin (Caliper Life Sciences).

Anaesthetized mice were imaged using a Xenogen IVIS Spectrum system (Caliper
Life Science). The total flux was quantified using Living Image 4.4 (PerkinElmer).
T-cell engraftment was defined as >1% human CD45" cells in peripheral blood
by flow cytometry. The animals were euthanized at the end of the experiment or
when they met pre-specified end points according to the protocols, except for

the AML model experiment, which was terminated due to a Coronavirus Disease
2019-related shutdown of research.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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The main data supporting the findings of this study are available within the article
and its Supplementary Information. All raw data generated during the study are
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Extended Data Fig. 1| Non-activated T cells expressing a CD33-specific CAR exhibit an antileukemic effect in vivo in the Aml xenograft model.

a, Schematic of the xenograft model and CART33 cell treatment in NSG mice. b, ¢, Serial quantification of disease burden by bioluminescence imaging.
b, Total bioluminescence flux in mice with no treatment. ¢, Total bioluminescence flux in mice treated with 5x10° non-activated T cells transduced as

in panel (a) (d1), 5x10° CAR+T cells stimulated with anti- CD3/CD28 microbeads and expanded over 9 days (d9), and 5x10° non-transduced (NTD)
control non-activated T cells (n=10 per group). d, e, Absolute peripheral blood CD45* T cell counts in blood collected from mice shown in panels (c) at
d, 13 days (P=0.0065), and e, 26 days (P=0.0012) following T cell transfer measured by a TruCount assay. The mean of each group is indicated by the
solid black line. Groups were compared using the two-tailed, unpaired Mann-Whitney test.
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Genetic Modification of Cytokine
Signaling to Enhance Efficacy of CAR
T Cell Therapy in Solid Tumors

Navid Ghahri-Saremi’, Behnia Akbari’, Tahereh Soltantoyeh’, Jamshid Hadjati’,
Saba Ghassemi?* and Hamid Reza Mirzaei®*

7 Department of Medical Immunology, School of Medicine, Tehran University of Medical Sciences, Tehran, Iran, 2 Center for
Cellular Immunotherapies, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA, United States

Chimeric antigen receptor (CAR) T cell therapy has shown unprecedented success in
treating advanced hematological malignancies. Its effectiveness in solid tumors has been
limited due to heterogeneous antigen expression, a suppressive tumor microenvironment,
suboptimal trafficking to the tumor site and poor CAR T cell persistence. Several
approaches have been developed to overcome these obstacles through various
strategies including the genetic engineering of CAR T cells to blunt the signaling of
immune inhibitory receptors as well as to modulate signaling of cytokine/chemokine
molecules and their receptors. In this review we offer our perspective on how genetically
modifying cytokine/chemokine molecules and their receptors can improve CAR T cell
qualities such as functionality, persistence (e.g. resistance to pro-apoptotic signals) and
infiltration into tumor sites. Understanding how such modifications can overcome barriers
to CAR T cell effectiveness will undoubtedly enhance the potential of CAR T cells against
solid tumors.

Keywords: cytokines, chemokines, genetic modification, CAR T cell, immunotherapy, solid tumors

INTRODUCTION

Surgery, chemotherapy and radiation therapy have been the principal cornerstones of cancer treatment
since the middle of the last century. The development of novel molecular targeted therapies and
immunotherapies such as immune checkpoint inhibitors and CAR T cells, among others, have led to a
paradigm shift in the treatment of cancer patients (1, 2). Exciting progress with CD19-CAR T cells
for the treatment of certain pediatric and young adult patients with B cell acute lymphoblastic leukemia
has led to the successful approval by the US Food and Drug Administration (FDA) in August 2017 (3,
4). Despite the advancement in the treatment of blood cancers with CAR T cells, treating solid tumors
has been challenging in part due to heterogeneous tumor antigen expression, the presence of
immunosuppressive and hostile tumor microenvironment (TME) that exacerbates CAR T cell
exhaustion and apoptosis, and insufficient infiltration into the tumor sites (5-7).

It is well-recognized that cytokines, chemokines and their receptors play pivotal roles in
regulating the functional and phenotypic features of CAR T cells; influencing parameters such as
persistence, trafficking, memory cell formation and proliferation. All of which are essential
determinants of an effective therapy (8, 9). Cytokines and chemoattractant cytokines (also known
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as chemokines) are small glycoproteins that regulate immune cell
activation, differentiation, growth and trafficking. Moreover,
these small glycoproteins not only have critical roles in shaping
of immune responses against different types of pathogens and
tumor antigens but also determine which type of immune
responses (e.g. cell-mediated vs. humoral immunity) should be
developed to effectively eliminate their targets. Each cytokine has
different functions and can provoke different responses
depending on the target, cellular source and different phase of
immune response. These small glycoproteins can have
proinflammatory and anti-inflammatory properties which
partly depend on the nature of target antigen and the context
that an immune response initiated (10). Although systemic or
local administration of cytokines in combination with CAR T
cells improved antitumoral efficacy of these cells, some adverse
effects including toxicity or even death, have been considered as
significant barriers for systemic application of cytokines (11, 12).

Considering the importance of cytokines, chemokines and
their receptors in the biology and immunology of CAR T cells,
several investigators have tried to modulate the profile of
cytokines and chemokines in CAR T cells or equip them with
cytokines, chemokines or their receptors aiming to alleviate CAR
T cell overactivation (i.e. cytokine release syndrome(CRS)) and/
or overcome barriers (e.g. harsh immunosuppressive tumor
microenvironment, suboptimal trafficking of CAR T cells to
tumor site and activation-induced cell death) to their
effectiveness. There are various strategies to genetically
manipulate CAR T cells to enhance the overall functionality of
these engineered cells against various types of tumors. For
example, one of these strategies is the use of CRISPR-based
gene editing technology to blunt the expression of cytokine genes
responsible for CAR T cell dysfunction or CAR T cell-related
toxicity (e.g. CRS). In this system, a single guide RNA (sgRNA)
directs CAS9 endonuclease to the target gene. Binding of sgRNA
to targeted gene activates CAS9 endonuclease which then leads
to cleavage and knocking out of the target gene (13, 14). Another
example is incorporation of truncated cytokine receptors into
CAR T cells (through viral transduction) which lack a specific
intracellular domain. These receptors block signal transduction
of inhibitory cytokines and therefore enhance the persistence
and effector function of CAR T cells (15, 16). Another approach
is the co-expression of CAR construct with desirable cytokine
through the 2A linker system or two vector systems. 2As are viral
oligopeptides that can mediate cleavage of translated construct
which leads to co-expression of both cytokine and CAR on T
cells at the same time and expression level (17, 18). SynNotch
receptor system and inducible promoter systems are examples of
inducible expression of cytokines (19, 20). In the SynNotch
receptor system, the recognition of specific antigen, mediates
transcriptional activation of a specific cytokine gene in CAR T
cells (21). Also, there are other strategies such as inverted
cytokine receptors (ICRs) in which ectodomain of inhibitory
cytokine is fused with endodomain of immunostimulatory
cytokines (22), and membrane tethered cytokines that can be
transferred via viral transduction or sleeping beauty (SB) system
(excision and insertion of SB transposon into TA dinucleotide

repeat of target-cell genome) (Table 1) (34, 46).In this review we
discuss how employing various genetic strategies like
incorporating dominant negative receptors, inverted cytokine
receptors and immunostimulatory cytokines not only can
diminish and/or reverse negative CAR T cell regulators in the
tumor microenvironment but also can augment positive
regulators of CAR T cells (e.g. proliferation and persistence) in
solid tumors.

IMPROVING CAR T CELL PERSISTENCE

Itis well-known that persistence of CAR T cells is directly correlated
with durable clinical remissions in patients with cancers (47, 48). In
fact, poor persistence potentially hinders the long-term therapeutic
effects of CAR T cell in vivo. It has been shown that several
parameters can affect the survival of adoptively transferred CAR
T cells (49). In the two following sections, we discuss how genetic
modification of CAR T cells to overexpress cytokines or their
receptors makes prolong their survival.

Production of Less Differentiated

CART Cells

It is well-documented that the differentiation status of CAR T
cells plays a prominent role in therapeutic success. It seems this
successful therapeutic outcome is largely depend on the fact that
less differentiated CAR T cells (e.g. naive T cells (TN), stem cell
memory (TSCM) and central memory (TCM)) are correlated
with improved expansion, prolonged in vivo persistence, and
long-term anti-tumor control (50).

As a result, many studies have focused on the production of
CAR T cells with a less differentiated phenotype through
employing different pharmacological and genetic mechanisms.
For instance, less differentiated CAR T cells have been generated
through inclusion of cytokine genes (e.g. IL-9, IL-7, IL-15 and
IL-21) in the CAR gene construct (51, 52) and incorporation of
cytokine-induced JAK/STAT signaling domains in the CAR gene
construct (53-55). Using a hepatocellular carcinoma model, it
has been revealed that co-incorporation of IL-15 and IL-21 genes
into the anti-GPC3 CAR construct, leads to greater proliferation
capacity, enhanced persistence and survival and elevated
proportion of stem cell memory CAR T cell subpopulation
(23). Adachi and colleagues also showed that IL-7 and CCL19
co-expressing CAR-T cells become differentiated into central
memory CAR T cells with superior tumor-infiltrating capacity
and higher persistence rate in a P815-hCD20 (mastocytoma)
mouse model (24). Incorporation of IL-15 into CAR construct
could also enhance stem-cell like memory CAR T cell portion
with superior tumor killing ability and reduced expression of
PD-1 receptor in neuroblastoma-bearing mice compared to
conventional CAR T cells (25).

Using JAK/STAT signaling domains downstream of cytokine
receptors is also another tactic for blunting CAR T cells
differentiation towards terminally differentiated phenotype. The
yc-family cytokine-stimulated JAK/STAT signaling pathway is
shown to dampen CAR T cells phenotype into terminally-
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TABLE 1 | Novel genetic modifications in cytokine, chemokine and their receptors to enhance the efficacy of CAR T cell therapy.

Strategies Cytokines & Chemo- Genetic modification Reference
kines
Improving persistence IL-15 & IL-21 Overexpression (23)
IL-7 & CCL9 Overexpression (24)
IL-15 Overexpression (25, 26)
TGFB CRISPR-mediated knockout 27)
IL-7 ICR (28)
Converting immuno-suppressive to immuno-promoting IL-4R/IL-7R ICR (29
signals IL-4R/IL-21R ICR (22)
TGFR/IL-7R ICR (30)
GM-CSF/IL-18R ICR (31)
Overcoming Exhaustion TGFBRII Truncated (15)
CRISPR-mediated knockout 27)
aPD1/TGFB trap Overexpression (32)
IL-18 Inducible expression [20]
IL-7 Overexpression (33)
IL-15 Membrane tethered (34)
AICD prevention IL-7 ICR (28)
IL-15 Membrane tethered (34)
Improving infiltration CCR6 Overexpression (35)
CCR2b Overexpression (18, 36)
CCR4 Overexpression (37)
CXCR2 Overexpression (38)
CRS and neurotoxicity inhibition IL-6 shRNA-mediated Knockdown (39)
mballL-6 Truncated (40)
GM-CSF CRISPR-mediated knockout 41)
GM-CSF & alL-6/IL-1RA  CRISPR-mediated knockout & secreting neutralizing antibody & (14)
antagonist
Endogenous immune system activation IL-7 & CCL19 Overexpression (24)
IL-18 Overexpression (42)
IL-12 Overexpression (43, 44)
IL-36y Overexpression (45)

ICR: inverted cytokine receptor; CRS: cytokine release syndrome; mball6: membrane-bound IL-6 receptor; alL-6R: anti-IL-6 receptor antibody; IL-1RA: IL-1 receptor antagonist.

differentiated CAR T cells. Using a CAR construct encoding a
truncated cytoplasmic domain from IL-2RP and a STAT3-
binding tyrosine-X-X-glutamine (YXXQ) motif, together with
the CD3z and CD28 domains [also referred to as 28-AIL2RB-z
(YXXQ)], it has been exhibited that the 28-AIL2RB-z(YXXQ)
CAR T cells are highly proliferative and are not vulnerable to the
acquisition of terminally- differentiated phenotype in a B-ALL
experimental model. Compared to CAR T cells without STAT3
motif, 28-AIL2RB-z(YXXQ) CAR T cells maintained
proliferation, IL-2 secretion, cytokine polyfunctionality. These
results suggest a key role of STAT3 in suppressing terminal
differentiation of T cells, which is consistent with recent human
and mouse studies (54, 55). Modified CAR T cells also expressed
markers related to stem cell like memory phenotype (such as,
CD27, CD28 and CD95) (53). These characteristics have been
also described in less differentiated memory T cells (56, 57).
Currently, a phase 1 clinical trial is being planned to investigate
the effect of IL-15 and IL-21 armored Glypican-3-specific CAR
T cells for pediatric solid tumors (NCT04715191).

Production of CAR T Cells Resistant to
Pro-Apoptotic Signaling Cues

Overexpression of proapoptotic proteins such as Bid, Bim and
FasL has been related to progressive T cell differentiation and loss
of self-renewal capacity (58). Resistance to pro-apoptotic signals
and/or augmentation of anti-apoptotic signaling pathway are

supposed to be an alternative option for promoting CAR T cell
survival and persistence (49). TGF-B as a potent
immunosuppressant of TME is produced by different cell types
such as cancer associated fibroblasts, mesenchymal stem cells,
lymphatic epithelial cells and blood endothelial cells (59). It is
generally accepted that TGF-B inhibit T cell activation and
proliferation likely due to induction of T cell apoptosis via
either proapoptotic-dependent (e.g. BIM) or independent
pathways (60-62). To blunt its suppressive effects on CAR T
cells and to enhance the overall antitumor function of CAR T
cells, CRISPR-mediated TGFBR2-knockout CART cells
(TGFBR2.KO CART cells) have been developed. TGFBR2.KO
CART cells displayed higher survival and proliferation rates and
were more resistant to exhaustion in the pancreatic carcinoma-
bearing mice (27). IL-15 is known as a general inhibitor of
apoptosis, which possesses potential therapeutic properties.
Overexpression of murine IL-15 in CAR T cells has led to
generation of CAR T cells with enhanced persistence, lower
level of PD-1 expression, being more resistant to proapoptotic
signals (probably due to augmentation of BCL-2 level) and
improved antitumor immune response in a B16 melanoma
model in vivo compared to conventional 2nd generation CAR
T cells (26). In addition, IL-7 signaling through STAT5 has
shown to be in favor of CAR T cell resistance to proapoptotic
signals. In a study, Shum and colleagues have shown that
constitutive signaling downstream of IL-7 receptor, through
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using CD34 ectodomain and endodomain of IL-7Ra (C7R),
leads to upregulation of anti-apoptotic protein BCL2 and
downregulation of proapoptotic protein CASP8 (Caspase-8) in
an orthotopic glioblastoma mouse model (28). Altogether, these
findings indicate that genetic modification of cytokines and their
receptors might make CAR T cells more resistant to negative
regulators of persistence through reprogramming of CAR T cell
differentiation and abrogation of proapoptotic signaling.

CONVERTING IMMUNOSUPPRESSIVE
SIGNALS TO IMMUNOPROMOTING
SIGNALS

Immunosuppressive cytokines including IL-10, TGF and IL-4, are
one of the key components of TME contributing to CAR T cell
dysfunction. These cytokines induce immunosuppression via several
mechanisms such as recruitment and activation of regulatory T cells
(Tregs), myeloid-derived suppressor cells (MDSCs), inhibition of the
effector function of CAR T cells. In addition, they can inhibit the
activity of several endogenous antitumor immune cells like T cells,
NK cells, dendritic cells, and M1 macrophages. Immunosuppressive
cytokines such as TGFp can also disrupt the balance between TH1
and TH2 cells toward TH2 cells which leads to induction of other
suppressive cytokines (e.g. IL-4) (63). To overcome cytokine-induced
immunosuppression in the CAR T cells, Mohammed and colleagues
have developed an inverted cytokine receptor IL-4R/IL-7R [i.e. 4/7
ICR, consisted of an IL-4R exodomain fused to an IL-7R
endodomain]. Upon ligation to immunosuppressive cytokine IL-4,
this chimeric switch receptor not only could significantly restrict the
immunosuppressive effects of IL-4 but also could successfully convert
inhibitory signals to IL-7 immunostimulatory signals. This
immunostimulatory downstream signaling could prevent and/or
restore CAR T cell exhaustion and dysfunction as well as could
improve CAR T cell survival in a harsh TME of pancreatic cancer
experimental model (29). In another study, Wang et al., have showed
that overexpression of IL-4R/IL-21R inverted cytokine receptor (4/21
ICR) in CAR T cells could promote TH17-like polarization and
enhance tumor specific cytotoxicity of 4/21 ICR-engineered CAR T
cells in an IL-4-enriched hepatoma tumor milieu via activation of
STATS3 pathway. Also, these cells were characterized by enhanced
persistence and could successfully control established IL-4-secreting
tumors in vivo (22). Weimin et al., have also reported that equipment
of CART cells with chimeric cytokine switch receptor TGF/IL-7 not
only could enhance their cytotoxic activity, cytokine production
ability (e.g. IFNy and TNFo) and proliferation capacity but also
could reduce the expression of inhibitory receptors (e.g. PD-1 and
LAG-3) in a prostate cancer model (30). Chimeric cytokine switch
receptor GM-CSF/IL-18R (GM18) overexpressed in CAR T cells
could also confer a higher rate of cellular expansion, cytokine
production and sustain cytotoxic activity in a chronic antigen-
stimulated condition of various preclinical EPHA2 or HER2
positive solid tumor models, compared to unmodified CAR T cells
(31). In aggregate, it seems converting immunosuppressive cytokine
signals to immunopromoting signals may be a promising strategy for
improving CAR T cell functionality and longevity.

OVERCOMING CAR T CELL EXHAUSTION

CAR T cell exhaustion represents a substantial barrier to the
eradication of tumors and is associated with poor clinical outcome.
Exhaustion is a common feature of tumor-infiltrating CAR T cells.
Immunological exhaustion is characterized by progressive loss of T
cell effector functions and proliferative capacity, sustained expression
of inhibitory receptors (e.g. PD-1), increased susceptibility to
apoptosis and activation of a transcriptional state distinct from that
of functional effector or memory T cells (64). Tumor cells, and their
surrounding immunosuppressive cells and cytokines are supposed to
contribute to this exhausted T cell phenotype (65). As exhausted CAR
T cells showed impaired effector function and failed to eradicate
tumors (66), thus reversing this state can potentiate/restore the
function of exhausted CAR T cells and thereby restore a robust
antitumor response.

It has been shown that genetic modification of CAR T cells in this
particular case-cytokine overexpression (e.g. IL-18, IL-15 and IL-7)
or repression/abrogation (e.g. TGFBR) can be a powerful approach
for reverting CAR T cell exhaustion. TGFp is a well-known
immunosuppressive cytokine. This cytokine can induce T cell
exhaustion through downstream signaling molecules (e.g.
SMAD2 and SMAD3) of its receptor (e.g. TGFBRII). Therefore,
genetic modification of TGFBR signal transduction can be an
efficient method for the prevention of CAR T cell exhaustion. One
of the examples is generation of dominant negative TGFBRII CAR T
cells which have truncated TGFBRII that lack an intracellular
signaling domain. This method makes CAR T cells resistant to
exhaustion, enhances their proliferation and cytokine production
abilities and confers long-term persistence with effective antitumor
response against PSMA positive prostate cancer cells (15). In
another study using CRL5826 positive melanoma cells, Tang and
colleagues have demonstrated that knocking out the endogenous
TGFBRII in CAR T cells with CRISPR/Cas9 technology could
reduce the induced Treg conversion and prevent the exhaustion
of CAR T cells (27). Secretion of bispecific protein of anti-PD-1
fused with TGF-3 trap has also shown to enhances antitumor
efficacy of CAR T cells through attenuating inhibitory T cell
signaling, enhancing T cell persistence and expansion, and
improving effector function and resistance to exhaustion in a
prostate cancer xenograft mouse model (32). It has been well-
documented that overexpression of cytokines (e.g. IL-18, IL-7 and
IL-15) can prevent/revert CAR T cell exhaustion. Chmielewski and
colleagues have revealed that CAR T cells engineered with inducible
IL-18 release, as a potent immune modifier, can prevent CAR T cell
exhaustion in large pancreatic and lung tumor models (20).
Previous studies have also suggested an anti-exhaustive role for
IL-7 (67). IL-7 secreting CAR T cells were also shown to express
lower levels of exhaustion markers (e.g. PD-1and LAG3) and higher
levels of anti- transcription factor TCF-1, a transcription factor that
is supposed to counteract exhaustion programs, in a gastric cancer
experimental model (33, 68, 69). IL-15 has also proven beneficial in
antagonizing CAR T cell exhaustion (70, 71). In agreement with
these reports, Singh and colleagues have demonstrated that CAR T
cells expressing a membrane-bound chimeric IL-15 (mbIL15) are
not only characterized by long-term persistence with a memory
stem-cell phenotype but also express lower levels of exhaustion
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markers and higher expression level of anti-exhaustive transcription
factor TCF-1 in a xenograft mouse model of leukemia (34).
Furthermore, Narayan et al. have conducted a phase 1 clinical
trial for dominant negative TGFBR CAR T cell (PSMA-directed/
TGEFB-insensitive CAR T cells) against metastatic castration-
resistant prostate cancer (CRPC). Cohorts 1 and 2 have been done
without observed dose-limiting toxicity (DLT). Intriguingly, a
cytokine release syndrome has been observed that is reversible
and responsive to tocilizumab (72).

OVERCOMING ACTIVATION-INDUCED
CELL DEATH (AICD)

Activation-induced cell death (AICD) is a major mechanism of T
cell homeostasis and acts to prevent excessive T cell responses
towards possible subsequential autoimmunity (73). Induced by
repeated antigen stimulation under particular conditions, T cells
undergo apoptosis in a controlled manner through the engagement
of death receptors (e.g. Fas) and activation of specific caspases (e.g.
caspase-8). Although AICD is generally considered as a T cell
regulatory mechanism in the physiological conditions, this process
is also triggered in the TME following chronic activation of tumor-
infiltrating T cells (e.g. adoptively transferred CAR T cells), leading
to apoptosis of tumor-redirected CAR T lymphocytes, thereby,
hampering their full therapeutic potential (74).

Several efforts have been made over the years to overcome this
barrier aiming to preserve CAR T cell efficacy and improve their
survival and persistence in the TME. It has been shown that various
cytokines are involved in either induction (e.g. TNFo and IL-2) or
prevention (e.g. IL-7 and IL-15) of AICD. As mentioned above,
Shum et al., have exhibited that CAR T cells supporting constitutive
signaling downstream of IL-7 receptor have lower levels of Fas and
proapoptotic protein CASP8 (Caspase-8), two major proteins that
are involved in AICD (28). These findings highlight the role of IL-7
and its related signaling pathways in the inhibition of AICD. IL-151is
another potential cytokine for antagonizing AICD. The role of IL-
15 in preventing AICD has been very well established (75). For
instance, it has been shown that engineering of CAR T cells with
membraned-bound IL-15 makes them more resistant to AICD (34).
In other hand, it has been reported that cytokines like IL-2, IL-4,
TNFo and IFNY are in favor of AICD induction (76). Therefore, it
seems that genetic abrogation of these cytokines may alleviate the
role of these cytokines in the induction of AICD in CAR T cells,
however, it is remained to be further studied in future (76). In
conclusion, these findings indicate that genetic modification and/or
targeting of specific cytokine genes and/or their receptors may be a
good option for overcoming activation-induced cell death in the
CART cells, thereby, improving the efficacy of CAR T cell therapy.

IMPROVING CAR T CELL INFILTRATION
INTO TUMOR SITE

Suboptimal trafficking of CAR T cells to the tumor sites
represents another hurdle to CAR T cell therapy. Several

reports have demonstrated that enhanced trafficking of
adoptively transferred-CAR T cells to tumor sites is correlated
to their therapeutic efficacy and clinical outcome in the cancer
patients (77-79).

