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Abstract

Despite the success of chimeric antigen receptor T (CART) cell therapy in hematological malignancies, durable
remissions remain low. Here, we report CART senescence as a potential resistance mechanism in 41BB-costimulated
CART cell therapy. To mimic cancer relapse, we utilized an in vitro model with repeated CART cell activation cycles
followed by rest periods. Using CD19-targeted CART cells with costimulation via 4-1BB-CD3( (BB() or CD28-CD3(
(280), we showed that CART cells undergo functional, phenotypical, and transcriptomic changes of senescence,
which is more prominent in BB(. We then utilized two additional independent strategies to induce senescence
through MYC activation and irradiation. Induction of senescence impaired BBC activity but improved 28C activity

in preclinical studies. These findings were supported by analyses of independent patient data sets; senescence
signatures in CART cell products were associated with non-response to BB( but with improved clinical outcomes in
28( treatment. In summary, our study identifies senescence as a potential mechanism of failure predominantly in
41BB-costimulated CART cells.

Significance

We identified senescence as a cause of failure in CART cell therapy, predominantly in 4-1BB-costimulated CART
cells.
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Introduction

Engineered T cells expressing chimeric antigen receptors
(CART) have emerged as a novel and potentially cura-
tive immunotherapy in a subset of patients with relapsed/
refractory hematological malignancies [1, 2]. Despite
high initial responses in the clinic, most patients relapse
within the first 1-2 years post-therapy [3]. Baseline T cell
defects, inhibition by the tumor and its microenviron-
ment, and suboptimal CART cell expansion and persis-
tence have been identified as critical factors involved in
CART cell failure [4-12].

Exhaustion is a state of dysfunction characterized by
decreased T cell effector functions and upregulation of
inhibitory receptors and pathways [13—-15]. Exhaustion
in CART cells has been studied extensively and dem-
onstrated to be partly due to chronic CAR stimulation
[10, 12, 16, 17]. Persistent T cell activation can induce
exhaustion or senescence, both of which can prevent
optimal T cell effector functions due to different underly-
ing mechanisms [18—22]. Senescing cells enter a terminal
state in which the cell cycle is irreversibly arrested, gain
resistance to apoptosis, and develop a proinflammatory
senescence-associated secretory phenotype (SASP) that
causes chronic inflammation [23, 24]. Accumulation
of senescence is associated with impaired tissue func-
tion, and selective removal of senescent cells has been
shown to improve tissue integrity [23, 24]. Several inde-
pendent studies have demonstrated alterations in genes
involved in the development of senescence based on sin-
gle cell sequencing analysis of CART cells, but it remains
unknown if CART cells acquire a senescent phenotype
and its potential impact on CART cell functions [25, 26].

We therefore assessed the development of senescence
in CART cells across two CAR constructs similar to
FDA-approved CD19-directed CART (CART19) prod-
ucts: CART19-41BB{ (BB{) and CART19-CD28( (28().
The main difference between BB{ and 28( therapies is the
costimulatory domain, which has been demonstrated to
dictate CART cell functional phenotype and fate [19, 27—
29]. Previous reports have suggested that 28( results in
more pronounced T cell activation with exhaustion phe-
notype compared to BB{, which has been characterized
as having a milder but longer-lasting activation [25-27].
Here, we report the development of CART senescence as
a mechanism of CART resistance and discovered costim-
ulatory domain-specific senescence responses in both
preclinical models and in clinical correlative data [25, 26].

Methods

Cell lines

The mantle cell lymphoma cell line JeKo-1 was purchased
from ATCC (Manassas, VA, USA) and cultured in R20
medium, which contained RPMI 1640 (cat# 21870092,
Gibco, Gaithersburg, MD, USA), 20% fetal bovine serum
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(cat# 250517, FBS, Sigma, St. Louis, MO, USA), and 1%
penicillin-streptomycin-glutamine (PSG) (cat# 221675,
Gibco). JeKo-1 was lentivirally transduced with lucifer-
ase-ZsGreen (pBMN (CMV-copGFP-Luc2-Puro), cat#
80389, Addgene, Cambridge, MA, USA) and sorted to
100% purity.