Various barriers that hinder optimal trafficking of CAR T cells to
the tumor sites have been described. These barriers include:
i) chemokine/receptor mismatch between the CAR T cell
chemokine receptors and the chemokines secreted by tumors (e.g.
such as CXCL1, CXCL5 and CXCL12), ii) low levels of tumor-
derived chemokines for which effector CAR T cells lack receptors,
iii) abnormal tumor vascularity and iv) physical (e.g. extracellular
matrix (ECM]) and cellular barriers (e.g. cancer associated-
fibroblasts [CAFs]) (80, 81). Although various strategies such as
local delivery of CAR T cells, targeting tumor-related cellular and
physical barriers (e.g. generation of anti-FAP CAR T cells targeting
CAFs and CAR T cells to overexpress heparanase, an ECM-
degrading enzyme) and targeting abnormal tumor vascularity
(e.g. generation of CAR T cells targeting VEGFR2 expressed
tumor-associated blood vessels) have been employed to overcome
CAR T cell infiltration, genetic modification of chemokine
receptors, among the others, has been the most common strategy
to improve CAR T cell infiltration into the tumor bed (82-84).
Genetic modifications of these molecules have widely been used as a
novel strategy for conferring new migratory capacity to
administrated CAR T cells. Jin et al. showed that anti-EGFR CAR
T cell migration to lung cancer site was enhanced by overexpression
of CCR6, which recognizes lung cancer-produced CCL20, a
chemokine that is highly expressed by lung adenocarcinoma cells.
The authors also found that overexpression of CCR6 has no
negative effects on the CAR T cell effector functions and their
phenotype. In addition, mice receiving CCR6-overexpressing CAR
T cells showed enhanced survival and an improved antitumor
activity compared to mice receiving conventional unmodified
CAR T cells (35). AS chemokine CCL20 is also overexpressed in
various types of cancer like colon adenocarcinoma (COAD),
rectum adenocarcinoma (READ) and stomach adenocarcinoma
(STAD), therefore, overexpression of CCR6 in CAR T cells might be
an effective strategy to overcome insufficient infiltration of CAR T
cells into CCL20-expressing tumor sites. CCR2b is a chemokine
receptor that poorly expressed in all resting and activated peripheral
blood T cells and IL-2 activated malignant pleural mesothelioma
(MPM)-infiltrating lymphocytes. To promote infiltration of CAR T
cells into MPM-bearing sites, Moon et al.,, generated an anti-
mesoCAR T cells overexpressing CCR2b (i.e. CCR2b-mesoCAR
T cells). Their data showed that overexpression of CCR2b in
mesoCAR T cells can significantly increase their migration to
mesothelin+ MPM sites in vivo, leading to enhanced antitumor
effects (18). A separate report showed that expression of CCR2b on
GD2-CAR T cells significantly increase migration of CAR T cells
toward CCL2 secreting neuroblastoma cells (36). Di Stasi et al., have
reported that overexpression of CCR4 on anti-CD30 CAR T cells
improved the trafficking of these engineered T cells toward CCL17-
Hodgkin lymphoma cells (37). Another report also proved that
overexpression of CXCR2 on CAR T cells increase homing
capability of CXCR2-expressing CAR T cells toward
hepatocellular carcinoma cells-producing CXCL1, CXCL2,
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CXCL3, CXCL5, CXCL6, and CXCL8 (38). In aggregate, these
data indicate that genetic modification of chemokine receptors in
CAR T cells may be a novel strategy to improve the efficacy
and homing capabilities of adoptively transferred CAR T cells.

MODULATING CYTOKINE RELEASE
SYNDROME AND NEUROTOXICITY
FOLLOWING CAR T CELL THERAPY

Systemic cytokine release [also known as cytokine release syndrome
(CRS)] is a common but potentially fetal adverse event following
CAR T cell therapy (85). Following the administration of CAR T
cells, an exaggerated systemic immune response mediated by
activated CAR T cells and various endogenous immune system
components (e.g. monocytes/macrophages) is initiated. This acute
systemic inflammatory response is mainly triggered by the release of
a large amount of inflammatory mediators such as cytokines (e.g.
IL-6, IL-1, IFN-g and GM-CSF) and chemokines [e.g. MCP-1 and
MIP-1c] (86). This acute inflammatory response also induce
endothelial and organ injury, which leads to microvascular
leakage, heart failure and even death (85). Therefore, timely and
properly interventional strategies that control CRS symptoms better
or even to prevent CRS and neurotoxicity associated with CAR T
cell therapy while preserving the efficacy CAR T cell treatment is of
great importance and are urgently needed. Unlike hematological
malignancies, the data on CRS incidence in solid tumors is limited
probably due to the existence of immunosuppressive TME and
insufficient infiltration of CAR T cells to tumor site (87-90). Thus,
in this section will discuss different strategies that have been
employed to overcome CRS in both hematological and non-
hematological cancers.

Since it has been shown that IL-6 is the key molecule of CRS,
many studies have recently focused to reduce and/or overcome
IL-6-mediated CRS (91, 92). To do so, two independent studies
have knocked down IL-6 gene in anti-CD19 CAR T cells via
incorporation of short hairpin RNA (shRNA) into CAR
construct (termed ssCART-19) (39, 92). Their data revealed
that IL-6 released from CAR T cells not only cause CRS but
also induces secretion of proinflammatory cytokines in the
monocytes which altogether participate in the incidence and
exacerbation of CRS. The authors also found that ssCART-19
cells produce lower levels of IL-6 and significantly reduce IL-6
secretion by monocytes in xenograft mouse model of leukemia.
No significant difference in CAR T cell functionality in terms of
proliferation and cytotoxicity was observed in both ssCART-19
cells and regular CART-19 cells. Reduced production of IL-6 by
both CAR T cells and monocytes might lead to a significant
reduction in the CRS incidence in the patients receiving CAR T
cell therapy (39, 92).

In another study, Tan et al,, have engineered anti-CD19 CAR
T cells to express a nonsignaling membrane bound IL-6 receptor
(mbalL6). In vitro testing of mbalL6-expressing CAR T cells
(termed mbalL6CAR T cells) revealed similar cytotoxic and
proliferative abilities compared to conventional CAR T cells.

Moreover, mbalL6CAR T cells were able to neutralize
macrophage-derived IL-6 while preserving their powerful
antitumor activity in vitro. In vivo studies using CD19+ ALL
cell line Nalm-6 also showed that anti-CD19CAR T cells were
effective in targeting of CD19+tumor cells regardless of mbalL6
expression. However, level of human IL-6 in mice was
significantly diminished in the mbalL6CAR T-treated tumor-
bearing mice compared to unmodified anti-19CAR T cells (40).
GM-CSF has been also identified as a crucial cytokine in the
development of neurotoxicity and CRS. Elevated levels of GM-
CSF promote secretion of IL-6, IL-8 and MCP-1, as other
important CRS biomarkers, from monocytes (41). To prevent
or reduce the risk of CRS and neuroinflammation mediated by
GM-CSF following CAR T cell therapy, Sterner and colleagues
have utilized lenzilumab, a GM-CSF neutralizing antibody, in
combination with anti-CD19CAR T cells. Their data showed that
blocking GM-CSF leads to enhanced CART cells proliferation
and efficacy. They found that blocking of GM-CSF has no
significant effect on the tumor killing capacity of CAR T cells
in the presence of monocytes in vitro. In line with their in vitro
findings, in vivo studies also revealed that lenzilumab not only
inhibits GM-CSF effector functions, but also preserves anti-
leukemia activity. In vivo studies also proved that CAR T 19
cells in combination with GM-CSF neutralizing antibody could
significantly reduce neuroinflammation and prevent of CRS. To
rule out any critical role for GM-CSF in CAR T cell function, the
authors also generated GM-CSF knockout anti-CD19 CAR T
cells (termed GM-CSFK.O CAR T 19 cells) using CRISPR/Cas9
gene editing technology. Their findings revealed that GM-
CSFK.O CART19 cells could significantly reduce GM-CSF
production compared to conventional CART19 cells. In
addition, gene-editing strategy had no interventional effect on
the production of other effector cytokines (e.g. IFNyand IL-2) in
the gene-edited anti-CD19 CAR T cells in vitro. While GM-
CSFK.O CAR T19 cells were not able to produce GM-CSF, they
could control leukemia growth in vivo (41). Another example is
production of CRISPR-edited GM-CSF knockout CAR T cells
secreting anti-IL-6 scFv and ILIRA with TCR knockout (CART-
alL6/IL1IRA with GM-CSF/TCR KO). Compared to GM-CSF
wild type counterparts, CART-aIL6/IL1RA with GM-CSE/TCR
KO showed similar cytotoxicity and reduced GM-CSF
production against CD19+ Nalmé6 leukemia cells. Also, a pilot
study of three patients, one with refractory Non-Hodgkin
lymphoma (NHL) and two with multiple myelomas (MMs)
with CART-alL6/ILIRA with GM-CSF/TCR KO showed 3/3
complete response, 2/3 with no CRS incidence, one with grade 2
CRS incidence and no neurotoxicity which proved safety and
efficacy of CART-aIL6/IL1IRA with GM-CSF/TCR KO. In
addition, cytokine analysis revealed a low level of GM-CSF,
IL-6 and IL-1PB and elevated level of ILIRA in the treated
patients (14). It was also reported that genetic disruption of
GM-CSF in the CAR T cells can abolish macrophage-dependent
secretion of CRS mediators, including 11-6, IL-8 and MCP-1 (93).
Furthermore, Kang et al. have conducted a clinical trial to
evaluate safety and efficacy of ssCART-19 in patients with
acute lymphoblastic leukemia (CLL). Their data exhibited a
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significant reduction of severe CRS incidence in patients
receiving ssCART-19 compared to those who received regular
CART-19 (39). Neurotoxicity, also referred to as immune
effector cell-associated neurotoxicity syndrome (ICANS), is
another CAR T cell-related toxicity which often occurs and
correlates with CRS, but it has also been sometimes reported
to occur independently from CRS. The data obtained from
preclinical studies revealed that monocyte-derived IL-1
appeared to mediate neurotoxicity and CRS (94). Stimulation
of monocytes by GM-CSF following CART cell therapy was
shown to be related to neuroinflammation in tumor-bearing
mice (41). High levels of IL-6 and GM-CSF was detected in the
cerebrospinal fluid (CSF) of non-human primate models of
neurotoxicity following CART cell therapy (95). After CAR T
cell therapy, cytokines, especially IL-1 and IL-6 and GM-CSF,
have been demonstrated to promote systemic inflammation
which associates with the development of severe neurotoxicity
(96). GM-CSF has been also described as the cytokine most
significantly correlated to the development of neurotoxicity
following CART cell therapy in the ZUMA-1 clinical trial (97).
These findings not only describe the crucial role of cytokines in
pathogenesis of neurotoxicity but also highlight how genetic
modification of cytokines by various strategies like shRNA-
mediated knocking down of cytokine genes, design of
nonsignaling membrane bound cytokine receptors and
knocking out of cytokine genes in CAR T cells may
significantly prevent and/or alleviate the post-CAR T cell
therapy-related neurotoxicity.

In the case of solid tumors, although rare, but CRS incidence
can occur much like happen in B-NHL as characterized by local
CRS (L-CRS or compartmental-CRS) followed by systemic CRS
(S-CRS). It seems immunosuppressive TME and suboptimal
trafficking of CAR T cells to tumor bed prevent optimal tumor
antigen recognition and therefore limit full activation of CAR T
cells and subsequent cytokine release and CRS incidence (87).
There are a few reports on the incidence of compartmental CRS
in a patient with recurrent ovarian cancer after treatment with
anti-mesothelin CAR T cell (98) or the occurrence of severe CRS
in a 45-year-old patient with malignant mesothelioma after the
treatment with anti-EpCAM CAR T cells (87). Altogether, these
data suggest that genetic modification of cytokines and receptors
in CAR T cells would be an appealing strategy to prevent CRS
and neurotoxicity or reduce its severity without affecting the
antitumor potential of CAR T cell therapy.

ACTIVATION OF ENDOGENOUS
IMMUNE SYSTEM

Although genetically-modified CAR T cells have shown promising
results compared to conventional CAR T cells, yet converting the
CART cell response to a stronger and more continual one remains
tobe an important issue. CAR T cells are programmed to recognize
one to three specific antigens utmost, but due to the pressure of
immune selection and tumor antigen heterogeneity, some antigen-

negative tumor variants can outgrowth and outperform the a
successful antitumor function of administrated CAR T cells. One
overcoming solution would be the induction of epitope spreading
towards antigens beyond those recognized by adoptively
transferred CAR T cells. Epitope spreading is characterized by the
enhancement and diversification of the endogenous T-cell-
mediated immune response against non-CAR antigenic epitopes
(99, 100). Based on this strategy, stimulation of endogenous
immune cells along with CAR T cells can collaboratively target
tumor cells (Figure 1). It seems that the inflammatory environment
made by engineered CAR T cells can result in priming of
endogenous immune cells against additional target antigens that
is beyond the CAR target and are present on tumor cells.

Various studies have shown that infiltration of endogenous
immune cells (in particular T lymphocytes) into the tumor sites
can expand the efficacy of CAR T cell therapy (87, 101). In line
with this notion, Adachi et al.,, reported that overexpression of
IL-7 and CCL19, as two essential cytokines for generation of less-
differentiated, long-lived non-exhausted (CAR) T cells and
recruitment of endogenous DCs and T cells, in CAR T cells
(termed 7x19 CAR T cells) increased infiltration of DCs and T
cells into tumor sites following 7 x 19 CAR T cell therapy. They
also found that depletion of recipient T cells before 7 x 19 CAR T
cell therapy diminished the therapeutic efficacy of these
genetically-modified CAR T cells, indicating that CAR T cells
and endogenous immune cells collaboratively exert antitumor
activity (24). Avanzi and colleagues also demonstrated that IL-18
armored CAR T cells, unlike unmodified CAR T cells, were able
to activate and recruit endogenous antitumor immune effector
cells such as CD8 T cells, DCs, NK cells and NKT cells into B-
ALL tumor sites and metastatic ovarian tumor sites broadening
the antitumor response beyond the CAR target (42). Arming
CAR T cells with IL-12, a potent immunostimulatory cytokine
that activates the innate and adaptive cellular immune system,
was also shown to enhance antitumor efficacy through TME
reprogramming and activation of endogenous immune system
with antitumor function in both lymphoma and ovarian tumor
models (43, 44). However, it should be noted that in study
conducted by the Koneru et al, the total concentration of serum
IL-12 was consisted of both endogenous and exogenous IL-12, and
was not a reflection of IL-12 solely produced by IL-12 armored-
CART cells (102). In another independent study, Kueberuwa et al.
have exhibited that IL-12-expressing anti-CD19CAR T cells not
only directly kill lymphoma cells, but also recruit host antitumor
immune effector cells to an anti-cancer immune response in the
lymphoreplete mice (103). CAR T cells secreting IL-36y have also
shown higher expansion rate with superior antitumor function
compared with unmodified CAR T cells. Their data also revealed
that IL-36y armored CAR T cells activate endogenous antigen-
presenting cells (APCs) and T cells through promotion of a
secondary antitumor response and delayed the progression of
antigen-negative tumor challenge in an experimental model of B-
celllymphoma (45). A separate study has also reported that effective
CAR T cell antitumor activity of IL13Ra2-CAR T cells against
mouse syngeneic glioblastoma (GBM) is significantly dependent on
the activation of patient-derived endogenous T cells and monocyte/
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FIGURE 1 | A schematic representation on the role of genetic modification of different cytokines/chemokines in activation of endogenous immune system in the
context of CAR T cell therapy. Examples are based on the role of genetically modified CAR T cells (7x19 CAR T cells and IL-18 armored CAR T cells) in the activation
of endogenous immune cells like CD8+ T cells, NK, NKT and DCs. CAF, Cancer Associated Fibroblasts.

macrophages at the tumor site in an IFNy-dependent manner (101).
Currently, a phase 2 clinical trial for IL-7 and CCL-19 expressing
CAR T cells against Refractory/Relapsed B Cell Lymphoma is in
recruiting status (NCT03929107). Altogether, these findings
highlight the importance of activation of endogenous immune
system in the context of CAR T cell therapy. It seems CAR T cells
act as immunomodulatory adjuvant for the activation of host
immune cells. This insight strongly supports the need to consider
targeting/engaging host immunity to improve the efficacy of CAR T
cell therapy. Moreover, activation of endogenous immune system
can additionally prevent or delay the progression of antigen-
negative tumor variants.

CONCLUDING REMARKS

Although CAR T cell therapy has made great strides in the
treatment of patients with advanced blood cancers; their success

in solid tumors has been limited partly due to the cellular,
molecular and physical barriers of the TME. Developing
innovative approaches including arming CARTSs with cytokine
signaling modalities to overcome these barriers has important
translational relevance. In this review, we outline several
strategies to enhance the effectiveness of CAR T cells
emphasizing roles for several cytokines, chemokines and their
signaling pathways to overcome and/or prevent CAR T cell
dysfunction or hyperactivation (Figure 2).

Genetically modifying cytokine/chemokine signaling
pathways is an appealing approach to enhance the therapeutic
properties of CAR T cell therapy for solid tumors. It is
anticipated that new generations of cytokine/chemokine-gene-
modified CAR T cells could effectively target/engage endogenous
immune system to synergistically improve overall antitumor
immunity and additionally prevent the appearance of antigen-
negative tumor variants, and thereby, tumor relapse in the
context of CAR T cell therapy. However, CRS and ICANS
incidences remain main safety concerns as CRS and ICANS
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FIGURE 2 | Novel strategies to boost CAR T cells efficacy against different types of tumors using genetic manipulations of different cytokines/chemokines and their
receptors. (A) Incorporation of different cytokines/chemokines or their signaling domains in CAR construct. (B) Inclusion of truncated cytokine receptors lacking
intracellular signaling domain. (C) Incorporation of inverted cytokine receptors (ICRs) to convert immunosuppressive signals to immunopromoting signals (D)
Incorporation of membrane-tethered cytokine to provoke certain signal transduction of through its receptor. (E) Overexpression of chemokine receptors to improve
CAR T cell trafficking into the tumor sites. CAR, Chimeric Antigen Receptor; TCR, T Cell Receptor; ICR, Inverted Cytokine Receptor.

are potentially fatal adverse effect of CAR T cell therapy and
genetic modifications of cytokines/chemokines that enhance
CAR T cell function could exacerbate CRS and ICANS. To
date, nearly all of studies have only investigated constitutive
expression of single chemokine/cytokine. Thus, generation of
CAR T cells engineered with an inducible chemokine/cytokine
platform not only can increase efficacy but also guarantee safety
of CAR T cell therapy.

Due to the fact that cytokine/chemokine gene expression profile
can be various between different individuals or even at different
stages of same tumor in an individual, hence; analysis of cytokine/
chemokine gene expression signature in TME before CAR T cell
therapy could aid scientists to individualize cytokine engineered-
based CAR T cell therapy. Although genetic modification of

cytokine signaling in CAR T cells have shown promising clinical
results in both hematologic and non-hematologic cancers
(Table 2), it seems combination of different genetic modification
approaches could be beneficial as some of cytokines are immuno-
inhibitory and others are immuno-stimulatory. Thus, modification
of immunoinhibitory pathways using gene editing technologies
(e.g. CRISPR/Cas9) or use of truncated cytokine receptors or
cytokine traps alongside with overexpression of immune-
stimulatory cytokines may reprogram TME and significantly
improve the efficacy of CAR T cell therapy.

Finally, it seems that a more comprehensive understanding of
the relevant cellular and molecular adaptations to tumor cells and
immunological processes in their surrounding microenvironment
will help us develop new generations of cytokine/chemokine-gene-
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TABLE 2 | Selected clinical trials with cytokine/chemokine genetically-modified CAR T cells.

Clinical trial Status Cytokine/Chemokine CAR Condition or disease Phase

ID Genetic Modification

NCT04099797 Recruiting C7R’ GD2-CAR High Grade Glioma/Diffuse Intrinsic Pontine Phase 1
Glioma/Medulloblastoma

NCT03635632 Recruiting C7R GD2-CAR Relapsed/Refractory Neuroblastoma Phase 1

NCT03198546 Recruiting IL-7 and CCL19 GPC3-CAR Hepatocellular Carcinoma or Squamous Cell Phase 1
Lung Cancer

NCT03929107 Recruiting IL-7 and CCL19 CD19-CAR Refractory/Relapsed B Cell Lymphoma Phase 2

NCT04381741 Recruiting IL-7 and CCL19 CD19-CAR Relapsed/Refractory Diffuse Large B Cell Phase 1
Lymphoma

NCT03778346 Recruiting IL-7 and CCL19 BCMA-CAR, CD138-CAR, CD38-CAR, Relapsed/Refractory Multiple Myeloma Phase 1

Integrin B7-CAR, CS1-CAR

NCT03932565 Recruiting IL-7 and CCL19, or IL-12 Nectind/FAP-CAR Solid Tumors Phase 1

NCT03721068 Recruiting IL-15 GD2-CAR Relapsed/Refractory Neuroblastoma or Phase 1
Relapsed/Refractory Osteosarcoma

NCT04377932 Recruiting IL-156 GPC3-CAR Pediatric Solid Tumors Phase 1

NCT03579888 Terminated mblL-152 CD19-CAR B Cell Lymphoma and Leukemia Phase 1

NCT04715191 Not yet IL-15 and IL-21 GPC3-CAR Pediatric Solid Tumors Phase 1

recruiting
NCT02498912 Active, not IL-12 4H11-CAR MUC16ecto* Solid Tumors Phase 1
recruiting
NCT03542799 Unknown IL-12 EGFR-CAR Metastatic Colorectal Cancer Phase 1
and 2
NCT01818323 Recruiting IL-4Ra and IL-2RB (408) T1E-CAR Head and Neck Squamous Cell Carcinoma Phase 1
NCT04153799 Recruiting CXCR5 EGFR-CAR Non-Small Cell Lung Cancer Phase 1

modified CAR T cells that are more potent in overcoming the
challenges of solid tumors.
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Abstract: The metabolic milieu of solid tumors provides a barrier to chimeric antigen receptor
(CAR) T-cell therapies. Excessive lactate or hypoxia suppresses T-cell growth, through mechanisms
including NADH buildup and the depletion of oxidized metabolites. NADH is converted into NAD*
by the enzyme Lactobacillus brevis NADH Oxidase (LbNOX), which mimics the oxidative function of
the electron transport chain without generating ATP. Here we determine if LINOX promotes human
CAR T-cell metabolic activity and antitumor efficacy. CAR T-cells expressing LINOX have enhanced
oxygen as well as lactate consumption and increased pyruvate production. LINOX renders CAR
T-cells resilient to lactate dehydrogenase inhibition. But in vivo in a model of mesothelioma, CAR
T-cell’s expressing LINOX showed no increased antitumor efficacy over control CAR T-cells. We
hypothesize that T cells in hostile environments face dual metabolic stressors of excessive NADH
and insufficient ATP production. Accordingly, futile T-cell NADH oxidation by LbNOX is insufficient
to promote tumor clearance.

Keywords: armor CAR T-cells; Lactobacillus brevis NADH oxidase; LDHA

1. Introduction

The success of CAR T-cells in acute and chronic leukemia highlights their therapeutic
promise against cancer. CARs are synthetic receptors that control antigen specificity,
signal transduction, and effector function in a single polypeptide. Previously, we showed
that CAR design has a profound influence on cellular metabolism; CARs expressing CD28
signaling domains yield glycolytic, effector T-cells whereas CARs expressing 4-1BB promote
the development of mitochondrial-enriched, memory T cells [1]. Implicit in these earlier
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discoveries is that T cell metabolism is not fixed and can be dynamically modified to suit
the target environment.

Extending the therapeutic impact of CD28 or 4-1BB-based CAR T-cells to solid tumors
is a significant priority for the clinical domain. Often T-cells can effectively penetrate
solid tumors and undergo antigen-specific stimulation; however, their ability to form
cytolytic effector cells is impaired [2,3]. Metabolic checkpoints including nutrient depletion
and oxygen deprivation contribute to T-cell dysfunction in solid tumors. Functional
competence is restored as T-cells evacuate tumor regions and colonize oxygen-rich, nutrient-
rich environments, such as non-draining lymph nodes [4] or even standard tissue culture
environments [2,5]. These findings underscore the need for novel strategies that sustain
CAR T-cell metabolic function in harsh environments.

The exact mechanism(s) limiting T-cell metabolism in solid tumors is unknown. Mito-
chondrial function as measured by an ability to synthesize new mitochondria in response
to extrinsic stimuli and undergo high rates of oxidative phosphorylation for energy produc-
tion is severely impaired in T cells traversing hypoxic tumors [4]. Conditioning agents that
support T-cell mitochondrial biogenesis [6], and small molecules that selectively impair
oxidative phosphorylation in tumor cells [7] enhance the antitumor function of T-cells in
melanoma. Reducing competition for glucose by genetically depleting tumor cell (but
not T-cell) glucose transporter expression yielded less benefit. Thus, energy deficits from
limited substrate availability may not always be the principal metabolic reason underlying
T-cell hypofunction in cancer.

T-cell redox imbalances as measured by elevated NADH/NAD" ratios have also
been observed in mouse models of melanoma [8]. All cells rely on the reducing power of
NADH to support ATP synthesis in the electron transport chain (ETC). Reductive stress, as
measured by excess NADH production, can occur when the ETC is impaired in high lactate
environments and hypoxia. Reductive stress can also impact cytoplasmic metabolism,
suppressing both glycolysis and serine production [9]. To date no study has addressed
how reductive stress impacts antitumor function, particularly in activated CAR T-cells
undergoing high rates of Warburg metabolism in hostile environments.

For these reasons, we devised an approach to “arm” T-cells with an enzyme that re-
stores redox balance whilst simultaneously catalyzing the conversion of lactate to pyruvate.
Lactobacillus brevis NADH oxidase (LbNOX) fulfills this dual role. The bacterial enzyme Lb-
NOX was effectively repurposed as a genetic tool to regulate redox status in HeLa cells [10].
A mitochondrial form of LINOX normalized NADH/NAD? ratios, decreased reductive
stress, and rescued proliferative defects in fibroblasts treated with an inhibitor to complex
1 of the ETC [11]. A more recent study provided evidence that LINOX restored redox
balance in chronically stimulated mouse T-cells [8]. Collectively, these data support our
hypothesis that heterologous LINOX expression will restore functional competence to CAR
T-cells traversing lactate-rich, hypoxic tumor environments.

Applying LBNOX to our cell culture and xenograft models allowed us to isolate
the impact of lactate-induced reductive stress, independent of energy production, on the
metabolic attributes and antitumor function of CAR T-cells. Understanding the relative
importance of redox balance versus energy deficits is important to design metabolic strate-
gies to advance CAR T-cell therapies against cancer. We found that LINOX-expressing
CAR T-cells have greater total oxygen consumption relative to control CAR T-cells, are
strategically poised to oxidize lactate as a fuel in support of TCA cycle anaplerosis and
withstand ETC inhibition. Despite these metabolic attributes, LINOX expressing CAR
T-cells displayed inferior tumor control in a xenograft model of mesothelioma, suggest-
ing that T-cells depend on the coupling of NADH oxidation with ATP production by
mitochondrial respiration.
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2. Materials and Methods
2.1. Cell Culture

Primary human leukocytes (PBLs) from healthy male and female volunteers, aver-
aging 34 years of age, were collected at the University of Pennsylvania’s Apheresis Unit.
Informed consent was obtained from all participants prior to collection. All methods and
experimental procedures were approved by the University of Pennsylvania Institutional
Review Board (Protocol #11705906). T-cells were purified at the University’s Human
Immunology Core by negative selection using the RosetteSep T-cell enrichment cocktail.
Following isolation, T-cells were cultured in growth medium (GM) comprising RPMI
1640 (Lonza, Basel, Switzerland) supplemented with 10% FBS (Hyclone, Logan, UT, USA),
10 mM HEPES, 2mM L-glutamine, 100 U/mL penicillin G, and 100 png/mL streptomyecin.
For T-cell activation, 4.5 pm Dynabeads containing immobilized anti-human CD3 and
anti-human CD28 (Life Technologies, Carlsbad, CA, USA) were used at a ratio of 3 beads
to 1 cell. T cells were maintained in culture at a concentration of 0.8~1.0 x 10° cells/mL
through regular counting by flow cytometry using CountBright beads (BD Biosciences,
Franklin Lakes, NJ, USA), a viability marker (Viaprobe) and mAbs to either human CD4 or
CD8 as described O’Connor et al. [12]. Lymphocytes were cultured at 37 °C, 20% O, and
95% humidity with 5% CO, unless otherwise stated.

A patient-derived human mesothelioma cell line (EM-meso), genetically engineered
to stably express mesothelin and click beetle green (CBG) luciferase, has been previously
described [2].

To isolate murine CD8+ T cells, spleens were harvested, and single-cell suspensions
prepared by manual disruption and passage through a 70 mm cell strainer in PBS supple-
mented with 0.5% BSA and 2 mM EDTA. After red blood cell lysis, naive CD8+ T cells were
purified by magnetic bead separation using commercially available kits following vendor
instructions (Naive CD8a+T Cell Isolation Kit, mouse, Miltenyi Biotec Inc., Germany).
Murine T-Cells were cultured in complete RPMI media (supplemented with 10% FBS,
100U/mL penicillin, 100 mg/mL streptomycin, and 50 mM 2-mercaptoethanol). For activa-
tion, T-cells were stimulated for 48 h with plate-bound anti-CD3 (10 mg/mL) and anti-CD28
(5 mg/mL) in complete media supplemented with recombinant IL-2 (100 U/mL). Cells
were maintained in complete RPMI media supplemented with 100 U/mL recombinant
IL-2. Metabolomics experiments were performed at day 4-5 post-activation.

2.2. LINOX and mitoLbNOX Lentiviral Plasmid Construction

pTRPE is a bicistronic lentiviral vector containing a T2A ribosomal skipping sequence
that separates two unique coding sequences that are co-translated as separate proteins.
pTRPE_eGFP contains the open reading frame for eGFP upstream of T2A permitting
an accurate measurement of lentiviral-mediated gene delivery by flow cytometry. The
second gene sequence is positioned within AVR11 and Sall restriction sites. Expression
plasmids for LINOX and mito-LbNOX that have been codon-optimized for mammalian
cells were kindly provided by Dr. Vamsi Mootha. Using standard molecular biology
techniques, a 1.417kb ¢cDNA insert was PCR-amplified using PUC57-Lb LBNOX plas-
mid as a template with forward (5-CGTCCTAGGATGAAGGTCACCGTGGTCGGA-3)
and reverse primers (5-CGTGTCGACTTACTTGTCATCGTCATCC-3') containing built-in
AVRI11 (underlined) and Sall (underlined) restriction sites. The purified PCR product
and pTRPE_eGFP-T2A were digested with the relevant enzymes (NEB), gel purified,
and ligated at a 3:1 insert:vector ratio using T4 DNA ligase to create a pTRPE_eGFP-
T2A_LbNOX lentiviral plasmid. Similarly, a 1.484kb mitochondrial targeted LBNOX
(mitoLbNOX) cDNA insert was PCR amplified using PUC57- MitoLbNOX as a template
with forward (5-AGCCCTAGG " | .CTCGCTACAAGGGTCTTTA-3') and reverse primers
(5'-CGTGTCGACTTACTTGTCATCGTCATCC-3’) containing built-in Avrll (underlined)
and Sall(underlined) restriction sites. The purified PCR product and pTRPE_eGFP-T2A
were digested with the relevant enzymes (NEB), gel purified, and ligated at a 3:1 in-
sert:vector ratio using T4 DNA ligase to create a pTRPE_eGFP-T2A_mitoLbNOX lentiviral
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plasmid. In assessments of cell proliferation, enumeration was performed using bead-based
counting methods following gating on GFP+ cells.

2.3. Lentiviral Production

The lentiviral vector pTRPE encodes discrete gene products under the transcriptional
control of EF-1 «. Lentiviral supernatants were generated by transient transfection of 293-T
cells with pTRPE. Then, 293-T cells were initially seeded in T150 flasks and grown to 80%
confluence in 25 mL of culture medium (RPMI1640), and 90 uL Lipofectamine 2000 DNA
transfection reagent was combined with 7 ug pCL-VSVG, 18 ug pRSV-REV, and 18 ug of
PGAG-POL (Nature Technology Corporation, Lincoln, NE, USA), as well as 15 pug of pTRPE.
This mixture was incubated at room temperature for 15 min. DNA-lipofectamine complexes
were then added to the 293-T cells. After 24 h, infectious supernatants were sterile filtered
through a 0.45-um syringe tip cellulose acetate filter and collected in a 50 mL conical tube.
To pellet the lentivirus, the supernatant was spun in a Thermo Fisher Scientific Centrifuge
(LYNX 4000) at 18,000 RCEF, overnight, at 4 °C. The supernatant was removed, and the
lentiviral pellet was resuspended in 1.6 mL of culture medium, aliquoted, and stored at
—80 °C. The mesothelin-specific CAR lentiviral plasmid was previously described [5] and
contains the 551 scFv, CD8« hinge, and CD8« transmembrane domain linked to the CD28
costimulatory domain and the CD3( signaling domain under the transcriptional control of
an EF1a promoter.

2.4. Lentiviral Infection

Primary human T-cells were activated with Dynabeads as described above. Further-
more, 24 h after activation, T cells were seeded at 100,000 cells/well at a concentration
of 1 x 10° cells/mL in a 96-well culture dish. Serial dilutions of lentiviral supernatant
over a range of 1:3, 1:9, 1:27, 1:81, 1:243, and 1:729 were performed. Transduced T-cells
were grown for 72 h to ensure optimal gene expression before comparing transduction
efficiencies. The percentage of GFP+ cells was determined by flow cytometry, and the
corresponding titer was calculated as the number of transforming units/mL. The titers
for pTRPE_eGFP-T2A_LbNOX and pTRPE_eGFP-T2A_MitoLbNOX viral supernatants
were 34.2 x 10° and 35.5 x 10° TU/mL, respectively. T cells were infected with lentiviral
vectors at multiplicities of infection from 3-5. Titers for the SS1 CAR lentivirus were
58.3 x 10° TU/mL.

2.5. LDH Inhibition

LDH inhibitor NCGC00420737 was obtained from the NCI Experimental Therapeutics
(NEXT) Project team located in Bethedsa, MD, USA [13]. A 10 mg aliquot of compound
NCGC00420737 was added to 250 pL of 0.1M NaOH. This solution was sonicated for
10 min. Then, 750 uL of PBS was added and the solution was sonicated for an additional
10 min. Finally, the pH was adjusted to 7.5, and the solution was passed through a 0.2 pM
syringe filter.

2.6. Mitochondrial Respiratory Features as a Function of LBNOX Expression

Mitochondrial function was assessed using an extracellular flux analyzer (Agilent/Seahorse
Bioscience, Santa Clara, CA, USA). Individual wells of an XF96 cell culture microplate
were coated with CellTak in accordance with the manufacturer’s instructions. The ma-
trix was adsorped overnight at 37 °C, aspirated, air dried, and stored at 4 °C until use.
Following overnight stimulation with Dynabeads, T-cells were LbNOX, and expanded
for three days. To assay mitochondrial function, T cells were centrifuged at 1200x g for
5 min. Cell pellets were re-suspended in XF assay medium (non-buffered RPMI 1640)
containing 10 mM glucose, 2 mM L-glutamine, and 5 mM HEPES. T-cells were seeded
at 0.2 x 10° cell/well. During instrument calibration, the microplate was centrifuged
at 1000x g for 3 min and switched to a CO,-free, 37 °C incubator for 30 min. Cellular
oxygen consumption rates (OCR) were measured under basal conditions and following
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treatment with 20 mM sodium-L-lactate (MilliporeSigma St. Louis, MO, USA), 1.5 uM
fluoro-carbonyl cyanide phenylhydrazone (FCCP), and 500 nM rotenone/antimycin A.

2.7. Extracellular Acidification as a Function of LDHA Inhibition

To assess lactic acid production in EM-meso cancer cells, 0.1 x 10°® EM-meso cells
were seeded onto uncoated XF96 microplates. The following day, the cells were washed in
PBS, and the medium was switched to the customized XF assay medium described above.
During instrument calibration, the microplate was switched to a CO,—free 37 °C incubator
for 30 min. Extracellular acidification rates (ECAR) were measured under basal conditions
and following treatment with 10m M glucose, 1.3 uM oligomycin, varying concentrations
of LDHi (5-50 uM), and 20 mM 2-deoxyglucose (2-DG).

2.8. Anti-Mesothelin 287 CAR T-Cell Cytolytic Function

T-cells were activated with Dynabeads as described above. Following overnight stim-
ulation, activated T cells were co-infected with a 28¢ CAR against mesothelin and either
a eGFP control lentiviral vector or a vector expressing LLNOX. Mock infected (nontrans-
duced) T-cells were used as a control. Activated T-cells were then expanded for 9 days
until restdown (Cell size: 340-400 fL). EM-meso target cells were seeded at overnight in a
U-bottom 96-well plate at 10,000 cells/well. The following day, CAR T-cells were added at
established effector:target cell ratios of 3:1. CAR T-cell mediated killing, as measured by a
decrease in the luciferase signal generated by live target cells, was assessed at 24 h. Briefly,
Luciferin was added at a final concentration of 150 ug/mL per well. Luminescence was
measured after 10-min incubation using the Envision (PerkinElmer, Waltham, MA, USA)
plate reader, and luciferase activity was expressed as relative luminescence units (RLUs).
Note that target cells incubated in medium alone or treated with 1% SDS were used to cal-
culate spontaneous cell death (RLUspon) or maximal cell death (RLUnax), respectively. The
percent specific lysis was calculated using the formula: % specific lysis = 100 X ([RLUspon
- RLUtest]/ [RLUspon - RLUmax])-

Mean luciferase activity (from at least 5 replicates) was calculated and compared
across each treatment group. All data are presented as mean & SEM.

2.9. In Vivo Xenograft Studies

A xenograft model was used in this study as previously reported [5]. Briefly, 6-10-week-
old NOD-SCID y.~/~ (NSG) mice, which lack an adaptive immune system, were obtained
from Jackson Laboratories (Bar Harbor, ME, USA) or bred in-house under a protocol
approved by the Institutional Animal Care and Use Committees of the University of
Pennsylvania. Animals were assigned in all experiments to treatment/control groups using
a randomized approach. Animals were injected subcutaneously with 5 x 10® Em-meso
tumor cells in 0.1 mL sterile PBS. After tumors reached >200 uMZ, mice were randomized
to each treatment group. Anti-mesothelin CAR T-cells co-expressing either LINOX or eGFP
and non-transduced NTD human T-cells were injected I.V. at the indicated dose in 100 pL
of sterile PBS. Oral gavage (Ldhi vs. PBS vehicle) was performed (75 mg/kg twice weekly)
and three times weekly (days 52-59) using an 18-20 G needle. Tumor size was measured
biweekly using digital calipers.

2.10. Isotope Labeling

For lactate-labeled isotope experiments, T-cells were activated with Dynabeads as
described above. Following overnight stimulation, the cells were expanded for 6 days with
regular counting and feeding on alternate days. The medium was then switched to RPMI
1640, conditioned with 10% dialyzed FBS (Life Technologies, Carlsbad, CA, USA), and
supplemented with 20 mM U-13C-Lactate (MilliporeSigma, MA, USA) for 1 h.
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2.11. Short-Chain Acyl-CoA Extraction

Extractions were performed as described previously [14]. Briefly, lymphocytes were
centrifuged at 1200 rcf for 5 min. Cell pellets were resuspended in 750 pL of ice-cold
10% trichloroacetic acid and pulse-sonicated using a sonic dismembrator (Fisher Scientific,
Hampton, NH, USA). The samples were centrifuged at 15,000x rcf for 15 min, and the
supernatants were purified by solid phase extraction. Briefly, Oasis HLB 1-mL (30 mg)
solid-phase extraction columns were conditioned with 1 mL methanol, followed by 1 mL
of HyO. The supernatants were applied to the column and washed with 1 mL of HyO. The
analytes were eluted in methanol containing 25 mM ammonium acetate. The eluates were
dried overnight in N, gas and resuspended in 50 pL of 5% 5-sulfosalicylic acid, and 10 pL
injections were applied in LC/ESI/MS/MS analysis.

2.12. Metabolite Extraction from Murine T-Cells

RPMI-1640 media without glucose and glutamine was supplemented with 10% di-
alyzed FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, 50 mM 2-mercaptoethanol,
and 100 U/mL recombinant IL-2. For 13C-glucose incubation, it was supplemented with
11 mM U-13C-glucose and 2 mM glutamine; for 13C-glutamine incubation, with 11 mM
glucose and 2 mM U-13C-glutamine; and for 13C-lactate incubation, with 11 mM glucose,
2 mM glutamine, and 20 mM U-13C-lactate.

Cells were seeded at 106 cells/mL and incubated for 24 h. They were then transferred
to 1.5 mL Eppendorf tubes and pelleted (3 min, 500x g, RT). Media was removed by
aspiration, and 500 pL of PBS was added. Then, cells were pelleted (30 s, 6000x g, RT),
PBS removed by aspiration, and metabolome extraction was performed by the addition
of 100 uL of cold methanol:water (80:20). The extract was incubated at —20 °C for at least
30 min.

2.13. Analysis of Polar Metabolites in Murine T-Cells

After centrifugation (15 min, benchtop microfuge maximum speed, 4 °C), the clean
supernatant was transferred to LC-MS vial for analysis. Samples were analyzed by reversed-
phase ion-pairing chromatography coupled with negative-mode electrospray-ionization
high-resolution MS on a stand-alone Orbitrap (ThermoFisher Exactive, Waltham, MA,
USA) [15]. Data were analyzed using EI-MAVEN software (Elucidata, Cambridge, MA,
USA). Isotope labeling was corrected for natural 13C abundance [16].

2.14. Analysis of Fatty Acids in Murine T-Cells

Cell extracts were saponified fatty acids extracted and analyzed by reversed-phase
ion-pairing chromatography coupled with negative-mode electrospray-ionization high-
resolution MS on a stand-alone Orbitrap (ThermoFisher Exactive, Waltham, MA, USA) [17].
Data were analyzed using EI-MAVEN software (Elucidata, Cambrdige, MA, USA). Isotope
labeling was corrected for natural 13C abundance (Su et al. [16]). Relative contribution of
the various carbon sources to fatty acid synthesis was calculated using R by fitting the data
into a zero truncated binomial distribution.

3. Results

NADH and its oxidized derivative NAD* support anabolic reactions in T-cells un-
dergoing clonal expansion and differentiation. NAD" /NADH levels are highly regulated
and exist in near-equilibrium with pyruvate and lactate. We used stable isotope labeling to
trace the contribution of isotopically labeled (**C3) lactate to metabolic pathways in CAR
T-cells. Activated T-cells were infected with a lentiviral CAR construct containing a mouse
anti-human mesothelin scFv (S51) linked to the human intracellular signaling domains
CD28 and CD3¢ (Figure S1A). As CAR signaling profoundly influences T-cell metabolic
activities [1] and clinical efficacy [18], we included CARs engineered with 4-1BB signaling
domains (Figure S1B) in our analyses. At day seven of stimulation, coinciding with the
mid-phase of logarithmic growth, we transferred activated T-cells to a cell culture medium
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of CAR T-cells with 1*C;-lactate. CAR signaling modestly enhances the contribution of
lactate to acetyl-CoA (Figure 1D). In murine T-cells, we show that lactate supports long
chain fatty acid synthesis as effectively as glucose (Figure S1B), highlighting the ability of
lactate to spare and/or replace glucose when necessary. These findings suggest that lactate
can play a central role in CAR T-cell metabolism.
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3.1. Arming T-Cells with Exogenous, Futile NADH Oxidation Capacity

Given its central role in oxidation/reduction reactions, an increase in lactate metabolism
can have important consequences on the intracellular redox state. Lactate can be immune-
suppressive by potentiating reductive stress in hypoxic environments. We engineered CAR
T-cells with a bacterial-derived NADH-dependent oxidase to support the use of lactate as
a fuel and dissipate redox gradients causing stress. Our central hypothesis is shown in
Figure 2A. Using NADH as a cofactor, LLNOX catalyzes the transfer of free electrons to
oxygen. In cells engineered to overexpress LINOX, the production of NAD" will push the
pyruvate/lactate equilibrium towards pyruvate production and NADH replenishment by
mass action. LDNOX catalyzes the reaction NADH + % O, — NAD* + H,O. Coupled to
lactate dehydrogenase, the net reaction is lactate + % O, — pyruvate + H,O. To study the
potential benefit of LINOX in primary human T-cells, we generated mitochondrial as well
as cytoplasmic LbNOX lentiviral constructs (Figure 2B).

3.2. Cytoplasmic LINOX Enhances T-Cell Oxidation

Previous studies showed that mitochondrial LLNOX improved oxidative function in
fibroblasts [10]. To assess the impact of cytoplasmic versus mitochondrial LINOX isoforms
on T-cell redox status and substrate metabolism, we collected cellular supernatants from
LbNOX-expressing T-cells undergoing log-phase expansion. LbNOX promotes NADH
oxidation and can accordingly decrease the lactate/pyruvate ratio. Using LC-MS, we show
that cytoplasmic LbNOX decreases the Lac/Pyr ratio by 63%, an effect largely driven by
increased pyruvate, while mitochondrial LbNOX did not (Figure 2C). Consistent with these
results, while both cytosolic and mitochondrial LINOX increased oxygen consumption,
cytosolic did so to a greater extent (Figure 2D).

We then measured the oxidative response to 20 mM lactate. Again, the respira-
tory response to lactate was accentuated in T-cells expressing the cytoplasmic rather
than mitochondrial isoform of LbNOX (Figure 2E). Lactate increased OCR to 87, 141,
and 278 pMoles O, /min in GFP, mitoNOX, and LENOX-expressing T cells, respectively
(* p < 0.05 for mitoNOX versus GFP; p < 0.05 for LINOX relative to mitoNOX).

To simulate hypoxia, we measured the respiratory response to rotenone and antimycin
A, inhibitors of the mitochondrial electron transport chain complex I and III, respectively.
As seen in Figure 2D, LbNOX-expressing T-cells sustain higher rates of oxygen consump-
tion (117% of their baseline OCR), whereas OCR levels in mitoNOX T-cells decreased to
70% of baseline, and OCR in control CAR T-cells diminished to 28% of baseline values.
As the cytoplasmic isoform of LLNOX conferred superior metabolic attributes than its
mitochondprial version, we pursued our studies with the cytoplasmic isoform only.

3.3. LINOX Does Not Alter In Vitro CAR T-Cell Proliferation

In the clinical sector, CAR T-cells are propagated over several days to increase their
quantity prior to adoptive cell transfer. We set out to compare proliferative rates in CAR
T-cells infected with LENOX or control lentiviral constructs. We first confirmed equivalent
CAR expression across experimental groups. As seen in Figure 3A, 77% of T-cells were
double positive for CAR as well as the eGFP control plasmid. Similarly, 75% of T-cells were
double positive for CAR as well as LINOX. In line with clinical manufacturing protocols,
these cells were expanded for 10 days until restdown. The effect of LINOX on CAR T-cell
proliferation and survival was assessed by flow cytometry at regular intervals during
their proliferative phase. LINOX had no adverse effect on T-cell proliferation or survival
(Figure 3B).
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Figure 2. Cytoplasmic Lactobacillus brevis NADH Oxidase (LbNOX) reprograms T-cell metabolism
towards lactate oxidation. (A) Our model proposing how LbNOX promotes lactate metabolism in
CAR T-cells. Using NADH as a cofactor, LLNOX drives the vectorial flux of lactate to pyruvate in
CAR T-cells. (B) Schematic representation of the mesothelin lentiviral CAR containing an SS1 single
chain variable fragment (scFv), which is linked via a CD8«x hinge, as well as a CD28 TM to the CD28
and CD3( intracellular signaling domains. TM, transmembrane. LNOX is a bicistronic lentiviral
construct containing the coding sequence for LbNOX, linked via T2A to the transduction marker
GFP. A lentiviral construct encoding the mitochondrial (mito) NOX isoform is also shown. (C) After
overnight stimulation with Dynabeads, activated T-cells were infected with either cytoplasmic or mito
LbNOX lentivirus. Cellular supernatants were collected from NOX-expressing T-cells undergoing
log-phase expansion. Lactate, as well as pyruvate levels, was compared by LC-MS. Mean values
+ S.E.M are plotted with the horizontal bars representing the mean and each symbol representing
a separate donor from independent experiments. The lactate/pyruvate ratio was significantly
decreased in LbNOX relative to GFP (* p < 0.05). Statistical comparisons were performed using an
unpaired Student’s t test. (D) After overnight stimulation with Dynabeads, activated T-cells were
infected with either cytoplasmic or mito LINOX lentiviral supernatants. These cells were expanded
for 3 days and then transferred to bicarbonate-free XF assay medium. Metabolic parameters were
measured by a Seahorse assay. Cellular oxygen consumption rates (OCR) were measured at baseline
and following the serial addition of 20 mM lactate and 500 nM rotenone/antimycin A. Values
are means + S.E.M. from 7-8 replicates. Values are representative of 2 independent experiments.
Baseline OCR levels were significantly increased in mitoNOX relative to GFP (p < 0.05); LINOX
relative to GFP (p < 0.05); and LINOX relative to mitoNOX (p < 0.05). Lactate-stimulated OCR levels
were significantly increased in mitoNOX relative to GFP (p < 0.05); LINOX relative to GFP (p < 0.05);
and LbNOX relative to mitoNOX (p < 0.05). Data were analyzed by a one-way ANOVA using a
Holm-Sidak multiple comparison post hoc test. (E) Energy reserve (peak OCR/baseline OCR) as a
function of LINOX is shown. Values are calculated from the data illustrated in panel D.
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3.4. LINOX-Expressing CAR-T Cells Sustain Oxidative Metabolism despite ETC Inhibition
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CD28 signaling domain was preferred to 4-1BB as it confers superior effector function
in several solid tumors tumor models including mesothelioma [5] and glioblastoma [19].
We co-infected activated T-cells with a mesothelin-specific 28CCAR lentivirus along with
LbNOX or GFP control lentivirus. After several days of expansion, the metabolic properties
of LINOX expressing CAR T-cells were tested by Seahorse assay. As seen in Figure 3C,
baseline levels of oxygen consumption are higher in LINOX-expressing CAR T-cells rel-
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ative to control (GFP-expressing CAR T-cells). Interestingly, constitutive expression of a
28( CAR leads to lower baseline levels of oxidative metabolism relative to nontransduced
controls. These findings corroborate our prior work demonstrating an increased emphasis
of glycolysis over oxidative phosphorylation in 28 CAR T-cells [1]. As oxygen consump-
tion increases in line with substrate metabolism, we measured OCR in cells treated with
medium alone or medium containing 20 mM lactate. We show that LbNOX enhanced
lactate-induced oxygen consumption by 141% (Figure 3D). As oxygen is critically limiting
in solid tumors, we tested the ability of LINOX CAR T-cells to maintain oxidative function
in hypoxia-like conditions. To simulate the disruptive effects of hypoxia on respiratory
function and oxidative metabolism, we treated CAR T-cells with rotenone and antimycin
A. As seen in Figure 3E, LINOX-expressing CAR T-cells maintain 91% of their baseline
OCR (36.5 + 0.6 pMoles/min), whereas OCR in control CAR T-cells decreases to 15% of
baseline values (3.8 &+ 0.4 pMoles/min).