CART cell generation

CART cells were generated as previously described
[8-10, 12, 30]. In summary, second-generation CAR
constructs were synthesized de novo (Integrated DNA
Technologies, Coralville, IA, USA) containing an anti-
CD19 single chain variable fragment (clone FMC63) and
either CD28-CD3( or 41BB-CD3{ signaling domains in a
third-generation lentiviral backbone. Lentiviral particles
were generated through transfection of plasmids into
HEK-293T cells (ATCC) using Lipofectamine 3000 (cat#
L3000075, Invitrogen, Carlsbad, CA, USA). T cells were
isolated from de-identified healthy donors on Day 0 (DO)
using EasySep Human T Cell Isolation Kits (cat# 17951,
STEMCELL Technologies, Vancouver, BC, Canada) and
stimulated with CD3/CD28 Dynabeads (cat# 40203D,
LifeTechnologies, Oslo, Norway) at a 3:1 beads-to-cell
ratio. On Day 1, T cells were lentivirally transduced with
the CAR constructs at a multiplicity of infection of 3. T
cells were cultured in T cell medium containing X-Vivo
15 (cat# 123696, Lonza, Walkersville, MD, USA), 10%
human serum albumin (cat# 12667-50ML-M, Corn-
ing, NY, USA), and 1% PSG (cat# 221675, Gibco). Beads
were removed and CAR expression was assessed on Day
6. CART cells were used in the repeated activation cycle
model beginning on Day 8. CAR expression was detected
with anti-FMC63 (cat# FM3-AY54P1, ACROBiosystems,
Newark, DE, USA).

In vitro model for CART cell failure

After generating untransduced control T cells (UTD),
CART19-41BB-CD3{ (BB{), and CART19-CD28-CD3{
(28(0) cells through the eight-day protocol described
above, T cells or Day 8 CART cells (UTD D8, BB{ D8, and
28( D8) were co-cultured with JeKo-1 cells that had been
irradiated at 120 Gy (JeKo-1 IR) at a 1:1 effector-to-target
ratio. A second round of 1:1 JeKo-1 IR was added to the
co-culture after three days. The media was replaced with
fresh media two days later, and CART cells were rested
for two additional days before concluding the activation
cycle and performing functional assays. As such, CART
cells after one activation cycle were referred to as BB{
D15, and 28( D15.

T cell functional assays

CART cell proliferation and cytotoxicity assays were
performed as previously described [9, 12, 30]. In sum-
mary, for killing assays, effector cells were cocultured
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with luciferase® JeKo-1 cells at various ratios. Target
killing was assessed at the indicated timepoints by add-
ing 1 pL of 30 pg/mL D-luciferin (cat# LUCK-1G, Gold
Biotechnology, St. Louis, MO, USA) per 100 pL media to
the cocultures and performing bioluminescence imaging
(BLI) (Promega GloMax Explorer, Madison, WI, USA)
to measure the remaining live cells. For proliferation
assays, effector cells and JeKo-1 cells were cocultured
at a 1:1 ratio. After three days, absolute counts of CD3*
cells were assessed via flow cytometry using anti-human
CD3 (cat# 344818, BioLegend, San Diego, CA, USA) and
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (cat#
134966, Invitrogen).

In vivo experiments

6- to 8-weeks old NOD-SCID-IL2ry~~ (NSG) mice were
purchased from Jackson Laboratories and were cared for
at the Department of Comparative Medicine at the Mayo
Clinic under an approved Institutional Animal Care and
Use Committee protocol (A00001767-16-R22). Mice
were intravenously engrafted with luciferase® 1x10°
JeKo-1 cells, and tumor burden was serially assessed via
BLI with a Xenogen IVIS-200 Spectrum camera (Perki-
nElmer, Hopkinton, MA, USA) as previously described
[9, 12]. When tumor burden reached ~ 108 photons/sec-
ond, mice were randomized to treatment with 1-1.5 x 10°
effector cells through tail vein injection as indicated in
each experiment. Mice were monitored for tumor burden
and overall survival.