3.5. LINOX-Expressing CAR T-Cells Are Resilient to LDH Inhibition

As LbNOX catalyzes the oxidation of NADH to NAD*, we tested its ability to rescue
cytotoxicity in CAR T-cells treated with an LDH inhibitor. We reasoned that tumor cell
glycolytic function could be selectively impaired by LDH inhibition if the corresponding
CAR T-cells had a “built-in” mechanism to replenish NAD*. We used the LDH inhibitor
NCGC00420737 to impair glycolytic function in EM-meso cells (Figure 4A,B). Inhibiting
glycolysis with Ldhi significantly impeded tumor cell proliferation in vitro (Figure 4C). In
cytotoxicity assays, LINOX-expressing CAR T-cells retained complete functional compe-
tence despite LDH inhibition (Figure 4D).

We next evaluated the antitumor function of LINOX expressing CAR T-cells, with/without
Ldhi using our well-established human xenograft model of mesothelioma. EM-meso
xenografts establish an immune-suppressive tumor environment enriched with immune
and metabolic checkpoints. Infused CAR T-cells effectively traffic to EM-meso tumors.
Despite undergoing robust proliferation, their antitumor function is severely limited [5].
The experimental layout for testing the efficacy of anti-mesothelin CAR T-cells in this
model is illustrated in Figure 5A. LINOX-expressing, anti-mesothelin 28CCAR-T cells were
expanded over 10 days until restdown. CARs were expressed in 90% of T-cells in the
control group. In the LINOX group, 87% of T-cells expressed CAR. As seen in Figure 5B,
60% of T-cells were double positive for CAR as well as the GFP control plasmid. In the
other experimental group, 74% of T-cells were double positive for CAR as well as LINOX.
To establish mesothelin xenografts, immunodeficient mice were subcutaneously injected
with 5 x 10° EM-meso tumor cells. After tumors reached 200 mm?3, 5 x 10° GFP or
LbNOX-expressing CAR T-cells were injected intravenously. Tumor growth was monitored
regularly over the next 50 days. As expected, EM-meso xenografts grew exponentially
over time. Control T-cells (no CAR) had minimal impact on tumor cell growth (Figure 5D).
Overall tumor volume was significantly reduced in tumor-bearing mice infused with CAR
transduced T-cells (* p < 0.05 for CAR/GEFP vs. NTD). Tumor control was incomplete but
sustained through day 48 in this group (Figure 5D,E). LINOX-expressing CAR T-cells also
demonstrated significant tumor clearance (p < 0.05 for CAR/NOX vs. NTD); however,
overall tumor burden remained higher than CAR T-cells alone (Figure 5D-F). Despite the
potential for additive benefits from CAR T-directed cytotoxicity with Ldhi, we observed
no additive benefit of Ldhi and CAR against tumor growth in our xenograft model of
mesothelioma (Figure S3).
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(C) EM-meso-CBG cells were seeded in triplicate in 96-well plates and treated with either the vehicle
or 20 uM Ldhi. Their growth was measured by a luminescent assay. The mean + S.E.M. values of
3 independent experiments are shown. * p < 0.05 for Ldhi vs. the vehicle at 24 h and 48 h. (D) The
specific cytotoxicity of anti-mesothelin CAR T-cells was measured by luciferase-based killing assay.
CAR T-cells were co-cultured with EM-meso cells at a 3:1 effector: target cell ratio for 22 h in medium
conditioned with 20 uM Ldhi. The mean =+ S.E.M. values of 3 independent experiments with separate
donors are shown. * p < 0.05 for CAR/GFP vs. CAR/GFP+Ldhi; ** p < 0.05 for CAR/GFP+Ldhi
vs. CAR/NOX+Ldhi. Data were analyzed by a two-way ANOVA using a Newman-Keuls multiple

comparison post hoc test.
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Strategies to enhance T-cell metabolic fitness have shown promise in a number of
preclinical models. Limiting Warburg metabolism by inhibiting hexokinase [20], LDH [21],
P38MAPK [22], arginine conditioning [23], and glucose restriction [24] improves the
metabolic, phenotypic, and functional features of cultured T-cells. An inherent limita-
tion shared by these approaches is that they are confined to the ex vivo expansion phase
prior to adoptive transfer. Developing approaches to overcome the metabolic nature of the
TME requires a deeper understanding of the mechanisms limiting metabolic fitness in situ.

Intra-tumoral hypoxia correlates with T-cell hypofunction and poor response to PD-1
blockade in syngeneic models of melanoma [7]. Restoring access to oxygen rather than
glucose enhanced T-cell antitumor function, implicating oxygen as a critical metabolite
for tumor-infiltrating lymphocytes. Our data provide mechanistic insight into the oxygen
requirements of T-cells traversing solid tumors: the benefits of oxygen may be inextricably
tied to its role in ATP replenishment. Future studies may reveal how CAR design influences
the effectiveness of LINOX following adoptive transfer. While we focused our attention on
CD28 costimulation, the inherent ability of 4-1BB or ICOS to sustain high rates of oxidative
phosphorylation, along with their contingency energy reserve, would likely extend CAR
T-cell persistence and survival in solid tumors. Alleviating reductive stress (LbNOX) in
CAR T-cells geared for long-term immunosurveillance, with enhanced energy-generating
capacity, may be a better strategy for success against solid tumors.

We show that 13C3 lactate supports TCA cycle anaplerosis and short chain CoA syn-
thesis in CAR T-cells (Figure 1), challenging the widely-accepted belief that lactate is
inherently immunosuppressive [25,26]. In vivo, tumor cells may co-opt select monocar-
boxylate transporters to restrict access to local lactate pools, sequestering it for their own
benefit [27].

To effectively use lactate as fuel instead of glucose, cells require a functional electron
transport chain to generate ATP from NADH. Expressing LINOX constitutively may de-
plete NADH and thus aerobic ATP production. Elevated NAD may also drive enhanced
rates of glycolysis during ex vivo expansion; committing CAR T-cells to an effector dif-
ferentiated program prior to adoptive transfer. We previously showed that short-lived
glycolytic effector CAR T-cells have limited therapeutic potential due to poor engraftment
and impaired persistence following infusion [1]. By avoiding such in vitro reprogramming,
the controlled induction of LINOX after adoptive transfer may have benefits that are not
captured in the present constitutive expression experiments.

Taken together, our findings highlight the challenges in developing strategies targeting
individual aspects of metabolic dysfunction in solid tumors. The decoupling of NADH
oxidation and ATP production was ineffective. Metabolic enhancements that maintain
such coupling are future priorities.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10092334 /1, Figure S1: CAR Design, Figure S2: Lactate supports long chain fatty acid
synthesis in murine T cells, Figure S3: Nonadditive effect of Lactate Dehydrogenase inhibition (Ldhi)
with CAR T-cells in vivo, Video S1: CAR T-cells depend on coupling of NADH oxidation with ATP
production.
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Prior to adoptive transfer, CAR T cells are activated, lentivir-
ally infected with CAR transgenes, and expanded over 9 to
11 days. An unintended consequence of this process is the pro-
gressive differentiation of CAR T cells over time in culture.
Differentiated T cells engraft poorly, which limits their ability
to persist and provide sustained tumor control in hematologic
as well as solid tumors. Solid tumors include other barriers to
CAR T cell therapies, including immune and metabolic check-
points that suppress effector function and durability. Sialic
acids are ubiquitous surface molecules with known immune
checkpoint functions. The enzyme C. perfringens neuramini-
dase (CpNA) removes sialic acid residues from target cells,
with good activity at physiologic conditions. In combination
with galactose oxidase (GO), NA has been found to stimulate
T cell mitogenesis and cytotoxicity in vitro. Here we determine
whether CpNA alone and in combination with GO promotes
CAR T cell antitumor efficacy. We show that CpNA restrains
CAR T cell differentiation during ex vivo culture, giving rise
to progeny with enhanced therapeutic potential. CAR T cells
expressing CpNA have superior effector function and cytotox-
icity in vitro. In a Nalm-6 xenograft model of leukemia, CAR
T cells expressing CpNA show enhanced antitumor efficacy.
Arming CAR T cells with CpNA also enhanced tumor control
in xenograft models of glioblastoma as well as a syngeneic
model of melanoma. Given our findings, we hypothesize that
charge repulsion via surface glycans is a regulatory parameter
influencing differentiation. As T cells engage target cells within
tumors and undergo constitutive activation through their
CARs, critical thresholds of negative charge may impede cell-
cell interactions underlying synapse formation and cytolysis.
Removing the dense pool of negative cell-surface charge with
CpNA is an effective approach to limit CAR T cell differentia-
tion and enhance overall persistence and efficacy.

INTRODUCTION

Chimeric antigen receptor (CAR) T cells have become an important
modality in cancer immunotherapy, producing a high rate of durable
response for Food and Drug Administration-approved indications
such as B cell acute lymphoblastic leukemia."* However, for solid ma-
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lignancies, in which CAR T cells must contend with a complex, hos-
tile, and often heterogeneous microenvironment, the results have
been less encouraging. Most patients in clinical trials of CAR T for
solid malignancies have had no objective response.” Moreover, even
in relatively favorable indications such as hematologic malignancies,
eventual disease progression is common. To overcome immuno-
therapy resistance, efforts have turned toward developing novel drugs
and combination strategies to sensitize tumors to CAR T-mediated
lysis. Among other approaches, the engineering of CAR T cells to pro-
duce effector proteins that block immune checkpoints, promote im-
mune cell migration, and facilitate immune reactivity are exciting
strategies on the frontier of immunotherapy research.”

The canonical immune checkpoints include inhibitory receptors such
as CTLA4, PD1, and BTLA, which are expressed by T cells, and that
serve to maintain peripheral tolerance and homeostatic contraction of
T cell populations following immunologic stimulus.” However,
following the discovery of immune checkpoint receptors, many other
diverse mediators of peripheral tolerance have been discovered,
including inhibitory cytokines, small molecule metabolites such as
kynurenines, and cell-surface glycans.” For the latter category, the
composition of glycans on mammalian cell surfaces has been shown
to play a powerful role in modulating host-immune interactions.
These discoveries have nominated promising therapeutic targets for
enhancing immunotherapy. For example, glioblastoma cells were
shown to overexpress truncated O-linked glycans that bind to the
MGL receptor, which polarizes macrophages to an immunosuppres-
sive phenotype.” Other glycan-binding receptors such as sialic acid-
binding Ig-like lectins (siglecs) and dendritic cell (DC)-specific
ICAM-3-grabbing nonintegrin 1 (DC-SIGN) have been shown to
have roles in immune suppression.*” Surface sialic acids, in partic-
ular, are appealing targets due to the manifold pathways in which
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they function as protective self-associated molecular patterns.® By
binding to siglecs, sialoglycans trigger counterinflammatory cellular
programs mediated by immunoglobulin receptor family tyrosine-
based inhibitory motifs in the siglec cytoplasmic domains.™® Siglec
signaling on T cells can negatively modulate T cell receptor (TCR)
signaling by reducing phosphorylation of Tyr*'® on ZAP-70, one of
the critical downstream mediators of both TCR and CAR signaling.”
Beyond binding to siglecs, sialoglycans also mediate immune inhibi-
tion by reducing cell-cell interactions through electrostatic repulsion,
disabling the contents of T cell cytotoxic granules, and inhibiting
complement activation.'””'” Concordantly, diverse cancer types
have been shown to highly express surface sialic acid, and this over-
expression has been associated with worse clinical outcomes.>'*'*'*

The targeting of sialoglycans for cancer pharmacotherapy is a rela-
tively old concept, predating our understanding of their mechanisms
as immune checkpoint effectors. Treatment of tumor cells with sialic
acid-cleaving neuraminidase enzymes was demonstrated in mouse
and canine models to potentiate immune recognition of both treated
and nontreated cells.”””"” Neuraminidases (NAs) are produced by
diverse species including Vibrio cholerae, Clostridium perfringens,
influenza viruses, and mammals.'® While the initial studies of NA-
treated tumor cells were encouraging, a randomized, controlled trial
in colorectal cancer published in 1989, using subcutaneous injection
of Vibrio cholera neuraminidase (VCN)-modified autologous tumor
cells, found no benefit for progression-free or overall survival over
5 years, a setback in the nascent field of immunotherapy."”

However, as our understanding of sialoglycans as immune check-
points has advanced, there is now renewed interest in targeting these
structures in cancer therapy. Promising next generation strategies
have included an engineered adenovirus expressing the hemaggluti-
nin-NA of Newcastle Disease Virus, which reduced tumor sialic
acid content and promoted disease regression in vivo.”’ More
recently, a sialidase-conjugated antibody-like polymer targeting PD-
L1 demonstrated both in vitro and in vivo efficacy against the
MDA-MB-231 mammary adenocarcinoma.”'

We hypothesized that CAR T cells engineered to express a highly active,
secreted neuraminidase would be a more potent immunotherapeutic
strategy than CAR T alone in solid tumors. We engineered epidermal
growth factor receptor (EGFR) and CD19-directed CAR T cells to
secrete functional C. perfringens NA. The C. perfringens NA was chosen
due tohavinga pH optimum in the range of 6.5 to 7.2, closer to the phys-
iological range of human extracellular fluid when compared with the
NA of the enteric pathogen Vibro cholerae (optimum pH of 5.5-6.0)
or the human NAs that are optimized for acidic compartments (optima
of4.4-4.6 for lysosomal Neul, 6.0-6.5 for the cytosolic Neu2, 4.6-4.8 for
Neu3, and 3.5 for lysosomal Neud).””** The influenza NA was not suit-
able, as adults and the elderly often have high titers of anti-influenza NA
antibodies due to past virus exposure.*”

Interestingly, the work of Novogrodsky with NA also demon-
strated that its combination with the enzyme galactose oxidase
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(GO) can activate T cell mitogenesis and cytotoxicity more so
than NA alone.”®* The enzyme GO oxidizes the galactose resi-
dues revealed by NA’s uncapping of terminal sialic acids, creating
reactive galactose aldehydes. These reactive groups have been hy-
pothesized to account for the mitogenic effect of the NAGO com-
bination by cross-linking cell-surface glycoproteins in a lectin-like
manner.”” The proinflammatory effect of the NAGO combination
has made it an effective vaccine adjuvant in animal studies,
promoting immunologic memory as measured by antiparasitic
immunity and delayed hypersensitivity reactions to antigen reex-
posure.”® While mitogen activation of T cells also risks overstim-
ulation, inviting exhaustion and activation induced cell death,
there has also been some evidence that stimulating T cell activa-
tion outside of the tumor microenvironment can promote immu-
notherapeutic response. For example, Reinhard et al. co-treated
mice with large syngeneic LL/2-LLcl or CT26 tumors using
CAR T cells in combination with an RNA vaccine encoding the
claudin target antigen.”” By introducing target antigen outside of
the tumor, this strategy allowed the CAR T product to establish
a foothold in more permissive environments prior to engaging
with the tumor microenvironment. It seemed reasonable to sup-
pose that the combination of NA and GO might similarly augment
tumor lysis beyond the antitumor effects of interfering with sialo-
glycan checkpoint pathways alone.

We explored the potential of C. perfringens NA-producing T cells,
either alone or combined with GO, to promote CAR T mediated tu-
mor lysis. The mechanisms of NA and GO stimulation of T cells, be-
ing previously poorly defined, were probed with CRISPR knockouts
to reveal the importance of the CD2 adhesion and costimulatory re-
ceptor in this therapeutic approach. We demonstrate in vivo that
CpNA secreting CAR T cells exert better control than conventional
CAR T alone, but the addition of exogenous GO produces no further
benefit despite its promise in in vitro assays. Secretion of CpNA led to
enriched naive-like differentiation of CAR T cells during ex vivo
expansion, a phenotype that is associated with greater persistence
and activity of the therapeutic product in vivo, suggesting that
cleaving surface sialic acids influences T cell differentiation in addi-
tion to modulating checkpoint pathways.”*** In the design of novel
immunotherapies, the targeting of tumor and immune cell-surface
glycans to enhance immunogenicity, such as through the glyco-active
enzyme NA, has the potential to enhance CAR T efficacy against solid
tumors.

RESULTS

Engineered CAR T cells secrete functional CpNA in an antigen-
responsive manner

To study the potential role of NA as a secreted factor that enhances
CAR T cell antitumor function, we generated the lentiviral vector
GFP_T2A_NA (GTN) by cloning the C. perfringens neuraminidase
(CpNA) into a pTRPE plasmid backbone containing enhanced GFP
(eGFP) and the T2A self-cleaving peptide (Figure 1A). After over-
night stimulation with Dynabeads, activated T cells were co-trans-
duced with GTN and either 806 (an EGFR-specific, 4-1BBZ CAR)
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Figure 1. Engineering CAR T cells to secrete functional Clostridium perfringens neuraminidase (CpNA)

(A) Schematic representation of the hEGFR lentiviral CAR containing an 806 scFv, which is linked via a CD8alpha hinge as well as a CD8a TM to the 4-1BB and CD3zeta
intracellular signaling domains. SP, signal peptide; TM, transmembrane. A lentiviral CAR construct against human CD19 containing the FMC63 scFv is also shown. GTNis a
bicistronic lentiviral construct expressing C. perfringens neuraminidase (CpNA) in tandem with a C-terminal 6x Histidine tag (6x His) as well as the transduction marker GFP.
(B) After overnight stimulation with Dynabeads, T cells were co-infected with an EGFR CAR and GTN lentiviral supernatants. These cells were expanded for 3 days. Cellular
lysates and supernatants were collected and immunoblotted with anti-His antibody. Relative protein loading was determined by immunoblotting for B-Actin. Representative
data from two independent experiments are shown. (C) CoNA-expressing CAR T cells were generated as in (B) Surface EGFR CAR expression was measured by staining with
a recombinant EGFRUVIII-Fc protein (H + L) followed by anti-Fc-APC labeling. GTN levels were simultaneously detected by GFP expression. CAR + cells were defined as
double-positive for CoNA (x axis) and PE (y axis). Representative flow plots from three independent experiments are shown. (D) The percentage of T cells positive for CAR
expression after preparation as in (C). Representative data from one of three donors are shown. (E) CAR T cells were co-cultured with either U87-MG or Nalm6 tumor cells at a
10:1 ratio for 24 h. Cellular supernatants were collected and NA enzymatic activity was detected as described in the materials and methods. The mean + SEM values of
three independent experiments with separate donors are shown. Data were analyzed with pairwise t tests corrected for multiple comparisons using the Holm-Sidak method.
***p < 0.001 for CAR T cells co-cultured with tumor cells expressing the CAR'’s target antigen versus control cells expressing an irrelevant antigen.
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or CD19-specific, 4-1BBZ CAR lentivirus. As a control, T cells were
transduced with eGFP lentivirus instead of GTN. After 3 days,
cellular lysates and supernatants were collected and CpNA expres-
sion was confirmed by western blot with antibodies against the
C-terminal 6x histidine tag (Figure 1B). The CpNA secreting
CAR T cells expanded efficiently (25.4-fold, Figure S1A), although
more slowly than GFP-transduced controls, with 45.3% fewer total
T cells at the end of expansion (defined by median cell size <400 fL)
across three donors (p = 0.016). As sialic acids have been implicated
in protecting immune effector cells from degranulation-associated
self-killing,"" we examined T cell viability at consecutive time points
during expansion (Figure S1B). By live dead staining, there was a
greater proportion of dead cells in the CpNA secreting condition
versus the GFP control, with 20.7% versus 12.5% dead cells on
day 3, 11.8% versus 4.2% on day 5, and 4.4% versus 1.4% on day
7, but these differences were not significant by paired t test statistics
with three donors (p = 0.1172, 0.1147, and 0.0858 on days 3, 5, and
7, respectively).

To evaluate CpNA expression in CAR + subsets, we performed
two-color flow cytometry with GFP positivity indicating transduc-
tion with the GTN construct. After dual transduction with CAR
and GTN lentiviral preparations, we observed a mix of singly pos-
itive CAR, GTN, and CAR + GTN T cells (Figures 1C and 1D).
The CAR + transduction efficiencies were comparable in the
GTN (24.6%) and GFP (25%) populations and similar to the tar-
geted CAR + percentage in clinical products.”> To evaluate
whether CpNA production confers a relative growth disadvantage
to T cells producing it, we examined GFP positivity as a proxy for
CpNA expression at serial time points during expansion (Fig-
ure S1C). By paired t testing across three donors, there was no sig-
nificant decrease in GFP percent positivity between days 3 and 7
(p = 0.4755) in the CpNA condition, suggesting that the decrease
in ex vivo expansion related to NA is due to its effects on the pop-
ulation and not limited to cells expressing the enzyme.

To test how CpNA secretion responds to CAR stimulation, we
selected target lines U87 and Nalmé6 with EGFR and CD19 positivity,
respectively. Activated T cells were co-infected with GTN and CAR,
expanded for 10 days, and frozen before use. CAR T cells were then
co-cultured with either U87 or Nalm-6 target cells for 24 h at a
10:1 effector to target cell (E:T) ratio.

Cellular supernatants were collected and CpNA activity was deter-
mined with a cleavage-activated fluorescent NA substrate. We show
that CpNA activity is significantly induced following direct stimula-
tion of the CAR with its corresponding ligand. As shown in Figure 1E,
CpNA levels/activity significantly increased 2.3-fold from 8.62 to
19.63 mU/mL (p = 0.0001) when GTN 806 CAR T cells were co-
cultured with U87 versus Nalmé cells, respectively. Similarly, CoNA
functional activity increased 4.9-fold from 3.96 to 19.52 mU/mL
(p < 0.0001) when GTN CD19 CAR T cells were co-cultured with
Nalmé versus U87, demonstrating that enzyme secretion is enhanced
after CAR-mediated T cell activation.
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CAR T-secreted CoNA enhances T cell-mediated tumor lysis

in vitro

We hypothesized that CAR T cells secreting CpNA would have
enhanced tumor lysis compared with CAR T cells alone. As Novog-
rodsky found that GO in the presence of NA induced T cell mitogen-
esis, we also hypothesized that adding GO to CpNA secreting CAR
T cells would confer additional antitumor function.”” To rule out
direct toxic effect of the enzymes on tumor cell lines, we initially
examined whether NA and GO inhibit the growth of U87 or
Nalmé cells in the absence of T cells. Using luciferase-expressing tu-
mor cells, we showed that the addition of exogenous CpNA and GO,
in the absence of T cells, did not inhibit growth of either tumor line
(Figure 2A). To determine the effective range of GO doses that stim-
ulate T cell-induced lysis in combination with CpNA secreting CAR
T cells, we co-cultured GTN or GFP CD19 CAR T cells with U87 cells
at a 1:1 ratio for 24 h. In the absence of CpNA, exogenous GO at
higher doses (375 mU/mL) induced nonspecific lysis of U87 cells
by GFP CD19 CAR T cells (Figure 2B). However, CpNA-expressing
GTN CD19 CAR T cells produced significantly greater lysis of U87
cells compared with GFP-transduced CD19 CAR T cells after the
addition of GO, with a 4.4-fold, 3.3-fold, and 1.6-fold increase in tu-
mor cell lysis at GO doses of 3.75, 37.5, and 375 mU/mL, respectively
(Figure 2B, p = 0.0053, <0.0001, and 0.0001).

To assess whether secreted CpNA, alone or in combination with
GO, enhances the ability of CAR T cells to lyse their corresponding
target cells, we co-cultured GTN and GFP CAR T cells with U87,
U251, or Nalmé6 target cells. CAR T cells were expanded for
10 days until rested, and then co-cultured with target cells at various
effector to target (E:T) ratios for 24 h. In the absence of exogenous
GO, the cytolytic activity of GTN and GFP CAR T cells against U87
cells is similar (Figures 2C and 2D). However, the addition of exog-
enous GO potentiated U87 cell lysis by CpNA-expressing CAR
T cells, leading to a 2.47-fold increase in tumor lysis at the 1:3
ET ratio compared with CpNA secreting CAR T cells alone (Fig-
ure 2C, p = 0.0024). For U251 and Nalmé cells, the CpNA secreting
CAR T cells alone outperformed control GFP-transduced CAR
T cells. With U251 targets, CpNA secretion produced a 1.27- and
1.7-fold increase in lysis at ET ratios of 1:1 and 1:3, respectively
(Figure S2A, p = 0.0035 and 0.0347). With Nalmé targets, CpNA
secretion by CDI19-directed CAR T cells produced a 2.5- and
-3.9-fold increase in lysis at ET ratios of 3:1 and 1:1, respectively
(Figure S2D, p = 0.0006 and 0.0053). For both U251 and Nalmé tar-
gets, the addition of GO further enhanced lysis compared
with CpNA secreting CAR T cells alone, with 1.7- and 3.3-fold in-
creases in tumor lysis, respectively, at an ET ratio of 1:3 (Figure S2,
p = <0.0001 and 0.0098).

By ELISA assay, interferon (IFN)-vy and interleukin (IL)-2 cytokine
levels were significantly increased in the CAR T and tumor co-cul-
tures in the presence of secreted CpNA and exogenous GO (Figures
2E and 2F), even with an irrelevant CD19-directed CAR, showing
that CpNA secretion plus exogenous GO leads to antigen-indepen-
dent T cell reactivity and TH1 cytokine production.
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Figure 2. The combination of CAR T-secreted CpNA and exogenous galactose oxidase (GO) enhances T cell-mediated tumor lysis of U87 cells

(A) U87-MG as well as Nalm6 tumor cells were treated with exogenous CpNA and GO for 24 h. Tumor cell lysis was measured by luciferase assay. p = 0.31 for enzyme effect
on cell proliferation by a one-way ANOVA using a Tukey multiple comparison correction. (B) CD19-directed CAR T cells were co-cultured with U87 target cells. The media
was conditioned with exogenous GO at various concentrations, and U87-MG tumor lysis was assessed via bioluminescence at 24 h. (C) T cells were co-infected with an
EGFR-specific CAR and either GFP or CoNA lentiviral supernatants. The CAR T cells were co-cultured with luciferase-expressing U87-MG target cells, in medium condi-
tioned with exogenous GO. After 24 h, cytotoxicity across a range of E:T ratios was measured by a luciferase-based killing assay. Values are mean + SEM. A representative
experiment from three independent replicates with separate donors is shown. ***p = 0.0002 for 806 GTN GO versus 806 GTN ata 1:1 E:T ratio; **p = 0.0024 for 806 GTN GO
versus 806 GTN at a 1:3 E:T ratio. (D) Tumor cell lysis was measured as in (C), but anti-CD19 CAR T cells were used instead of anti-EGFR CAR T cells. ***p = 0.0002 for CD19
GTN GO versus CD19 GTN at a 1:1 E:T ratio; *p = 0.0108 for CD19 GTN GO versus CD19 GTN at a 1:3 E:T ratio. (E) CAR T cells, coexpressing either GFP or CoNA were
treated with exogenous galactose oxidase for 24 h. Cellular supernatants were collected and IFNy levels were detected by ELISA. (F) IL-2 levels in 24 h supernatants as

detected by ELISA.

With light microscopy, we observed that the presence of CpNA
led to greater cell-cell association between T cells and tumor
cells in co-cultures (Figures S3A and S3B). While co-cultures
without NA had many T cells that were not engaged in clusters
with tumor targets, the cultures with CpNA had comparatively
few unengaged T cells (Figures S3A and S3B). The ability of NA
to promote cell-cell adhesion has been previously demonstrated

and has been hypothesized by others to explain its pro-immuno-
genic effect.”’

CpNA and GO-mediated T cell activation depends on the
CD2:CD58 signaling axis

The mechanism by which the CpNA and GO combination acts as
T cell mitogens remains incompletely described. Novogrodsky
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Figure 3. The combination of CoNA and GO activate T cells and promote tumor lysis in a CD2:CD58-dependent manner

(A) Jurkat cells were infected with the lentiCRISPR-v2 system adapted with gRNAs for CD2, CD28, CD58, the T cell receptor alpha and beta chains (TRAC and TRBC), and a
scrambled nontargeting control. The cells were selected with puromycin and knockout confirmed by flow cytometry 5 days after transduction. After an overnight incubation
with NA and GO, the cells were stained with APC-conjugated anti-CD69 antibody and assessed by flow cytometry. (B) Luciferase expressing U87 and U251 cells were
infected with the lentiCRISPR-v2 system encoding gRNAs against CD58 or a scrambled sequence. Knockout was confirmed after 5 days. The target cells were plated at
20 x 10° per well and co-incubated with nontransduced or 806 CAR T cells at E:T ratios of 10:1, 3:1, 1:1, or 1:3. Wells with nontransduced T cells were treated with NA and
GO (60 mU/mL and 375 mU/mL, respectively) or PBS vehicle. Tumor lysis was determined by bioluminescence assessment after 24 h. Data are means + SEM, showing a

representative experiment from three replicates with separate donors.

hypothesized that free amines may attack the GO- generated reactive
aldehydes in a Schiff base reaction, leading to covalent cross linking of
cell-surface receptors and transmission of activating signals.”” How-
ever, the precise receptors involved in transmitting the activating
signals are unknown. A report by Ocklind et al. demonstrated that
anti-CD2 or CD58 monoclonal antibodies could block the formation
of rosettes between human T cells and sheep erythrocytes in the pres-
ence of CpNA and GO.” We hypothesized that eliminating CD2 or
CD58 expression would abrogate the effects of CpNA and GO on
T cell activation and tumor cell lysis.

We adapted the lentiCRISPR-v2 system of Sanjana et al. with
guide RNAs (gRNAs) for CD2, CD28, CD58, TRAC, TRBC, and
a scrambled control.’”® After producing lentiviral particles, we
transduced Jurkat cells, a T cell leukemic line commonly used in
investigations of TCR and CD2 signaling. We confirmed gene
knockout by flow cytometry 5 days later (Figure S4). To assess
activation of the cells after overnight CpNA and GO stimulation,
we measured expression of CD69, a marker of T cell activation.*®
These data show that Jurkat cells deficient in CD2, CD58, or the
TRC chains TRAC and TRBC are not activated by CpNA and
GO treatment (Figure 3A).

Conversely, the loss of CD28 or expression of a nontargeting gRNA
did not affect the response to the enzymes (Figure 3A). Therefore,
CD2, its ligand CD58, and the TCR are required for CpNA and GO
in combination to activate Jurkat cells.
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Based on the CRISPR knockout data, we suggest that Jurkat
cells are activated in the presence of CpNA and GO through
complementation of CD2 and its ligand CD58 expressed on
neighboring cells. The requirement for the TCR is due to its role
in transmitting signals from the CD2 axis.”” If the enzymes do
act through CD2-CD58 complementation, then CD58 expression
on tumor cells may contribute to their CoNA and GO-mediated
lysis. Using the lentiCRISPR-v2 constructs, we transduced
luciferase-expressing U87 and U251 tumor cells with CD58 or
scrambled gRNAs and confirmed knockout 5 days later (Fig-
ure S4). We co-cultured these cells with nontransduced T cells
at various E:T ratios, with and without exogenous CpNA
and GO, for 24 h and determined cell lysis with bioluminescence
assay. These data show that CD58-deficient tumor cells are
resistant to NA- and GO-stimulated T cell cytotoxicity, with tu-
mor-specific lysis decreasing 47.8% (p = 0.0081) and 91.7% (p =
0.00053) for U87 and U251 cells, respectively, when CD58 is
knocked out (Figure 3B, values for ET = 1). In parallel experi-
ments, we included EGFR-directed CAR T cells to examine
whether CD58 knockout confers resistance to CAR-stimulated
lysis. We found that CAR T cell-mediated lysis was not signifi-
cantly inhibited in CD58 deficient tumor cells, with reductions
of 0.06% (p = 0.92) and 41.3% (p = 0.092) compared with
scrambled gRNA transduced cells (Figure 3B, values for ET = 1),
suggesting that loss of CD58 confers resistance to NA and
GO-mediated lysis specifically instead of only providing a general
resistance to T cell cytotoxicity.
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CpNA secretion confers naive-like differentiation to T cell
cultures in vitro

Differentiation status is an important determinant of CAR T cell ef-
ficacy. Therefore, we performed a comprehensive assessment of dif-
ferentiation using well-established surface markers. We show that
CpNA-expressing T cells possess significantly higher levels of naive-
like subsets at the end of the ex vivo culture process (Figures S5A
and S5B). Importantly, levels of naive-like cells provide the most
meaningful predictors of efficacy in CAR T cell trials, with superior
engraftment, proliferation, and persistence following infusion. These
differentiation data suggest that one mechanism for enhanced CpNA-
expressing CAR T performance in vivo may be enhanced durability
and long-term immunosurveillance.

CpNA secretion enhances CAR T activity against U87 solid
tumors and Nalmé leukemia in vivo.

Based on the in vitro findings, we hypothesized that CAR T cells
secreting CpNA would better eradicate xenografted solid tumors in
mice compared with CAR T cells alone, and that exogenous GO
may further augment this benefit. We generated anti-EGFR and
anti-CD19 CAR T cells as previously described, co-transduced with
either the GTN (CpNA secreting) or GFP constructs. Each mouse
received 250 x 107 luciferase-expressing U87 tumor cells via subcu-
taneous injection in the flank (Figure 4A). On day 7, the tumors
were palpable, and the mice received 500 x 10° CAR T cells in PBS
each by tail vein injection. On days 8 and 21, the mice received
30 pL of GO (37,500 mU/mL in PBS) or vehicle by intra-tumoral in-
jection. On a weekly basis, the tumor volume and bioluminescence
were assessed with caliper measurements and the IVIS Spectrum im-
aging system, respectively. In animals receiving the irrelevant CD19-
directed CAR T cells, the best tumor control occurred with CpNA
secreting CAR T cells plus GO injections, which produced a 42.7%
(p = 0.0474) and 66.3% (p = 0.0069) reduction in tumor biolumines-
cent imaging (BLI) at days 21 and 28, respectively, compared with the
next best treatment (Figure 4B). This suggests NA and GO may have
stimulated T cell activation and lysis of the tumor. However, by day
35, 2 weeks after the last injection of GO, the CpNA secreting CAR
T plus GO arm was no longer significantly better than other condi-
tions (Figure 4B, p = 0.9800). In 806 CAR T treated animals, the
CpNA secreting T cells controlled the tumor significantly better
than all other conditions, with an 85.9% lower tumor BLI compared
with the next best treatment at the final time point (Figure 4D,
p = 0.0005). However, 806 GTN CAR T-treated animals that received
injected intra-tumoral GO did worse than those receiving PBS (Fig-
ure 4D, p = 0.0005). The mice showed no evidence of accelerated
graft versus host effect either by physical inspection or serial weights.
Overall, the secretion of CoNA by EGFR-targeting CAR T cells led to
enhanced tumor control, while producing no adverse effects in the
mice (as assessed by weight, blood counts, and serum chemistries).
The addition of GO, however, did not further benefit animals
receiving CpNA secreting EGFR-targeting CAR T cells.
Mechanistically, our in vitro assays had revealed that
CpNA secreting CAR T cells possessed a more naive-like

(CCR7"CD45RO~ with slower expansion) phenotype. As naive-
like T cells have been demonstrated to confer superior persistence
and longer-lasting immunosurveillance against hematologic malig-
nancies, we used an NSG mouse/Nalmé tumor rechallenge model
to test the hypothesis that CpNA secreting CAR T cells would pro-
duce more durable tumor control. Each mouse (five per cohort)
received 1 x 10° luciferase-expressing Nalm6 tumor cells by tail
vein injection (Figure 5A). On day 5, we infused CpNA secreting
versus GFP control CD19-directed CAR T cells. On day 33,
mice received an additional 1 x 10° Nalmé6.GFP/Luc cells by tail
vein injection. By day 50, mice treated with the CpNA secreting
CAR T cells had a greater than 1,000-fold lower tumor burden
than those treated with control CAR T cells (*p = 0.0163, Fig-
ure 5B) Concordantly, 80% of mice in the CpNA CAR T group
survived until the end of the experiment versus 0% survival in
the GFP control group (*p = 0.0210, Figure 5C). Blood was
collected on day 44, and while the CpNA CAR T group did
demonstrate 350-fold higher levels of human CD45 + engrafted
lymphocytes, this result was not significant perhaps due to
low sample size secondary to mortality in the GFP group
(p = 0.3372, Figure 5D). Two weeks after tumor rechallenge, the
BLI of the CpNA CAR T group started to decrease, indicating tu-
mor regression, and by the last measurement on day 50 the tumor
burden in that group was barely detectable (Figure 5E).

CpNA secretion enhances CAR T activity against B16 melanoma
but not the SY5Y neuroblastoma model

As in vitro studies suggest that GO adds to the effect of NA by facil-
itating activation of in situ T cells through CD2:CD58, we hypothe-
sized that the absence of an endogenous immune system in NSG
mice might account for the lack of enhancement of CpNA CAR
T-mediated lysis after addition of GO. To test the system in an im-
mune-competent model, we implanted C57BL/6 mice with syngeneic
B16F10 tumor cells expressing human CD19. Mice were randomized
to treatment on days 5 and 12 with CD19-directed CAR T cells, co-
transduced with GTN or GFP constructs, or NTD controls (Fig-
ure S6A). Mice also received intra-tumoral injections of NA and
GO, GO, or PBS vehicle on days 6 and 13 as indicated in figures.
Similar to the NSG experiment, we saw the best tumor control in
the CpNA CAR T plus PBS injection treatment arm, with a 42.8%
reduction in tumor volume by day 21 compared with NTD- and
PBS-treated animals (p = 0.0126) and 33.3% reduction compared
with the CpNA CAR T plus GO treatment arm (Figure S6B), although
the latter was not significant (p = 0.0667). Analyzing blood collected
on day 21, we saw engraftment of CD45.1+ adoptively transferred
T cells in all treatment arms, although as assessed by one-way
ANOVA with corrections for multiple comparisons, there were no
significant differences between arms (Figure S6C, p = 0.0642). Assess-
ment of weights by two-way ANOVA (mixed effects model) showed
no significant treatment or time-treatment interaction effects (Fig-
ure S6D, p = 0.2635 and 0.0598, respectively). Overall, in this synge-
neic solid tumor model, we observed superiority of CpNA secreting
CAR T cells but an absence of improvement with additional exoge-
nous GO.
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Figure 4. Tumor bioluminescence in NSG mice after implantation with U87 tumor cells and treatment with CoNA secreting CAR T cells

(A) NSG mice were implanted by subcutaneous flank injection with 250 x 10° luciferase-expressing U87 tumor cells. On day 7, the mice received 500 x 10° CAR T cells in
PBS injected by tail vein. The CAR T cells expressed 806 (EGFR-targeting) or anti-CD19 CARs plus co-transduced GTN (CpNA secreting) or GFP constructs. On days 8 and
21, the mice received 30 mL of GO (37,500 mU/mL in PBS) or vehicle by intra-tumoral injection. Every seventh day, the tumor bioluminescence was assessed with the IVIS
Spectrum imaging system. (B) Bioluminescence measurements in mice treated with CD19 CAR T cells. Data are means + SEM from seven replicate mice per cohort. By T
test statistics, *p =0.0474 for CD19 GTN GO versus CD19 GTN PBS at 21 days; **p = 0.0069 for CD19 GTN GO versus CD19 GTN PBS at 28 days; p = 0.9800 for CD19 GTN
GO versus CD19 GTN PBS at 35 days. (C) Tumor volume measurements in mice treated with CD19 CART cells. Data are means + SEM from seven replicate mice per cohort.
By T test statistics, p = 0.1013 for CD19 GTN GO versus CD19 GTN PBS at 35 days. (D) Bioluminescence measurements in mice treated with anti-EGFR (806) CAR T cells.
Data are means + SEM from seven replicate mice per cohort. **p = 0.0040 for 806 GTN GO versus 806 GTN PBS at 21 days; p = 0.1131 for 806 GTN GO versus 806 GTN
PBS at 28 days; ***p = 0.0005 for 806 GTN GO versus 806 GTN PBS at 35 days. (E) Tumor volume measurements in mice treated with anti-EGFR (806) CAR T cells. Data are
means = SEM from seven replicate mice per cohort. *p = 0.0240 for 806 GTN GO versus 806 GTN PBS at 35 days.

We next evaluated the antitumor function of CpNA-expressing
CAR T-cells, using our well-established human xenograft model
of neuroblastoma. SY5Y xenografts establish an immune-suppres-
sive tumor environment enriched with immune and metabolic
checkpoints. Infused CAR T cells effectively traffic to SY5Y tu-
mors.”® Despite undergoing robust proliferation, their antitumor
function is limited.”” The experimental layout for testing the effi-
cacy of anti-GD-2 CAR T cells in this model is illustrated in Fig-
ure S7A. CpNA -expressing, anti-GD-2 4-1BBsCAR-T cells were
expanded over 9 days until rested. To establish xenografts, immu-
nodeficient mice were intravenously (i.v.) injected with 0.5 x 10°
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Click Beetle Green Luciferase-expressing SY5Y tumor cells. To
determine the influence of CpNA on CAR T cell potency, we
infused, 0.75 x 10° GFP or CpNA-expressing CAR T cells and
measured tumor size at regular intervals by bioluminescence imag-
ing. As expected, SY5Y xenografts grew exponentially over time.
Control T cells (no CAR) had minimal impact on tumor cell
growth (Figure S7C). Overall tumor volume was significantly
reduced in tumor-bearing mice infused with CAR infected
T cells. However, overall tumor burden remained high in CpNA-
expressing CARTs. The levels of circulating T cells were signifi-
cantly less in the CpNA CAR group, suggesting that proliferation
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Figure 5. Targeting sialic acids with NA enhances CAR T cell antitumor function in the Nalm-6 xenograft model of leukemia

(A) NSG mice were infused by tail vein injection with 1 x 10° luciferase-expressing Nalm tumor cells (day 0). On day 5, the mice received 1 x 10° CAR T cells in PBS
injected by tail vein. The CAR T cells expressed either tumor-targeting anti-CD19 CARs or irrelevant control 806 (EGFR-targeting) CARs, plus co-transduced GTN
(CoNA secreting) or GFP constructs. Every week, the tumor bioluminescence was assessed with the VIS Spectrum imaging system. (B) Bioluminescence
measurements in Nalm6 tumor-bearing mice treated with anti-CD19 or 806 CAR T cells either secreting CoNA (GTN construct) or expressing GFP. Data are means +
SEM from starting cohorts of five mice per treatment arm. By two-way ANOVA, including all treatment arms, both time effect (*p = 0.0485) and treatment cohort effect
(*p = 0.0226) were significant. A two-way ANOVA including only CD19 GTN and CD19 GFP arms showed significant time (*p = 0.0446), treatment (“p = 0.0163), and
time x treatment interaction (***p < 0.0001) effects. (C) Survival proportions of Nalm6 tumor-bearing mice in each treatment cohort. Mice were killed if found to have
BLI measurements over 1 x 10'° photon flux (p/s). Analysis with log rank (Mantel-Cox) testing demonstrated that the CD19 GTN and CD19 GFP survival curves are
significantly different (o = 0.0210). (D) Blood harvested on day 44 by retro-orbital puncture was stained with anti-human CD45 antibody in Truecount tubes (BD
Biosciences) to detect adoptively transferred T cells. Data are CD45 + cells per mL of blood for individual mice plus cohort means + SEM. By T test statistics with
Welch’s correction for unequal variances, the differences between CD19 GTN and CD19 GFP were not significant (p = 0.3372). (E) Images from final weekly
measurement demonstrating BLI (photon flux intensity) of surviving mice, treated with either CoNA secreting (top) or control GFP-expressing (bottom) CD19-directed
CAR T cells.

was diminished following antigen exposure in this distinct micro-
environment (Figure S7D). Overall effector function was compro-
mised due to significantly lower CD8+ T cell numbers in the CAR
CpNA group. SY5Y is a rapidly growing tumor and the aggressive
nature of this malignancy limits the in vivo study to approximately
2 weeks. This is unsuited to approaches that offer therapeutic po-
tential via enhanced persistence.

Conclusions

In this study, we engineered CAR T cells to secrete C. perfringens NA,
hypothesizing that NA-expressing CAR Ts would have enhanced
antitumor function by counteracting sialoglycan-mediated check-
point pathways. We found that, in vitro, CAR T-secreted NA alone
does enhance cytotoxicity against certain tumor lines during short-
term co-culture assays. Moreover, ex vivo expanded T cells exposed
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to NA activity have a more naive-like (CCR7"; CD45RO™) differen-
tiation profile. Less-differentiated CAR T products such as naive (Tn),
stem cell memory (Tscm), and central memory T cells (Tcm) have
more potent antitumor activity compared with effector or effector-
memory differentiated T cells.’® > Correspondingly, the NA-
secreting CAR T cells had enhanced persistence and more durable
immunosurveillance within a tumor rechallenge model. One compel-
ling model for T cell differentiation is that of “quorum sensing,” in
which interactions between clustering, primed T cells during a critical
period determine their effector versus memory differentiation fate.
Surface intercellular receptors including the integrin LFA-1 have
been demonstrated to transmit differentiating signals between
T cells.’ Treatment with NA has been used for decades in research
to promote rosette formation and contact between immune cells
and targets.*"*> On microscopy, there is generally a relative absence
of unengaged, bystander T cells when NA is included in the media;
virtually all T cells are involved in rosettes. These results suggest a
model in which sialic acid removal influences T cell intercellular con-
tact and therefore differentiation fate. Therapeutic strategies that
target the immunomodulatory functions of sialic acids may also
benefit from polarizing adoptive T cell products to a naive-like
phenotype.

Our findings regarding the CD2:CD58 axis are intriguing, because
recent research has demonstrated the importance of the CD58 ligand
in tumor immunosurveillance. Diverse tumor types can gain resistance
to T and natural killer cell-mediated cytotoxicity through loss of CD58
expression.” > Majzner et al. demonstrated that large B cell lym-
phomas (LBLCs) with aberration of CD58 had only a 25% rate of com-
plete response with CAR T therapy compared with 82% for CD58-
intact tumors."* The finding that the NA and GO combination requires
CD58 for mitogenic signaling could provide a non-genetic approach to
assay for the functional expression of this ligand on tumor cells. Impor-
tantly, our findings regarding the CD2:CD58 axis do not extend the
known immune potentiating mechanisms of NA alone, as the presence
of GO is required in addition to NA for this phenomenon.

We sought to boost the effect of NA by testing it in combination with
a second glyco-active enzyme, GO, which can oxidize galactose resi-
dues exposed by NA. The combination of secreted NA and exogenous
GO does enhance T cell polyfunctionality and nonspecific cytotox-
icity in vitro. Mechanistically, the enzyme combination relies on the
CD2:CD58 signaling axis to induce stimulatory effects. Results
from our xenograft models of GBM, as well as our syngeneic model
of B16 melanoma, however, show that NA alone enhances CAR
T cell antitumor function in vivo, but when combined with GO, the
subset of CAR Ts secreting NA demonstrates inferior tumor control.
By distinguishing the relative importance of NA versus GO as adju-
vants for CAR T cell therapies, we provide novel evidence that arming
CAR T cells with NA enhances immunotherapeutic activity.

Our findings suggest possible mechanisms for the failure of injected
GO to further enhance the performance of CAR T cells secreting
NA in vivo. In the presence of both enzymes, T cells broadly react
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to targets expressing CD58. When applied to a co-culture assay, the
effect of the enzyme combination leads to greater engagement of ef-
fectors (particularly nontransduced T cells) with tumor targets.
Within the animal models, however, the enzyme combination may
misdirect CAR T cells toward antigen-negative but CD58-positive
bystander cells, effectively reducing the effector to tumor target ratio.
Therefore, the success of the combination in co-culture assays may be
an artifact of the lack of cellular diversity in vitro, with absent stromal
and benign host cells that one would find in the tumor microenviron-
ment. An alternative but not mutually exclusive hypothesis is that the
stimulatory signal of the enzyme combination may be supraphysio-
logic and facilitate T cell exhaustion, an effect that may not be
apparent in short-term co-culture assays but would be revealed in
longer term animal studies. The calcium-calcineurin-NFAT signaling
axis in T cells provides a link between excessive activation signals and
an exhausted phenotype, and this effect could be at work in our in vivo
findings of the NA and GO combination.*

In the design of combination immunotherapies, proteins that act on im-
mune cell and tumor glycoproteins have been underexplored. Here, we
use a nonnative enzyme, CpNA, to directly target surface glycans that
suppress T cell function. Arming CAR T cells with CpNA confers supe-
rior efficacy and durability across a wide range of tumor models. Inter-
estingly, we observed a striking T cell intrinsic benefit of CpNA. We
show that NA shifts the differentiation of T cells into a naive-like state,
culminating in increased persistence and sustained tumor control
in vivo. Our work addresses an immediate challenge and important pri-
ority for the clinical domain. Future work will be directed toward
defining the role of CpNA in T cell differentiation. Such studies will
shedlight on sialic acids as a regulatory parameter influencing T cell fate.

MATERIALS AND METHODS

Tumor cell lines and culture

The human GB cell lines U87 and U251 and human B cell leukemia
cell line Nalmé6 were acquired from the American Type Culture
Collection (ATCC). The tumor cell lines were transduced to stably ex-
press the CBG and eGFP under control of the EF-1o. promoter. The
cells were sorted on an Influx cell sorter (BD Biosciences) 3 days after
transduction to be 100% GFP positive. The GB cell lines were main-
tained in Improved MEM Zinc Option (Gibco) with 10% fetal bovine
serum (FBS) and 1% each of penicillin-streptomycin, GlutaMAX,
HEPES, and sodium pyruvate. The Nalmé cells were maintained in
RPMI (Corning) with 10% FBS and 1% each of penicillin-strepto-
mycin and HEPES.

Lentiviral production

The lentiviral vector pELNS-GFP_T2A_NA (GTN) encodes eGFP
and C. perfringens NA separated by a T2A self-cleaving peptide and
under the transcriptional control of EF-1 a. Lentiviral supernatants
were generated by transient transfection of 293-T cells with pELNS-
GFP_T2A_NA. 293-T cells were initially seeded in T150 flasks
and grown to 80% confluence in 25 mL of culture medium
(RPMI1640); 90 pL Lipofectamine 2000 DNA transfection reagent
was combined with 7 ug pCL-VSVG, 18 ug pRSV-REV, and 18 g
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of pGAG-POL (Nature Technology) as well as 15 pg of pELNS-
GFP_T2A_NA. This mixture was incubated at room temperature
for 15 min. DNA-Lipofectamine complexes were then added to the
293-T cells.

After 24 h, infectious supernatants were sterile filtered through a
0.45-pm syringe tip cellulose acetate filter and collected in a 50-mL
conical tube. To pellet the lentivirus, the supernatant was spun in a
Thermo Fisher Scientific Centrifuge (LYNX 4000) at 18,000 RCF,
overnight, at 4°C. The supernatant was removed, and the lentiviral
pellet was resuspended in 1.6 mL of culture medium, aliquoted, and
stored at —80°C. Generation of the 806 CAR, CD19 CAR, and
eGFP encoding lentiviral particles followed the same procedure.

In vitro T cell transduction and expansion

Primary human leukocytes (PBLs) from healthy male and female vol-
unteers were collected at the University of Pennsylvania’s Apheresis
Unit. Informed consent was obtained from all participants before
collection. All experimental procedures and methods were approved
by the University of Pennsylvania Institutional Review Board. T cells
were purified at the University’s Human Immunology Core by nega-
tive selection using the RosetteSep T cell enrichment cocktail (Stem-
cell). The T cells were activated overnight with anti-CD3/CD28 beads
(Thermo Fisher Scientific). Populations of the cells were then trans-
duced with lentiviral vectors for 806 CAR, CD19 CAR, GFP, or
GTN constructs. The cells were expanded in complete RPMI Media
(Corning), and after 10 days were frozen in aliquots and thawed as
needed for experiments.

Cytotoxicity assay

The ability of CAR T cells co-transduced with GTN or GFP to kill tu-
mor targets was tested in a luciferase-based cytotoxicity assay. CBG-
expressing U87 cells (20 x 10°) were cultured overnight in a 96-well
microplate (Corning). The following day, CAR+ T cells were added to
each well at E:T ratios of 10:1, 3:1, 1:1, and 1:3. Recombinant NA and
GO (Millipore Sigma) were added in PBS to certain wells to final con-
centrations of 50 mU/mL and 375 mU/mL, respectively, while other
wells received vehicle. Each condition was repeated in triplicate. After
24 h, luciferin in PBS was added to each well for a final concentration
of 150 pg/mL. Bioluminescence was recorded with a Synergy HTX
plate reader (BioTek).

Flow cytometry

For knockout studies, cell-surface protein expression was assessed us-
ing the following antibodies: anti-CD2-APC [RPA-2.10], anti-CD28-
APC [CD28.2], anti-CD58-APC [TS2/9], anti- TRAC/TRBC-APC
[IP26] (BioLegend). For anti-EGFR CAR expression, cells were incu-
bated with recombinant EGFRVIII-Fc (Novus Biologicals) followed
by polyclonal APC-conjugated anti-Fc secondary (Jackson ImmunoR-
esearch). The anti-CAR19 idiotype for surface expression of CAR19
was provided by Novartis. The expression of murine CD45.1 was as-
sessed with anti-mCD45.1-APC [A20] (Biolegend). In all cases, cells
were washed with PBS, incubated with antibodies at room temperature
for 30 min in buffer consisting of PBS, 1% BSA, and 5 mM EDTA,

washed twice in PBS (or stained with secondary if indicated and
washed), and evaluated on a BD LSR Fortessa. Analysis was performed
using FlowJo software (Tree Star Inc. version 10.1).

Enzyme-linked immunosorbent assay

Target-expressing cells (20 x 10° U87 per well) were cultured over-
night in a 96-well V-bottom plate. Thawed and rested CAR T cells
were added at an E:T ratio of 1:1. The conditions included the
following: CAR T cells, CAR T cells with NA secretion and GFP
expression, and CAR T cells with GFP expression alone. The enzymes
NA and GO were added at final concentrations of 50 mU/mL and
375 mU/mL, respectively, to appropriate wells as indicated in figure
legends. All conditions were performed in triplicate. After 20 h, super-
natants were removed, and the cytokines IFN-v and IL-2 were quan-
tified by Duoset ELISA (R&D Systems).

Neuraminidase activity assay

U87 and Nalmé6 target cells (20 x 10° per well) were cultured over-
night in a 96-well V-bottom plate. Thawed and rested CAR T cells
co-transduced with GTN or GFP were washed once in fresh media
and then added at a 10:1 ratio of GFP+ cells to target cells. After 24
h, the plate was centrifuged at 500 x g for 3 min, and supernatants
were tested for NA activity using the Fluorometric - Blue Neuramin-
idase Assay Kit (Abcam) per the manufacturer’s protocol.

In vivo models

All mouse experiments were conducted in according to IACUC-
approved protocols. Using NSG mice, 250 x 10° U87-luc-eGFP cells
were injected subcutaneously in the right flank, with seven mice per
group. For each injection, the tumor cells were suspended in in 100 uL
of 20% Matrigel in PBS. One week after tumor implantation, the animals
were injected i.v. via tail vein with 0.5 x 10° EGFR or CD19-directed
CAR T cells, either secreting CpNA or not as indicated in the figures.
On a weekly basis, anesthetized mice were imaged using a Xenogen
IVIS Spectrum system (Caliper Life Science) to assess tumor biolumines-
cence. Total bioluminescent flux was quantified using Living Image 4.4
(PerkinElmer). Tumor volumes were assessed via caliper measurement.

In the Nalm6 leukemia model, NSG mice were infused with 1 x 10°
Nalm6-luc-eGFP tumor cells on day 0. On day 5, the mice received
either CpNA secreting or GFP-expressing CAR T infusions by tail
vein injection, with five mice per cohort. Bioluminescence was evalu-
ated weekly with the IVIS Spectrum imager as in the U87 experiment.
On day 31, mice were re-challenged with an additional 1 x 10° tumor
cells. Bloods were collected into Trucount tubes by cheek bleed proced-
ure on day 44, stained for human CD45, and evaluated by flow cytom-
etry to quantify the engrafted adoptive cells in the peripheral blood.

For the syngeneic mouse melanoma model, 50 x 10> B16F10.CD19
melanoma cells expressing human CD19 were implanted subcutane-
ously on the right flank in CD45.2 + C57BL/6 mice (The Jackson Lab-
oratory), with seven mice per treatment arm. To generate CAR T cells,
splenocytes were harvested from CD45.1 + congenic donor mice,
from which T cells were isolated using the EasySep Mouse T cell
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Isolation Kit (Stemcell Technologies), activated with Dynabeads
Mouse T-Activator CD3/CD28 beads, and transduced by spinfection
with ecotropic retrovirus encoding the CD19-directed CAR, GTN, or
GFP constructs. Prior to use of mouse CAR T cells, the expression of
CAR, GFP, and functional NA were confirmed by flow cytometry or
enzyme activity assay as previously described for human cells. Mice
with evidence of tumor engraftment (tumor volume >50 mm?) on
day 5 were randomized to either CD19-directed CAR T (co-express-
ing CpNA or GFP) or NTD cell infusions, which occurred on days 5
and 12, as well as intra-tumoral injections of NA and GO, GO, or PBS
as described in the figures. Tumor volumes were measured weekly
beginning on day 5 as well as at the end of the experiment on day
21. To assess CAR T engraftment, blood was collected on day 21 by
cardiac puncture, stained with APC-conjugated anti-CD45.1 anti-
body (Biolegend, clone A20) in Trucount tubes (BD Biosciences),
and evaluated with flow cytometry. Animals were euthanized at the
end of the experiment or when they met prespecified endpoints ac-
cording to the protocols.

For the GD-2 xenograft model, animals were injected via tail vein
with 0.5 x 10° SY5Y- CBG tumor cells (ATCC) in 0.1 mL sterile
PBS. On day 4, tumor engraftment was confirmed; 0.75 x 10° anti-
GD2 CART cells or nontransduced NTD human T cells were injected
i.v.in 100 pL of sterile PBS, 5 days after injection of SY5Y-CBG tumor
cells. Anesthetized mice were imaged using a Xenogen IVIS Spectrum
system (Caliper Life Science) twice a week. Mice were given an intra-
peritoneal injection of D-luciferin (150 mg/kg; Caliper Life Sciences).
Total flux was quantified using Living Image 4.4 (PerkinElmer) by
drawing rectangles of identical area around mice, reaching from
head to 50% of the tail length. Peripheral blood was obtained by
retro-orbital bleeding in an EDTA-coated tube, and blood was exam-
ined fresh for evidence of T cell engraftment, and differentiation, by
flow cytometry using BD Trucount (BD Biosciences).

Animals were euthanized at the end of the experiment before showing
signs of toxicity and before reaching signals higher than 1 x 10! p/s
total flux per mouse (in accordance with our Institutional Animal
Care and Use Committee [[ACUC] protocols).

T cell differentiation assay

Activated CAR T cells were expanded for 9 to 11 days and
subsequently stained with a panel of monoclonal antibodies to assess
differentiation. The following pre-titrated antibodies were used: anti-
CCR7-FITC (clone 150,503; BD PharMingen); anti-CD45RO-PE
(clone UCHLI1), anti-CD8-H7APC (clone SK1; BD Biosciences);
anti-CD4-BV605 (clone OKT4). 1 x 10° cells were immunostained
as follows: cells were washed with PBS and stained for viability using
LIVE/DEAD Fixable aqua (Molecular Probes) for 15 min, washed
once, and resuspended in fluorescence-activated cell sorting (FACS)
buffer consisting of PBS, 1% BSA, and 5 mM EDTA. Cells were then
incubated with the above indicated antibodies for 30 min at room tem-
perature. Samples were then washed three times with FACS buffer and
fixed in 1% paraformaldehyde. Positively stained cells were differenti-
ated from background using fluorescence-minus-one controls. Flow
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cytometry was performed on BD LSR Fortessa. Analysis was per-
formed using FlowJo software (Tree Star version 10.1).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2021.11.014.
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Chimeric antigen receptor (CAR) T cell therapy hasled to a para-
digm shift in cancer immunotherapy, but still several obstacles
limit CAR T cell efficacy in cancers. Advances in high-
throughput technologies revealed new insights into the role
that epigenetic reprogramming plays in T cells. Mechanistic
studies as well as comprehensive epigenome maps revealed an
important role for epigenetic remodeling in T cell differentia-
tion. These modifications shape the overall immune response
through alterations in T cell phenotype and function. Here, we
outline how epigenetic modifications in CAR T cells can over-
come barriers limiting CAR T cell effectiveness, particularly in
immunosuppressive tumor microenvironments. We also offer
our perspective on how selected epigenetic modifications can
boost CAR T cells to ultimately improve the efficacy of CAR
T cell therapy.

INTRODUCTION

For years, the cornerstone of cancer therapy has been surgery, chemo-
therapy, and radiation therapy." More recently, targeted therapies, in
particular cell-based therapies such as adoptive T cell and chimeric
antigen receptor (CAR) T cell therapies, have led to tremendous suc-
cesses against cancer.”” Although CAR T cell therapy has been
approved by the US Food and Drug Administration (FDA) in several
hematological malignancies, its success in solid tumors has been
limited. There are several roadblocks impeding CAR T cell therapy
in solid tumors, including (1) antigen heterogeneity/loss that renders
the CAR obsolete, (2) the presence of immunosuppressive cells and
molecules within the tumor microenvironment (TME), (3) poor
persistence of ex vivo expanded CAR T cells, and (4) impaired pene-
tration and trafficking of CAR T cells to tumor sites.’

Despite efforts to overcome these barriers, there still is no approved
CART cell therapy for solid tumors. Combining CAR T cells with im-
mune checkpoint blockades, oncolytic viruses, bispecific T cell engag-
ers, and cytokines has increased the efficacy of adoptively transferred
cells in preclinical models. There are still some unaddressed aspects of
CAR T cell biology and functionality, such as understanding how
epigenetic reprogramming and gene regulation enhance CAR T cell
antitumor function.* ® The central dogma of molecular biology has
come under scrutiny by the emerging field of epigenetics. In recent
years epigenetic studies on cancer as well as immune cells have gener-
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ated plenty of useful data. The current challenge is to translate this
knowledge to a favorable clinical outcome. In this review, we discuss
how epigenetic modifications of CAR T cells and tumor cells can
boost the efficacy of CAR T cell therapy. Table 1 lists some challenges
to CAR T cell therapy and summarizes some epigenetic modification-
based overcoming solutions.

EPIGENETIC MECHANISMS

The term “epigenetic,” defined as “on top of” genetic, describes
changes in gene expression independent of the genetic code itself.
Epigenetic modifications can be divided into four main areas: (1)
genomic or DNA modifications that are a result of cytosine methyl-
ation or hydroxymethylation, (2) histone modifications that are a
result of acetylation, methylation, phosphorylation, and other pro-
cesses, (3) non-coding RNA (ncRNA)-associated modifications that
are responsible for microRNA (miRNA) (and other ncRNA)-associ-
ated gene expression, and (4) higher order-associated modifica-
22.23 The placement, turnover, and activity of DNA or histone

» <«

tions.
modifications can be conducted by “writers,” “erasers,” and “readers,”
respectively. While writers and erasers are responsible for DNA and
histone epigenetic modifications, reader proteins translate these mod-
ifications to cell behaviors, including gene expression, DNA repair,
and replication, through employing their specific domains that recog-

. . . . . . 24,25
nize certain epigenetic modifications.”™"”

DNA-associated modifications

DNA can be modified by several mechanisms, and direct nucleotide
methylation is the most common of these modifications. CpG islands
involved cytosine base methylation at carbon 5. DNA can be marked by
de novo mechanisms (catalyzed via DNA methyltransferase [DNMT]
3A/B/L) and once stabilized can be inherited through sequential cell di-
visions and maintained by the activity of DNMT1.”® Another family of
proteins, named ten-eleven translocation (TET), is responsible for de-
methylation events.”” Methylation at promoters often causes a decrease
in gene expression and suppression of gene transcription. In contrast,
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Table 1. Challenges to CAR T cell therapy in solid tumors and epigenetic solutions

Challenges

Overcoming strategies based on epigenetic
modifications Refs.

Antigen heterogeneity tumors

heterogeneous expression of antigens in the

using DNMTis and HDACis to induce 37.9
expression of CTAs and HERV's

Impaired trafficking

mismatched chemokines and their receptors

using histone, DNA, and miRNA
modifications to overexpress chemokines and
their receptors

3,10-12

physical barriers

extracellular matrix, stromal cells, vasculature

immunosuppressive cells

Tregs, MDSCs, iDCs, M2 macrophages

using histone, DNA, and miRNAs 311,13

Hostile tumor
soluble immunosuppressive

molecules

microenvironment

inhibitory enzymes (arginase, IDO1), ligands
(PDL-1/2, FasL), others (IL-10, TGF-B)

modifications to repress immunomodulatory 5
molecules

immunosuppressive condition

low PH, hypoxia

T cell-intrinsic regulation

PD1, TGIT, A2ar, CTLA-4, TIM3, LAG3

using histone, DNA, and miRNA
modifications to downregulate inhibitory
molecules

3,16-21

DNMTi, DNA methyltransferase inhibitor; HDACI, histone deacetylase inhibitor; HERV, human endogenous retroviruses; iDCs, immature dendritic cells; MDSC, myeloid-derived

suppressor cell.

highly expressed genes show high levels of methylation inside the genes
(i.e., introns); however, a low degree of methylation at promoter or reg-
ulatory sites of the genes is observed.”**”

Histone-associated modifications

Atthenextlevel, DNA is wrapped around core proteins called histones.
These cationic proteins can be posttranslationally modified by acetyla-
tion, methylation, phosphorylation, ubiquitination, SUMOylation
(small ubiquitin-related modifier), and lactylation.”**' Histone mod-
ifications can be permissive, poised, and repressing, depending on
which histone tail residue is modified. For example, histone acetylation
(histone 3 of lysine 27 [H3K27]) is an activating or permissive histone
modification by increasing chromatin accessibility at promoter or
enhancer sites of genes. Another well-studied histone modification is
methylation. In contrast to histone acetylation, histone methylation
is more complicated. For instance, lysine 4 of histone 3 trimethylation
(H3K4me3) is associated with permissive promoters or enhancers and
euchromatin structure of the genome, but mono-methylation of H3K4
(H3K4mel) is associated with poised enhancer sites.”* In contrast, tri-
methylation of H3K27 (H3K27me3) gives rise to heterochromatin and
repression of gene transcription.”> Other modifications including his-
tone ubiquitination, SUMOylation, and lactylation can also occur.
These modifications are essential for maintaining gene expression
and overall chromatin structure in cells. It has been shown that
mono-ubiquitination is associated with transcriptional activation
while de-ubiquitination suppresses transcription. Consistently, histone
SUMOylation is associated with transcription repression.”

ncRNA-associated modifications

ncRNAs provide another level to epigenetic regulation. Interest-
ingly, most human transcripts do not encode for proteins but
play important roles in cell differentiation and function. Regulatory
ncRNAs can be divided in two subgroups based on their size: short
chain ncRNAs (including miRNAs, small interfering RNAs

[siRNAs], and PIWI-interacting RNAs [piRNAs]) and long ncRNAs
(IncRNAs).>* Recent studies have shown that ncRNAs and more
specifically miRNAs and siRNAs can effectively silence genes by
altering histone deacetylation, methylation, and DNA methyl-
ation.””*” In the following sections we discuss the how modulation
of miRNAs either through their repression or overexpression
(restoring) can alter the function of (CAR) T cells. There are
many tools to inhibit miRNAs, including antisense anti-miRNA ol-
igonucleotides (AMOs), locked nucleic acid (LNA) anti-miRNAs,
antagomirs, miRNA sponges, miRNA masks, and miRNA-targeting
small molecule inhibitors.”® Nearly all of these tools use comple-
mentary single-strand oligonucleotides to sequester the targeted
miRNA. Other tools that can be used to enhance miRNA expression
include miRNA mimics and miRNA expression vectors.”®

Higher order-associated modifications

Eukaryotic DNA wraps around core histone proteins to form a
nucleosome. The dynamics of higher order chromatin organization
and condensation plays a major role in the regulation of replication,
DNA repair, and recombination and, more importantly, acts as an
epigenetic modifier in gene transcription and expression.’” Impor-
tantly, chromatin accessibility changes in line with T cell differenti-
ation.”” Chromosomes are separated into discrete topologically
associating domains (TADs). TADs are highly self-interacting re-
gions in the DNA molecule. This means that DNA sequences within
a TAD interact with each other more frequently than other DNA
sequences.' "’ Each TAD restricts the spread of heterochromatin
or euchromatin by boundaries. These boundaries are enriched
with a transcriptional repressor known as CCCTC-binding factor
(CTCE), a protein that acts as an insulating factor. TADs are mainly
conserved throughout development across species; however, the dy-
namics of their intra interactions occur in a tissue- and cell-specific
manner.*>** Figure 1 illustrates the various epigenetic levels in the
eukaryotic cells.
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Figure 1. Epigenetic levels in the eukaryotic cells
Four levels of epigenetic mechanisms exist in the eu-
karyotic cells. Higher order epigenetic modifications can
alter gene expression by chromatin remodeling. Histone
modifications can shape euchromatin or heterochromatin
formation and regulate gene expression. DNA methylation
can both induce and repress gene expression based on
methylation position in the genome. Lastly, ncRNAs can
both induce and repress gene expression by targeting
RNAs. These mechanisms, all together, shape cell
behavior and fate in humans.

w

Target RNA

EPIGENETIC MECHANISMS IN T CELLS
In recent years, epigenetic studies demonstrated how epigenetic
mechanisms regulate T cell activation, maturation, and exhaus-

23,45

tion. Epigenetic mechanisms important for T cell differentiation

are discussed below.

DNA-associated mechanisms in T cells

In naive T cells, effector genes are generally methylated; however,
naive/memory-associated genes exist in an unmethylated form. In
contrast, effector T cells are characterized by methylated naive/mem-
ory-associated genes and unmethylated effector genes. As T cells tran-
sition into central and/or stem cell memory subsets, their effector
genes can be remethylated.”>*>*” Histone methyltransferases and
DNMTs (DNMT1, DNMT3A) are highly active in exhausted
T cells. Inhibiting DNMT3A can prevent terminal exhaustion of
T cells and increase the development of less differentiated T cells in
chronic inflammations such as chronic viral diseases or cancers.*’
Also, inhibition of DNMT3A at early stages of T cell differentiation
into effector cells leads to the development of central memory
T cells.*”>° These studies indicate that upon T cell activation and dif-
ferentiation, based on the cell fate, several genes are required to be
methylated and demethylated to form effector or memory cells.”
Indeed, inhibiting de novo methylation of effector-related genes in
naive T cells upon activation can reduce the effector cell population
and increase the memory-like cell population.”® Moreover, inhibition
of de novo methylation of genes in effector or memory T cells can pre-
vent formation of terminally exhausted T cells upon chronic antigen
exposure.”’ In another interesting study, it was demonstrated that
decreased methylation at the CX3CR1 locus in effector memory
T cells promotes their migratory activities.”> Taken together, these
findings show that DNA methylation is a critical epigenetic mecha-
nism underlying T cell fate and behavior. Figure 2 illustrates epige-
netic alterations in T cells during their differentiation program.

Histone-associated mechanisms in T cells
As we mentioned above, histone methylations can be divided into
three groups, that is, permissive histone modifications such as

2642 Molecular Therapy Vol. 29 No 9 September 2021

H3K4me3, repressive histone modifications

such as H3K27me3, and poised histone modifi-

cations such as H3K4mel and H3K27me3 at
enhancer sites or H3K27me3 and H3K4me3 at promoter sites.’”
Several studies have shown the importance of histone methylation
in T cells. In naive T cells H3K4me3 and H3K27me3 modifications
are frequently observed. H3K4me3 modifications are also commonly
found in memory T cells.”® For example, H3K4me3 modification at a
number of loci, including TCF7, LEF1, and KLF2, supports the for-
mation of central memory T (Tcy) cells and stem cell memory T
(Tscm) cells. An increase in H3K27me3 at memory-related genes in-
duces the differentiation of effector memory T (Tgp) cells.” Interest-
ingly, increases in H3K4me3 and decreases in H3K27me3 at the
Gentl locus enhance the trafficking of memory T cells to tumor sites
in an interleukin (IL)-15-dependent manner.””> Moreover, while acet-
ylation and phosphorylation of histones H3 and H4 are decreased
upon T cell activation (in proximal regions of the IL-2 promoter),”
downregulation of diacetylated histone H3 in T cells in chronic viral
infection led to development of exhausted T cells. These findings
suggest that inhibition of histone H3 deacetylase may enhance the
function of T cells.”” Histone acetyltransferase binding to ORCI
(HBO1)-mediated acetylation of histones H3 and H4 promotes the
development of exhausted T cells. This might be explained by the
role of the TOX transcription factor (TF).'® TOX interacts with ace-
tyltransferase in the HBO1 complex (KAT7) and enhances the gene
expression of inhibitory receptors in T cells. More specifically,
H3K27 acetylation at intronic and intergenic regions is shown to be
associated with T cell exhaustion.’® In aggregate, it seems that inhibi-
tion of H3K27 acetylation and/or using histone acetyltransferase in-
hibitors (HATis) can reverse T cell exhaustion. Increasing evidence
supports a role for HATis and histone deacetylase inhibitors (HDA-
Cis) in modulating T cell fate and function. For instance, adding
HDACis and IL-21 to cultures of differentiated CD8" T cells led to
enhanced central memory T cell development.”® Another study
showed that HDACI and HDAC2 inhibitors promote differentiation
of CD4™ T cells to cytotoxic CD4" T cells, which are enriched for gene
signatures characteristic of cytotoxic CD8" T cells.®” In line with this
finding, treating mice with an HDACI inhibitor results in an upregu-
lation of pathways and genes responsible for CD8" T cell cytotoxic ac-
tivity.”' Altogether, it seems that application of HATis or HDACis
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Figure 2. Epigenetic alterations in T cells during their differentiation

Each phenotype of T cells has a distinct epigenetic phenotype. In the naive T cells, gene expression for both effector and stem genes is at minimal levels; however, memory
T cells show upregulation in gene expression by alteration in DNA methylation and histone modifications. Effector T cells show repression of stem-related genes, while
exhausted or dysfunctional T cells are characterized by low gene expression levels in both effector and stem genes. Ty, naive T cell; Tsgu, stem cell memory T cell; Tewm,

central memory T cell; Tex, exhausted T cell.

can be useful for the generation of more functional CAR T cells. Still,
current HDACis and HATis are mainly pan-HDAC inhibitors or
pan-HAT inhibitors. These findings highlight a need for the develop-
ment of new epidrugs targeting specific HDACs and HATs. Also,
more studies are needed to evaluate the effects of HATis and HDACis
on T cell differentiation and function. Besides the methylation and
acetylation of histones, SUMOylation is important for regulatory
T cell (Treg) differentiation, and its loss maintains repressive histone
remodeling at the FOXP3 promoter.®* Recent studies have also shown
that lactylation of histones is associated with metabolic changes in
M1-polarizing macrophages differentiating in response to lipopoly-
saccharide (LPS) treatment.” In agreement with this notion, a study
has reported that inhibition of lactate dehydrogenase (LDHi) com-
bined with IL-21 can induce stem cell memory phenotype in the
treated T cells.* Although speculative, the authors suggest that
LDHi may affect H3K79 methylation and histone lactylation.®” The
biological role of histone ubiquitination, SUMOylation, and lactyla-
tion remains to be fully elucidated, and further research is required
to address the exact function of these modifications in T cells.

ncRNA-mediated mechanisms in T cells

ncRNAs and transcription factors also regulate gene expression and
chromatin remodeling. Intuitively, silencing “non-T cell genes” via
posttranscriptional gene suppression is a viable means to direct
T cell differentiation during development. Similarly, miRNAs modu-
late T cell activation, proliferation, and transition to central memory
versus effector differentiated subsets by silencing or inducing target
genes. Silencing inhibitory receptor transcripts by miRNAs (e.g.,
miR-138) can overcome T cell-intrinsic dysregulations (e.g., T cell
exhaustion) and promote tumor regression in the context of cancer
immunotherapy.®® It is increasingly accepted that activated T cells

undergo transcriptional changes as well as miRNAome modifications
to support cell proliferation and effector functions.’® The miRNAome
repertoire continuously adapts during the ordered T cell differentia-
tion process.””*®
essential transcripts for T cell effector function can be repressed by
miRNA inhibitors in the context of cancer immunotherapy. For
instance, the miR-17-92 cluster is highly active during T cell prolifer-
ation and differentiation. miR-17-92 promotes mammalian target of

Furthermore, several miRNAs involved in silencing

rapamycin (mTOR) signaling by targeting mTOR inhibitory
molecules such as PTEN and PHLPP2. Notably, miR-17-92 overex-
pression promotes T cell differentiation and survival. In addition,
miR-17-92-deficient T cells are impaired in proliferation and differ-
entiation.®” miR-17-92 manipulation has resulted in changes in Id3
expression, a DNA-binding inhibitor that is a key regulator in mem-
ory differentiation, and thus miR-17-92 levels can balance the
effector/memory ratio in T cells.””””” Consistently, miR-15/16 clus-
ters have been shown to restrain memory T cell formation and
differentiation by targeting several memory- and survival-associated
mRNAs.!” Several other miRNAs influence T cell activation,
expansion, survival, and antitumor response, including miR-155, by
targeting SHIP-1 and promoting phosphatidylinositol 3-kinase
(PI3K)-AKT and STAT signaling;”*”> miR-146a, which targets nu-
clear factor kB (NF-kB) and interrupts T cell effector function;”® "
and miR-23a, which is upregulated in cytotoxic T lymphocytes
(CTLs) in response to TME-secreted transforming growth factor
(TGF-B) and can target the transcription factor Blimp-1, which is
required for T cell differentiation and cytotoxicity. Therefore, target-
ing miR-23a and maintaining desired levels of Blimp-1 can prevent
tumor-dependent immunosuppression.”” miR-139, miR-150, and
miR-342 have also been shown to target eomesodermin (EOMES),
CD25, and perforin.*” Additionally, miR-150 can target c-Myb and
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its downregulation leads to memory T cell development,
overexpression has been shown to reduce T cell proliferation.** miR-
214 enhances T cell proliferation upon activation by targeting
PTEN,” and miR-181a is a tolerogenic miRNA and targets serine/
threonine phosphatases in T cells.**> Other forms of ncRNAs,
including siRNAs, have also been studied in T cells. For instance,
siRNA-mediated depletion of EOMES, which is enriched in termi-
nally exhausted T cells,®® results in enhanced killing capacity and
cytokine production in CD8" T cells.”” Altogether, there are plenty
of ncRNAs that can shape T cell phenotype and function. Several
studies have demonstrated that ncRNAs, including miRNAs, can
regulate other epigenetic mechanisms (DNA and histone modifica-
tion). For instance, it has been shown that miR-29 can inhibit the
activity of de novo DNA methylation,”*® while miR-17-5p and
miR-20a can induce heterochromatin formation.”” Other types of
ncRNAs such as piRNAs and IncRNAs also have been shown to regu-
late gene expression by DNA and histone modifications.”

Higher order mechanisms in T cells

Often viewed as “higher order levels of epigenetic remodeling,” cell
type-specific DNA remodeling in TADs can bring distal enhancer re-
gions near a promoter to further regulate gene expression. This type
of epi-reprogramming regulates cytokine expression in CD4" T cells
and CD8 expression in CD8" T cells.”’ > Chromatin remodeling fac-
tors, including CTCF, and cohesion complexes play pivotal roles in
the regulation of chromatin interactions, accessibility, nucleosomal
sliding, and ultimately gene expression. Loss of these proteins can
disrupt chromatin interactions, resulting in aberrant gene expres-
sion.”**> For instance, CTCF and cohesion ablation in thymocytes
impairs T cell differentiation.”>”” Interaction of epigenetic readers,
writers, and erasers with chromatin remodeling proteins can facilitate
and regulate gene expression. In a study, it has been demonstrated
that following T cell receptor (TCR) stimulation of CD8" T cells,
chromatin remodeling by STABI results in recruitment of a histone
deacetylase complex at enhancer sites of pdcdl. This complex down-
regulates PD-1 expression. Interestingly, tumor-derived TGF-
downregulates STAB1 expression through binding of SMAD proteins
to the STABI promoter. It also releases the pdcdl promoter from
STABI repression by competing with STABI1 for binding to the
enhancer of pdcdl. This competition results in increased PD-1
expression.”® Additionally, recent studies have found that the
HMG-box transcription factor TOX is a central regulator of T cell
exhaustion.'®'*® In the absence of TOX, the development and for-
mation of exhausted T cells is blunted.'® These findings suggest
that TOX can promote chromatin remodeling and alter genomic ar-
chitecture to govern the epigenetic development of exhausted
T cells.'®'® Table 2 summarizes various epigenetic mechanisms in
T cells.

Taken together, these studies shed light on the several layers of epige-
netic reprogramming in T cell immunobiology. As these layers
converge on T cell differentiation, it is likely that epigenetic modifica-
tions can be increasingly employed in the context of cancer immuno-
therapy. In theory, epigenetic remodeling of (CAR) T cells can over-
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come several challenges to CAR T cell therapy through increasing the
persistence and survival of T cells, diminishing the exhaustion of
T cells, improving their infiltration, and promoting memory pheno-
type formation.

EPIGENETIC REPROGRAMMING OF CAR T CELL
DIFFERENTIATION TO PRODUCE LESS
DIFFERENTIATED CAR T CELLS

Human and murine studies have shown that less differentiated CD8"
T cells exhibit superior antitumor function.”” '’" As the general CAR
T expansion protocol gives rise to terminally differentiated cells, opti-
mizing the CAR T cell manufacturing process to produce less differ-
entiated cells is greatly needed. Almost all CAR T cell production pro-
tocols need ex vivo expansion that result in the generation of more
differentiated T cells with low proliferative capacity in vivo.'*> Manip-
ulation and modification of T cell-specific signaling pathways
(following stimulation) can uncouple expansion from differentiation.
In support of this principle, disruption of TET2 (a chromatin modi-
fier that encodes methyl cytosine dioxygenase enzyme that facilitates
DNA demethylation to activate gene expression) in a T cell clone re-
sulted in potent antitumor activity and proliferation of anti-CD19
CAR T cells in a patient.'” Interestingly, a metabolic byproduct, S-
2-hydroxyglutarate (S-2HG), limits effector differentiation and sup-
ports increased memory formation and prolonged persistence of
CAR T cells.'*'%° This byproduct competitively inhibits a-ketogluta-
rate-dependent proteins such as TET family proteins.”’ Thus, inhibi-
tion of ex vivo CAR T cell differentiation by TET2 elimination or in-
hibition can lead to enhanced CAR T cell durability. Furthermore,
inhibition of the histone acetylation reader BRD4, a member of the
bromodomain and extra-terminal domain (BET) protein family, by
JQ-1 shows similar results with S-2HG treatment.'’° In general, dur-
ing T cell differentiation into effector phenotype, several “memory”
genes, including FOXO1, KLF2, LEF1, TCF7, IL2RA, CD27, TNF,
CCR7, and SELL, are repressed. This repression is mediated by
repressive DNA methylation and repressive histone modifications
(H3K27me3). Conversely, effector-related transcription factors and
genes (e.g., EOMES, TBX21, PRDM1, GZMA, GZMB, PRF1, IFNG,
and KLRG1) are upregulated by downregulating repressive modifica-
tions at genic and intragenic regions.*>*>'?”~'1° Reversing these alter-
ations via miRNAs (specific) or pharmacologic treatments may give
rise to less differentiated CAR T cells with enhanced potential.

EPIGENETIC REPROGRAMMING TO PROMOTE
CENTRAL MEMORY AND STEM CELL MEMORY
PHENOTYPES IN CAR T CELLS

Memory cells, and more specifically central and stem cell memory
CARTT cells, are the preferred subset in the context of cancer immu-
notherapy. Central memory as well as stem-like T cells have higher
persistence and superior antitumor activity compared to effector
memory cells. Epigenetic reprogramming of CAR T cells to promote
central memory, and retain stem cell, differentiated progeny will
improve the efficacy of CAR T cell therapy.
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Table 2. Summary of various epigenetic mechanisms in T cells

Epigenetic level Mechanism

Effect on T cells Refs.

de novo DNA methylation can induce exhaustion

48

methylation can induce differentiation of CD8 cells to effector cells upon stimulation

46

methylation and remethylation of the pdcdl locus are associated with naive and

memory phenotypes, respectively, while exhausted T cells showed a fully
unmethylated pdcdl locus genotype

DNA -associated mechanisms methylation, hydroxymethylation

inhibition of de novo DN A methylation (DNMT3a) at early stages of effector memory o
differentiation accelerate central memory T cell development

reduced methylation of CX3CR1 chemokine leads to effector memory T cell

~

differentiation

trimethylation of both H3K4 and H3K27 is associated with a naive phenotype, and 5
trimethylation of H3K4 is associated with a memory/effector phenotype

trimethylation of H3K27 is upregulated in effector T cells whereas trimethylation of 5,
H3K4 is shown to be upregulated in memory T cells (Tscm, Tem)

inhibition of H3 histone deacetylation results in development of memory cells from 5,

an exhausted phenotype

methylation, acetylation,

acetylation of H3 and H4 histones by HBO1 complex leads to exhaustion

Histone-associated mechanisms

phosphorylation, and other processes — inhibition of histone lactylation might induce stem cell memory development

63,64

H3 and H4 histone acetylation and phosphorylation decrease in the proximal 56
promoter region of IL-2 upon T cell activation

enrichment for H3K4me3 and a decrease of H3K27me3 at the Gentl gene resultin =~ 55

enhanced trafficking of memory cells

H3K27 acetylation at intronic and intergenic regions is concomitant with an 58
exhausted phenotype

miR-17-92 levels are associated with T cell differentiation and phenotype status

69,72

miR-15/16 clusters can target memory-related genes, and their overexpression can |,
induce apoptosis and terminally effector T cell development

miR-150 reduces proliferation of CD4" cells

Non-coding RNA-mediated mechanisms miRNAs, IncRNAs, siRNAs

repression of PD-1 and CTLA-4 by miR-138 induces tumor regression

a group of miRNAs downregulated/upregulated in effector T cells compared to 67,68
memory and naive T cells

miR-146a downregulation results in less apoptosis, increased proliferation, and 7677
enhanced effector function

Higher order mechanisms genomic architecture

TOX family transcription factors interplay with exhaustion

16,18,58

Transcription factors play an important role in T cell differentiation.
In the context of chronic infections, Blimp-1 drives the differentiation
of short-lived T cells with an effector phenotype. Interestingly, Blimp-
1 co-localizes with two epigenetic modifiers (G9a and HDAC2) at the
loci for IL-2 and CD27."* Blimp-1 promotes effector cell differentia-
tion through epigenetic repression of memory-associated genes
similar to other repressive epigenetic modulators.””!"'~'"?
cally disabling Blimp-1 in CD8" T cells promoted memory cell forma-
tion and more importantly enhanced the proliferative capacity of
CD8" cells in response to IL-2."” Therefore, genetic or epigenetic
disruption of Blimp-1 in CAR T cells by CRISPR-Cas-9, miRNAs
(e.g., miR-23a), or siRNAs may also improve cell proliferation, mem-
ory cell formation, and antitumor activity. As discussed above, inhi-
bition of DNMT3A at early stages of T cell differentiation leads to
memory T cell development.*° Potentially, DNMT3A inhibitors
might become useful in the manufacturing of CAR T cells. As
mentioned before, miR-15/16 can target several memory-associated

Geneti-

mRNAs, including Bcl-2, CD28, and IL-7R transcripts, and attenuate
memory T cell formation and differentiation as well as effector func-
tions in CD8" T cells.'” In addition, miR-150 targets c-Myb. c-Myb
regulates anti-apoptotic pathways and promotes CD8" T cell memory
differentiation.®’ Since miRNAs are involved in T cell differentiation,
they can influence memory/effector formation. Thus, overexpression
of some miRNAs as well as downregulation of memory restraining
miRNAs such as miR-15/16 clusters and/or miR-150 may become
an important strategy for restoring function in CAR T cells and the
development of memory CAR T cells. Inducing central memory
CAR T cells by miRNA has been examined by Zhang et al.*” They
have shown that miR-143 can regulate memory T cell differentiation
through metabolic changes (glucose restriction) in CD8" T cells. They
also showed that overexpression of miR-143 leads to reduced expres-
sion of exhaustion marker KLRG1 and increased expression of
memory-related marker CD127 in T cells. To show the advantages
of overexpression of miR-143, they transfected miR-143 mimics in
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anti-HER2 CAR T cells. They observed that tumor cell lysis was
increased in miR-143 overexpressed group. Complementary loss-
of-function approaches showed that antagomirs to miR-143
decreased T cell-mediated cytotoxicity. Mechanistically, miR-143 reg-
ulates the expression of glucose transporter 1 (Glut-1) by binding to
its 3 UTR transcript. The same results were also observed where
Glut-1 was targeted by siRNA in the T cells. Additionally, their
data showed that miR-143 can promote central memory T cell forma-
tion and induce a higher antitumor response by inhibiting glucose
metabolism.”” Although epigenetic manipulation of genetically engi-
neered tumor-specific T cells by miRNAs holds great promise,
caution should be taken particularly in case of adoptive transfer to pa-
tients. In addition, further studies are required to assess differentia-
tion and effector function of CD4" cells. Future studies will reveal
whether epidrugs that repress terminal effector-related genes as well
as miRNAs or DNA/histone modifiers that induce memory-related
genes can be used in CAR T cell therapy aiming to promote and main-
tain CAR T cells with memory phenotype.

EPIGENETIC REPROGRAMMING TO ENHANCE CAR T
CELL INFILTRATION

Tumor cells use several mechanisms to escape from CAR T cell sur-
veillance. Insufficient trafficking of CAR T cells to the tumor site is
one barrier to adoptive immunotherapies. Indeed, enhancing CAR
T cell infiltration to the tumor site can overcome this immune evasion
tactic. Several factors contribute to insufficient trafficking of CAR
T cells to the tumor site such as mismatched chemokine receptor
with secreted chemokine in tumor bed, downregulation of adhesion
molecules, and physical barriers at tumor site.''* Also, overexpression
of chemokine receptors in CAR T cells can enhance infiltration capac-
ity of CAR T cells into tumor bed. Zou et al.''> demonstrated that the
concurrent downregulation of PD-1, TIM3, and LAG3 in anti-Her2
CAR T cells increases their infiltration to tumor sites. Increased chro-
matin accessibility at the CD56 locus as well as upregulation of che-
mokines CXCL9, CXCL10, and CXCL12 enhanced the ability of
PD-1/TIM3/LAG3-modified CAR T cells to infiltrate tumors. CA-
STATS5 (a constitutively active form of STATS5) expression can also
enhance infiltration and trafficking of CD4" T cells to the tumor
site by epigenetic remodeling,''® indicating the importance of
STAT proteins in higher order epigenetic modifications. In several
cancers, increased expression of CXCR3 observed in tumor-infil-
trating lymphocytes (TILs) was correlated with more infiltration.
Therefore, inducing CXCR3 in CAR T cells by epigenetic mechanisms
can be useful in cancers expressing CXCL9, CXCL10, and CXCL11
chemokines. Consistently, it has been shown that miR-155-deficient
T cells have impaired function as well as trafﬁcking,”] as miR-155 tar-
gets suppressor of cytokine signaling 1 (SOCS-1) in T cells.”” It seems
that miR-155 upregulation in CAR T cells might be an interesting
strategy to promote trafficking and the effective antitumor response
of CAR T cells. Forced expression of CCR2 has been shown to
enhance trafficking and survival of CAR T cells in cancer.''”''® Inter-
estingly, let-7 miRNAs target and inhibit CCR2 as well as CCR5
expression in T cells."'” Targeting let-7 might therefore be a possible
option for improving CAR T cell infiltration. CX3CR1 enhances im-
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mune cell infiltration and tumor regression in CX3CL1" tumors.'*’

T cells genetically engineered to overexpress CX3CRI1 have signifi-
cantly enhanced infiltration.'*' However, until now, no experimen-
tally approved miRNAs that can target CX3CRI in T cells have
been reported. miR-27a-5p targets and inhibits expression of this che-
mokine receptor in NK cells.'** Thus, targeting miRNAs that inhibit
CX3CRI expression can be an attractive approach for enhancing the
infiltration of CAR T cells. Another chemokine receptor supporting
infiltration is CXCR6. This chemokine receptor is expressed on naive
T cells at low levels. Murine T cells deficient for CXCR6 are unable to
properly infiltrate into mammary tumors.'”> Another interesting
strategy would be to selectively modify tumor cells (epigenetically)
to release chemokines that enhance CAR T cell infiltration. Table 3
highlights important T cell miRNAs that can be potentially modu-
lated for effective CARs.

EPIGENETIC REPROGRAMMING TO IMPROVE CAR T
CELL PERSISTENCE

Among several barriers in CAR T cell therapy, poor persistence of
infused CAR T cells is a critical challenge. In general, suboptimal
persistence is correlated with poor clinical remission in the can-
cer.'”” Moreover, CAR T cells with impaired persistence show
limited antitumor efficacy. One factor that limits persistence is repli-
cative senescence, which can lead to reduced proliferative capacity
and counter long-term therapeutic efficacy.'*® Telomere shortening,
damage, and erosion contribute to senescence.'*” Similar to other
cells, after each replication cycle the length of telomere is shortened
in CAR T cells. In this regard, Bai et al.'*® demonstrated that
increasing telomere abundance in anti-CD19 CAR T cells is associ-
ated with prolonged persistence and efficient antitumor response.
Several studies have discussed STAT signaling as a key pathway
in the promotion of cell persistence." CAR T cells expressing CA-
STAT5 show higher persistence and expansion rates as well as su-
perior antitumor function. The authors demonstrated that these re-
sponses are a consequence of chromatin and epigenetic remodeling
in the T cells as most non-coding genomic regions become highly
accessible. Furthermore, the expression levels of various genes asso-
ciated with T cell dysfunction such as Runx2, Id2, Nr4a2, and TOX
were reduced, while several other genes such as Gatal, Jun, Junb,
Fos, Fosl2, and EZH2 were upregulated and activated.''® Therefore,
epigenetic modification of the STATS5 pathway may be a promising
strategy to promote the generation of highly persistent and poly-
functional CAR T cells. Bcl-2 proteins can be divided into two
groups based on inducing (pro-apoptotic) or inhibiting (anti-
apoptotic) apoptosis in the cells. Indeed, anti-apoptotic members
such as Bcl-2 can enhance CAR T cell persistence.”’ Another
approach to enhance CAR T cell persistence is by downregulating
pro-apoptotic proteins such as Bad and/or Bax. Altogether, it seems
that targeting Bcl-2 family proteins by siRNA or other epigenetic
mechanisms (e.g., miRNAs) can modulate CAR T cells persistence.
However, possible adverse effects related to hyperactivation of CAR
T cells must be assessed in the future studies. Since persistence is
related to several other mechanisms in (CAR) T cells such as mem-
ory cell formation, other transcription factors influencing effector/
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Table 3. Selected T cell miRNAs that can be potentially modulated in CAR T cells

Source miRNA Target Mechanism of action CAR T study Refs.
miR-214 PTEN enhances proliferation upon stimulation no 8
miR-143 Glut-1 promotes memory development yes 2
miR-146a NF-kB regulates and reduces effector function no 7077
miR-23a Blimp-1 reduces T cell differentiation and effector function no ”
miR-150 IL-2Ra,, ARRB2 reduces effector function and proliferation no 8082

. enhances proliferation, persistence, trafficking, 10.74.75.124
R-155 SHIP-1, SOCS-1 . e
m and function of CD8" T cells ne
miR-17-92 PHLPP2, PTEN ex‘lhances' C§ll proliferation, persistence, and ves 125
T cells differentiation
MiR-15/16 several il?hibits rlne'mory T cell formation and o 17
differentiation
miR-181a DUSP5, DUSP6, PTPN11, PTPN22 induces tolerance no o
miR-139
EOMES, perforin reduce effector function no 80
miR-342
miR-28 -
CTLA-4, PD-1 decrease immune checkpoint expression no 05126
miR-138
Let-7 CCR2, CCR5 impairs trafficking no 1

memory formation can also regulate CAR T cells persistence. Ka-
goya et al.'® demonstrated that inhibition of histone acetyltransfer-
ase p300 (writer) and BET protein BRD4 (reader) not only leads to
downregulation of BATF transcription factor and induces pro-
longed persistence, but it also promotes expression of memory asso-
ciated markers and genes in T cells. Moreover, upon TCR or CAR
stimulation of naive or memory precursor cells, BMI1 expression is
induced in (CAR) T cells. In contrast, BMI1 expression is lost in
terminally differentiated T cells. BMI1 is a member of the Polycomb
repressive complex 1 (PRC1) family that reads H3K27me3 histone
tails. This protein represses expression of genes that promote senes-
cence and apoptosis (p16INK4A and pl4ARF) in many cells, such
as T cells."”>'*” Reduced levels of BMI1 lead to defects in T cell
expansion.'** Therefore, maintaining BMIlexpression at balanced
levels or its overexpression in CAR T cells can be an ideal approach
to enhance persistence and function in CAR T cells. Besides epige-
netic modifications of DNA and histones, miRNAs can affect (CAR)
T cell function and persistence. Forced expression of miR-155 in
CD8" T cells enhances their antitumor activity, persistence, and
proliferation.'** Sasaki et al.'*® demonstrated that miR-17-92 is
downregulated in T cells from glioblastoma patients, conferring a
lower persistence rate of tumor-specific T cells and thereby dimin-
ishing tumor control. Thus, re-expressing this miRNA cluster in
T cells from cancer patients might promote T cell persistence. In
line with this notion, Ohno et al.'** demonstrated that miR-17-92
overexpression in anti-EGFRVIII CAR T cells improves their persis-
tence, proliferation, and antitumor function in a glioblastoma xeno-
graft model. Epigenetically reprogramming patient-derived T cells
may be an innovative strategy to generate more functionally effec-
tive CAR T cells. Mechanistically, miR-17 and miR-19b are parts
of the miR-17-92 cluster and are shown to be critical for the T help-

er (Th)1 response by targeting TGF-BRII and PTEN, respectively.
These miRNAs not only promote T cell proliferation and interferon
(IFN)-y production, but they also protect T cells from activation-
induced cell death (AICD).®>'*® Future studies will likely reveal
the impact of miRNA-mediated posttranscriptional gene silencing
as well as epigenetic modifications to Bcl-2 on CAR T cell persis-
tence and effector function in clinical settings.

EPIGENETIC REPROGRAMMING TO OVERCOME CAR
T CELL EXHAUSTION

Due to the immunosuppressive TME and prolonged antigen expo-
sure, infused CAR T cells can become progressively dysfunctional.
The ability of “exhausted” T cells to eliminate cancer cells wanes;
hence, prevention from exhaustion will greatly enhance the rate of
tumor regression and remission.”*” Until now, one of the main
strategies to overcome exhaustion was immune checkpoint
blockade. Recent work published by Beltra et al.'*® reported that
exhausted T cells have four distinct developmental stages: the
two first subsets are TCF1", the next is an intermediate subset
that is TCF1™ and shows higher levels of effector function
compared to other subsets, and the fourth is composed of termi-
nally exhausted T cells. Following PD-1 therapy, the intermediate
subset expands more than other subsets. While the cells can regain
some elements of functional competence, they never regain their
central memory status. Therefore, more effective tools to revert
exhaustion in T cells is needed. As T cells undergo differentiation,
their DNA methylation status is modified by DNMTs.>* Also, data
have shown that T cells from cancer patients are largely dysfunc-
tional,"*” and this arises from dysregulation in the methylation sta-
tus of its epigenome.'** DNA methylation can lead to exhaustion
and limit T cell-based immunotherapy.”’ T cells from cancer
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patients are largely dysfunctional due to dysregulation in the
methylation status of their epigenome.'*>'*" In line with these no-
tions, targeting a major component of the de novo DNA methyl-
ation program, DNMT3A, either pharmacologically (decitabine,
a DNMT inhibitor [DNMTIi]) or genetically, preserves the prolif-
eration of these functionally incompetent T cells. Treated T cells
express naive and memory-related genes at higher levels and
downregulate exhaustion-related genes despite prolonged antigen
exposure.'*'™'** During exhaustion, an increase in the expression
of exhaustion-related transcription factors such as the bZIP-IFN
regulatory factor (IRF) family with or without an increase in the
expression of JunB or BATF is a consequence of dysregulation
of the AP-1 transcription factor binding motif. In exhausted cells,
AP-1/IRF complexes limit the formation of the AP-1/Fos-Jun het-
erodimer. Consistent with this, a recent study showed that overex-
pression of c-Jun led to the formation of exhaustion-resistant CAR
T cells with an increase in antitumor function and decreased
expression of PD-1 and CD39. This finding reveals that c-Jun
overexpression can activate AP-1 and prevent the formation of
exhaustion-related complexes in chromatin.'** Several studies
have demonstrated that NR4A and the TOX family of proteins
are upregulated in T cell exhaustion.'®**'*>"'*? Therefore, target-
ing NR4A family proteins and TOX family transcription factors
can lead to reduced expression of inhibitory receptors and the pro-
motion of effector function in CAR T cells.'® Mechanistically,
TOX is induced by nuclear factor of activated T cells (NFAT)2
in a calcineurin-dependent manner. At later phases of the differen-
tiation program, TOX operates in a feed-forward loop and be-
comes calcineurin-independent. Therefore, sustained levels of
TOX are associated with exhaustion.'® Also, persistent levels of
TOX and NR4A interfere with NFAT. “Partnerless” NFAT or
NFAT that does not cooperate with AP-1 at its cognate response
elements in genetic loci induces the expression of inhibitory genes
in T cells to promote exhaustion.'® Moreover, since T cell studies
have shown the importance of the TOX transcription factor and
the acetyltransferase HBO1 complex in chromatin remodeling
and in promoting T cell exhaustion, targeting the HBO1 complex
in CAR T cells by specific miRNAs or CRISPR-Cas-9 may become
a beneficial strategy to revert exhaustion and enhance antitumor
efficacy of CAR T cells in clinical practice. Indeed, expression of
memory-related or effector-related transcription factors leads to
an epigenetic rewiring of T cells. Importantly, miR-28 and miR-
138 can target immune checkpoints such as PD-1 and CTLA-4
and revert an exhausted phenotype.'**'** miR-28 has been identi-
fied as a key miRNA in rescuing IL-2 and tumor necrosis factor
(TNF)-o secretion in the TME."*®

INTERPLAY BETWEEN EPIGENETIC MODIFICATIONS
AND CART CELL METABOLISM

Metabolic fitness is an important determinant of efficacy in CAR
T cells.”" It is well established that T cells alter their metabolic activity
to support their growth and differentiation. Naive and early memory
T cells rely on oxidative phosphorylation (OXPHOS) and mitochon-

drial metabolism.'**>'>? Following TCR stimulation, activated T cells
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rapidly shift their metabolism from OXPHOS to glycolysis. Restrict-
ing glucose metabolism to the cytoplasm (aerobic glycolysis) channels
metabolites into anabolic reactions supporting macromolecular
biosynthesis.">>'** Primary human T cells also rely on glutamine
metabolism, both oxidative and reductive, to support acetyl-coen-
zyme A (CoA) synthesis.””> Acetyl-CoA provides the functional
acetyl group for histone acetylation, providing a means to control
gene expression at the IFN-y locus in activated T cells."**"*” Under-
standing which substrates fuel the tricarboxylic acid (TCA) cycle and
hence short chain CoA replenishment is important, as mitochondrial
function is compromised in T cells traversing solid tumor environ-
ments."”® Intrinsic deficits in mitochondrial function that occur in
terminally differentiated T cells, exhausted T cells, and T cells
traversing hypoxic tumors will undoubtedly impact epigenetic re-
programming and gene expression. Deficits in mitochondrial func-
tion and energy-generating capacity also occur following chemo-
therapy treatment.'”

Competition for nutrients in solid tumors has important implications
for T cell function. Extracellular glucose levels diminish in tumors,
and interstitial lactate levels increase in a reciprocal manner.'®® His-
tone lactylation is an under-studied epigenetic remodeling event with
important implications for T cell function. To date, 28 lactylation sites
on histone proteins have been identified. A recent study provided ev-
idence that lysine lactylation regulates ARG1 expression in differen-
tiating macrophages.”’ Histone lactylation regulates cancer-associ-
ated fibroblast differentiation in the context of pancreatic ductal
adenocarcinoma.'® With the development and increased use of small
molecules targeting lactate production (LDHi) and lactate secretion
(inhibitors to monocarboxylate transporters), additional studies are
needed to understand their impact on epigenetic remodeling on
adoptively transferred T cells in solid tumors.

Restricting epigenetic remodeling events (via metabolic regulation) to
distinct T cell subsets may give rise to metabolically fitter (CAR) T cell
progeny with superior antitumor activity. Metabolites other than
acetyl-CoA influence epigenetic regulation in T cells. S-adenosyl-
methionine (SAM) regulates DNA and histone methylation in
T cells by providing methyl groups, whereas the TCA cycle interme-
diate, and glutamine derivative, a-ketoglutarate regulates DNA and
histone demethylation in an oxygen-dependent manner.'*>'®* Sup-
pressing o-ketoglutarate-mediated demethylation of DNA using S-
2HG increases the formation of CD8" central memory CAR
T cells.'” Glycolysis replenishes nicotinamide adenine dinucleotide
(NAD"), a fundamental metabolite regulating histone deacetyla-
tion.'** NAD" is an important cofactor for sirtuins, a family of en-
zymes that regulate gene expression in a redox-sensitive manner.'*
MicroRNAs also regulate CAR T cell metabolism by epigenetic ef-
fects. miR-143 overexpression in CAR T cells decreases glucose up-
take and induces expression of carnitine palmitoyl transferase la
(CPT1A). CPT1A is a rate-limiting enzyme in fatty acid oxidation
(FAO). In line with energy partitioning principles, increasing FAO
leads to a corresponding decreased reliance on glucose and glycolysis.
Of note, FAO is a metabolic pathway previously implicated in the
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production of memory CAR T cells.”*'*® However, the role of FAO in
memory differentiation is controversial, as it is largely based on
studies using nonspecific doses of etomoxir. Some tumors such as
renal cell carcinoma display a unique preference for glutamine over
glucose.'®® Thus, future studies are necessary to uncover what fuels
mitochondrial function during memory T cell differentiation in
situ, and how the resultant metabolic pathways converge on epige-
netic reprogramming. Taken together, reprogramming CAR T cell
metabolism through the use of epidrugs is an interesting strategy
for the generation of metabolically fitter CAR T cells with superior
antitumor activity. However, more studies are needed to fully eluci-
date possible crosstalk between epigenetics and metabolism in
(CAR) T cells.

EPIGENETIC STRATEGIES IN CAR T CELL
COMBINATION THERAPY

To overcome hostile conditions found within tumors, combining
CAR T cell therapies with various cancer treatment modalities has
gained increasing attention. With the renewed interest in combinato-
rial approaches, the role of both tumor cell immunobiology and the
status of the endogenous immune system must be considered. In
the following sections we discuss how such combination therapies,
in particular epigenetic modifiers, can significantly improve the effi-
cacy of CAR T cell therapy.

Epigenetic strategies to upregulate desirable antigens in tumors

Antigen loss and antigen heterogeneity are important barriers
impeding efficacy in CAR T cell therapy. Upregulation or induction
of tumor-associated antigens (TAAs) or cancer testis antigens
(CTAs) can overcome antigen heterogeneity and prevent antigen
loss in the tumors. Epigenetic drugs, especially those that can facilitate
DNA demethylation and/or histone acetylation, have the potential to
upregulate all antigen-processing machinery components, thereby
increasing TAA abundance, as well as costimulatory molecule expres-
sion such as CD40 and CD80 and major histocompatibility complex
(MHC) classes I and I1,'6771%? and stress and death-induced ligands,
including DR5 and TRAIL.”*'”! DNMTis and HDACis enhance
cancer cell recognition by increasing the expression of CTAs, which
are expressed in embryonic and germ cells, whereas in somatic cells
their promoters are methylated. DNMTis promote DNA demethyla-
tion, permitting the re-expression of CTAs in cancer cells in several
77 HDACis also induce the expression of CTAs at
lower levels compared to DNMTis.'”> As we discussed previously, in-

hibition of DNMT?3a in T cells can reduce the abundance of exhausted
48,49

solid tumors.

T cells and promote the generation of central memory cells.
Following treatment with decitabine, CAR T cells showed superior
antitumor activity."*> A recent study demonstrated that pretreatment
of lymphoma cells with decitabine leads to CD19 overexpression and
enhanced CAR T cell function. The authors also reported that two pa-
tients who received decitabine before CAR T cell therapy achieved
complete responses.'”® Viral tumor antigens can also be expressed
following DNMTis.'”* Over time, and consequent to viral infection,
human endogenous retroviruses (HERVs) are integrated into the
genome of germ cells. While most HERV's are non-coding, several

HERVs encode functional proteins such as HERV-K HML-2 iso-
forms.'”” HERVs are expressed followed by DNMTis and HDA-
Cis."”® Anti-HERV-K CAR T cells have shown antitumor promise
in xenograft models of melanoma.'”” Ewing sarcoma (EwS) is a solid
tumor characterized by low antigen expression and high antigen het-
erogeneity. Expression of enhancer of zeste homolog 2 (EZH2; an
enzyme that contributes to the histone methylation) in Ewing sar-
coma cells is associated with reduced antigen presentation and
decreased immunogenicity.'”® Pharmacological targeting of EZH2
at doses reducing H3K27me3 could selectively and reversibly induce
GD2 surface expression in tumor cells. They concluded that combina-
tion therapy with CAR T cells plus EZH2 inhibitors may significantly
enhance antitumor activity of CAR T cells.'””

Similarly, Kunert et al.'™ reported that DNMTi and HDAGi treat-
ment led to CTA MAGE-C2 overexpression in breast cancer cells.
CTA MAGE-C2 antigen is a corresponding target for genetically en-
gineered T cell expressing MAGE-C2-TCR. Taken together, epige-
netic modification-based combination strategies such as using a
DNMTi and CAR T cells can make tumor cells more immunogenic,
probably through overexpression of MHC class I and MHC class IT on
the tumor cell surface as well as increasing expression of costimula-
tory molecules including CD40 and CD80. Therefore, these combina-
tion therapies not only can synergistically activate the endogenous
immune system but they also can prevent and/or revert antigen
loss. Moreover, CAR T cell qualities in terms of functionality and
longevity can be improved through inducing memory phenotypes
and repressing exhaustion by application of epidrugs.

Epigenetic strategies to overcome hostile TME features

In addition to the role of HERVs as target antigens, epigenetic mod-
ulation of HERV's can promote a type I and III IFN response, which
can boost the overall antitumor immune response. DNMTis and
HDACis promote the transcription of HERVs in a bidirectional
manner, leading to formation of double-stranded RNAs (dsRNAs)
in the cells. dsRNAs can activate RIG-I and MDAS5 receptors.
Together with IRF3, IRF7, and NF-kB, dsRNA/RIG-I and dsRNA
MDAD5 complexes can activate transcription of IFNs and IFN receptor
interaction. These processes lead to the induction of IFN-stimulated
genes (ISGs) through JAK/STAT signaling pathways. Furthermore,
ISGs can induce various immunomodulatory genes and increase
expression of chemokines and cytokines to attract and activate im-
mune cells. A recent study demonstrated that low doses of a DNMTi
can increase the expression of ISGs, chemokines and cytokines, anti-
gen processing and presentation, and CTAs.”” Different investiga-
tions have reported that cancer cells treated with DNMTis and HDA-
Cis can increase the infiltration of CD8" T cells to tumor sites through
activation of the IFN type I response'' and overexpression of CXCL9
and CXCL10 in breast cancer tissue.'> Moreover, lysine-specific his-
tone demethylase 1A (LSD1) ablation in cancer cells was shown to
induce IFN type I responses as well as HERV expression and, more
interestingly, enhance CD8" T cell infiltration in tumors.'®' More-
over, inactivation of nuclear receptor binding SET domain protein
1 (NSD1), a histone methyltransferase catalyzer, can reduce CD8*
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T cell infiltration in several cancers. In line with this finding, inactivat-
ing mutations in NSD1 mimics the characteristics of cold tumors.'**
Thus, modifying LSD1 as well as NSD1 is interesting to pursue in the
context of CAR T cell cancer therapy.

The epigenetic status of the PD-L2 locus in tumor cells is another
relevant candidate to investigate. Methylation of several CpG sites
in the PD-L2 locus correlates with CD8" T cells infiltration in tu-
%2 CCL5 and CXCL9 were previously shown to play a
pivotal role in T cell infiltration, whereas CCL5 is often epigenet-
ically silenced in cancer cells. A recent study revealed that decita-
bine stimulates CCL5 re-expression in tumor cells and enhances
T cell infiltration to tumor tissues.'®* Various studies have demon-

mor sites.

strated that DNMTis could enhance the antitumor function of
T cells by modulating the immunosuppressive activity of
myeloid-derived suppressor cells (MDSCs) and macrophages
within the TME.'""*™"® Treating B16 melanoma-bearing mice
with HDACis revealed that the epigenetic modification of tumor
cells not only enhances the efficacy of adoptively transferred cells
but also promotes the infiltration of anti-gp-100 T cells following

185
> In

the increased expression of gp-100 and MHC molecules.
addition to inhibiting histone writers, disrupting histone readers
can also be a good therapeutic option in several cancers. For
example, in an ovarian cancer model and squamous cell carci-
noma, treatment with JQ-1, a BET inhibitor, could remarkably
decrease PD-L1 expression on tumor cells and tumor-associated
immune cells."*>'® It is well documented that the TME contains
several suppressive cells, including Tregs, M2 macrophages,
MDSCs, tumor-associated neutrophils, as well as cancer-associated
fibroblasts.'® These cells exploit several mechanisms to hinder the
effective immune response in the TME. These mechanisms include
the secretion of immunosuppressive molecules (IL-10, TGEF-B,
arginase, IDO, prostaglandin E, [PGE2], adenosine) and increased
surface expression of inhibitory molecules. These soluble and
insoluble molecules can inhibit antitumor function of CAR
T cells in various ways. For example, tryptophan is an essential
amino acid for the activation, proliferation, and survival of CAR
T cells.'® Indoleamine 2,3-dioxygenase 1 (IDO) is a rate-limiting
enzyme that catabolizes tryptophan to kynurenine.'”® The produc-
tion of kynurenine and catabolization of tryptophan limit the
function of CAR T cells and their antitumor activity.'”"'*> IDO
is expressed in several cancers, and its expression is correlated
with poor T cell infiltration and clinical outcome.'”
studies have documented that IFN-y can induce IDO expression
as well as PD-L1.'"”* In recent studies, miR-153 and miR-448
were shown to suppress IDO1 expression effectively in colorectal
xenograft models.'”>'?® Furthermore, miR-153 overexpression in
cancer cells could enhance CAR T cell killing capacity in vitro
and suppress tumor growth in a murine colorectal cancer xeno-
graft model through suppression of IDOI1 expression.'”® PGE2 is
an immunosuppressive component of the TME. This soluble eicos-
anoid can increase cancer cell proliferation and inhibit an effective
antitumor T cell response. miR-21 and miR-155 have been shown
to stimulate PGE2-dependent signaling in tumor cells through

Various
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augmentation of the active form of PGE2. % In contrast,
miR-708 and miR-137 can inhibit PGE2 production and decrease
the levels of this molecule in tumors.'””*"" There are several other
miRNAs such as miR-126 and miR-503-5p that can target tumor-
igenic molecules such as VEGF and inhibit angiogenesis.”’' ***
miR-30a-5p and miR-422a target CD73,2°>2% an ecto-5'-nucleo-
tidase that can generate adenosine from AMP. Extracellular
adenosine is a key immunosuppressive metabolite that restricts
activation of CAR T cells and impairs their antitumor responses.
In line with these findings, it has been reported that genetic and
pharmacological targeting of the adenosine A2 receptor could
significantly improve antitumor function of CAR T cells.””” It
has also been shown that miR-22 targets galectin-9, a ligand of
the inhibitory receptor TIM-3 on T cells.””® There many other
miRNAs that can target TGF-B and their receptors,zw’211

oxygen species (ROS), and HIFl-o signaling pathways,”'>*"” as
well as other immune checkpoint ligands such as PD-L1.*'**"”
In an interesting study, it has been demonstrated that miR-141
can inhibit the recruitment of immunoregulatory cells to tumor
sites.”'® Altogether, these exciting findings highlight the potential
of combining miRNAs and CAR T cells to elicit favorable immune
responses and, thereby, better clinical outcomes.

reactive

Both cancerous and healthy cells are able to secrete extracellular
vesicles containing lipids, proteins, RNAs, and DNAs, which are
called exosomes. These extracellular vesicles facilitate crosstalk be-
tween cancer cells and immune cells. This crosstalk has been
implicated in the tumorigenesis process and response to ther-
apy.”'” Cancer cells can secrete and transport immunosuppressive
molecules (e.g., miRNAs) to immune cells and, as a consequence,
disarm these antitumor cells. In line with this concept, a recent
study revealed that miRNAs in melanoma-derived exosomes can
alter cytokine secretion and TCR signaling in CD8" T cells.
Some of these exosomal miRNAs (e.g., miR-181la/b and miR-
498) were able to directly bind to the 3’ UTR of TNF and decrease
TNF-a secretion. Exosomal miR-3187-3p inhibits the expression
of CD45, which is known as a signaling gatekeeper in TCR
signaling.”'® In addition to direct control of the T cell response
in the TME, exosomes can indirectly alter T cell antitumor
response. It has been shown that exosomal miR-23a-3p can target
PTEN in macrophages and reduce the expression of PTEN and
phosphorylation of AKT. It can also increase PD-L1 expression
on macrophages in hepatocellular carcinoma.”’® Moreover,
TAM-derived exosomes containing miR-29a-3p and miR-21-5p
have been shown to inhibit the antitumor response and enhance
tumor growth by targeting the 3’ UTR of STAT3 in T cells.”*
STAT3 is crucial transcription factor in Thl7 differentiation.
Thus, STAT3 targeting by miRNAs secreted from TAMs can in-
crease the Treg/Th17 ratio and promote immunosuppression.**’
In contrast, it has been discovered that activated T cells can secrete
cytotoxic extracellular vesicles containing miR-298-5p. This
miRNA can inhibit metastasis and tumor invasion through activa-
tion of caspase-3 and induction of apoptosis in mesenchymal tu-
mor stromal cells.””’ In aggregate, blocking the secretion or
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Figure 3. CAR T cells in TME

DNMTs and HDACs in tumor cells can suppress TAA and MHC expression as well as suppress transcription of Th1-associated cytokines and chemokines necessary for
T cellinfiltration. PD-1/PD-L1 interaction can induce CAR T cell exhaustion by epigenetic remodeling. Tumor-derived exosomes inhibit TCR signaling and cytokine production
in (CAR) T cells, leading to impaired tumor killing ability of these cells. Alternatively, tumor suppressor miRNAs can promote immune cell functions and inhibit tumor cell
invasion and angiogenesis. Tumor suppressor miRNAs can also inhibit Treg recruitment to the tumor site. These miRNAs are mainly downregulated in several tumors.

generation of cancer-derived exosomes or more specifically inhib-
iting the expression of oncomiRs, including miR-23a-3p, miR-29a-
3p, miR-21-5p, miR-181a/b, miR-498 and miR-3187-3p, and/or
promoting immunostimulatory miRNAs, including miR-298-5p,
may be an important therapeutic strategy in the context of CAR
T cell therapy. Figure 3 illustrates different layers of epigenetics
on the CAR T cells within the TME. Altogether, understanding
the mechanisms of immune evasion and epigenetic alterations in
tumor cells can provide an important rationale for using epidrugs
in combination with adoptive cell therapies. However, further in-
vestigations are needed to elucidate the molecular epigenetic
mechanisms responsible for immune evasion mechanisms and ge-
netic alterations in tumor and immune cells. Table 4 represents a
list of miRNAs that can be potentially targeted in tumors in the
context of CAR T cell therapy.

Conclusions

Although CAR T cells have shown remarkable strides in the treat-
ment of patients with advanced cancers, there are still challenges
limiting their overall efficacy in solid tumors. In this review we
discuss how utilizing epigenetic mechanisms and modifications
can overcome these challenges (Figure 4). For example, overex-
pression or restoration of memory-related genes as well as the
downregulation or suppression of exhaustion-related genes may

enhance CAR T cell persistence and long-lasting immune
surveillance.

The epigenome of patient-derived T cells is also a critical factor for
generation of fully functional CAR T cells with superior antitumor ac-
tivity. As accumulating data suggest, T cells derived from cancer pa-
tients may be epigenetically dysregulated compared to T cells derived
from healthy individuals.”***** Therefore, caution should be taken in
translation of in vitro and in vivo studies to clinical trials. It seems that
epigenome mapping of T cells isolated from patients might be a solu-
tion to overcome this challenge. With the help of epigenome data ex-
tracted from patient T cells, it would be possible to reprogram epige-
netically dysregulated T cells into fully functional and epigenetically
fit CAR T cells. Moreover, the use of allogeneic CAR T cells from
healthy donors might be another alternative strategy to overcome
this limitation.

Epigenetically modulating CAR T cells or cells in their surrounding
microenvironment might also help prevent antigen loss and heteroge-
neity and also make CAR T cell therapy more effective in the context
of a harsh TME. However, note that our knowledge in this field is still
poor and many details are unknown.

It is now well established that epigenetic modifications are major
players in the progression of cancer and pivotal regulators of
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Table 4. List of miRNAs that can be potentially targeted in the context of CAR T cell therapy

Source miRNAs Target Mechanism of action Cancer CART cell study  Refs.
miR-3187-3p  CD45 (PTPRC) TCR signaling alteration melanoma no 218
miR-181a/b

———— TNF-a cytotoxicity reduction melanoma no e
miR-498

Tumor-derived exosomes miR-23a-3p PTEN PD-LI expression in macrophages HCC no e
miR-29a-3p STAT3 secFeted from TAMs; upregulation of Treg/Th17 several o 220
miR-21-5p ratio
miR-298-5p N/D; caspase-3 Z‘;;i‘:i ;r:;:;v’ztfsgsé’;ns;scéss apoptosis via fibrosarcoma no 22!
miR-141 CXCL1 inhibits Treg recruitment NSCLC no e
miR-448 DO1 enhance proliferation and antitumor function of cc no e
miR-153 CD8* T cells yes 196
miR-155 PTGES/PTGES2 increases PGE2 production and cell proliferation breast no 198
miR-137 COX-2 inhibits COX-2 and PGE2 production retinoblastoma  no 199
miR-21 HPGD promotes expression of active PGE2 OTSCC no 17

Tumor cells miR-708 COX-2 and mPGES-1  inhibits PGE2 production NSCLC no 200
miR-126 VEGF-A reduces cell proliferation, inhibits angiogenesis several cancers  no 201,203,204
miR-503-5p VEGF-A inhibits angiogenesis CcC no 202
miR-30a-5p CD73 inhibits adenosine production NSCLC no 209
miR-422a CD73 inhibits adenosine production HNSCC no 200
miR-22 galectin-9 suppresses cell growth, invasion, and metastasis HCC no 208
miR-873 PD-L1 attenuates stemness and resistance of tumor cells  breast no 2

HCC, hepatocellular carcinoma; N/D, no data; NSCLC, non-small cell lung carcinoma; CC, colon cancer; OTSCC, oral tongue squamous cell carcinoma; HNSCC, head and neck
squamous cell carcinoma; TAM, tumor-associated macrophage; MSC, mesenchymal stromal cell.

(CAR) T cell functionality, which altogether are determinative factors
in the clinical outcome of adoptive (CAR) T cell therapy. An ever-
growing understanding of epigenetic processes will bring us closer
to the prospect of safer and more effective T cell-based therapies.
Epigenetic modifications with DNMTis and HDACis may lead to
more efficient clinical outcomes. For example, by using DNMTis in
CAR T cell production protocol, it is possible to achieve a higher level
of central memory CAR T cells. Another attractive epigenetic-based
approach involves the use of CAR T cells in combination with
DNMTis. This strategy may prevent antigen loss or heterogeneity

Trafficking
Infiltration
Penetration

Using DNMTi and HDACi to induce
expression of CTAs and HERVs

Tumor heterogeneity
Antigen loss

Using histone, DNA, and miRNAs
modifications to repress
immunomodulatory molecules

T cell intrinsic

Hostile TME regulation
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Using histone, DNA, and miRNAs

chemokines and their receptors

and simultaneously promote an endogenous antitumor immune
response. In line with this strategy, using ncRNAs such as miRNAs
is also promising and shows multiple advantages compared to other
gene engineering strategies. As miRNAs can target multiple mole-
cules at the same time, and also target DNMTs (e.g., miR-29), the
manipulation of a single ncRNA might entirely alter CAR T cell func-
tion. Indeed, due to their small size they can be readily used in multi-
cistronic CAR platforms. However, note that as epigenetic regulators
such epidrugs can affect multiple pathways within the cells, safety
cautions should be considered. In summary, it can be concluded

Figure 4. Epigenetic modifications that can be done
to overcome roadblocks in CAR T cell therapy

DNA and histone modifications as well as miRNAs can be
modified by epidrugs and other tools such as antagomiRs
to increase expression and presentation of tumor anti-
gens, enhance trafficking of CAR T cells and other im-
mune cells, modify the immunosuppressive tumor
microenvironment, and modulate T cell-intrinsic features,
including promoting memory phenotype development,
reverting exhaustion, and enhancing persistence of CAR
T cells.

modifications to overexpress

Using histone, DNA, and miRNAs

modifications to downregulate
inhibitory molecules
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that epigenetic modifications have the potential to revolutionize CAR
T cell therapy and present the next, and more effective, generation of
T cell-based cancer immunotherapies.
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