CART cell in vivo expansion and cytokine analysis

In vivo cytokine profile and CART cell expansion were
assessed by peripheral blood sampling. To determine
CART cell counts, ~70uL of peripheral blood was col-
lected from the tail vein and lysed of red blood cells with
FACS™ Lysing Solution (cat# 349202, BD Biosciences,
San Diego, CA, USA). Antibody staining was performed
with anti-human CD3, anti-human CD45 (cat# 304032,
BioLegend), anti-mouse CD45 (cat# 103116, BioLegend)
and anti-human CD20 (cat# 980208, BioLegend). Flow
cytometry was then performed to determine the absolute
CD3* T cell count [12].

Cytokine concentration in the serum of mice was deter-
mined with MILLIPLEX MAP Human High Sensitivity
T Cell Panel Premixed 13-plex (cat#¥ HSTCMAG28P-
MX13BK, Millipore Sigma, Ontario, Canada) according
to the manufacturer’s instructions. Analysis was com-
pleted with Belysa software after running the samples on
a Luminex 200 (Millipore Sigma).

Intracellular staining

p21 Wafl/Cip1 (cat# CST 8865) and p53 (cat# CST 5429)
antibodies were purchased from Cell Signaling Technol-
ogy (CST) (Danvers, MA, USA). The cells were stained
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according to the manufacturer’s recommendations. In
summary, the cells were washed with PBS and fixed with
4% formaldehyde for 15 min at room temperature. Fixed
cells were permeabilized with 90% methanol for 10 min
on ice. The cells were stained with the antibodies for 1 h
at room temperature for flow analysis. All measurements
were performed in technical triplicates. Fluorescence
minus one (FMO) was used as a negative control to pro-
vide the positive and negative gates.

EdU assay

UTD and CART cells were co-cultured with JeKo-1 IR
at a 1:1 ratio in the presence of 2 uM EdU for 24 h and
stained according to the manufacturer’s protocol for
Click-iT™ Plus EdU Alexa Fluor™ 647 Flow Cytometry
Assay Kit from Life Technologies (cat# C10635). All mea-
surements were performed in technical triplicates. Cells
without EdU served as a negative control to gate the posi-
tive and negative EAU populations.

RNA isolation, rnaseq, and qPCR

Cells used for RNA isolation were cultured in serum-
free media for 24 hours before being flash frozen and
stored at -80°C until RNA isolation. RNA was isolated
from ~1x 107 cells in one batch with RNeasy Plus Mini
Kit (cat# 74134, Qiagen, Hilden, Germany) according to
the manufacturer’s protocol. RNA quality was initially
assessed using Qubit fluorometry (Invitrogen, Carlsbad,
CA) and the Agilent Fragment Analyzer (Santa Clara,
CA, USA). ¢cDNA libraries were prepared using 100 ng of
total RNA according to the manufacturer’s instructions
for the QuantSeq 3’ mRNA-Seq Library Kit (Lexogen,
Greenland, NH, USA). The concentration and size distri-
bution of the completed libraries were determined using
an Agilent TapeStation DNA 1000 chip (Santa Clara, CA,
USA) and Qubit fluorometry (Invitrogen). Libraries were
sequenced following Illumina’s standard protocol for the
NovaSeq 6000 (San Diego, CA, USA). The flow cell was
sequenced as 100 bp single end reads using the NovaSeq
SP sequencing kit and NovaSeq Control Software v1.7.5.
Base-calling was performed using Illumina’s RTA version
3.4.4.

c¢DNA for qPCR was produced with iScript Advanced
c¢DNA Kit for real-time quantitative polymerase chain
reaction (RT-qPCR) (cat# 1725038, Bio-Rad, Hercules,
CA, USA) according to the manufacturer’s suggestions.
RT-qPCR was performed according to manufacturer’s
instructions with RT-qPCR SsoAdvanced Universal
SYBR Green Supermix (cat# S7563, Bio-Rad).

Primers used for qPCR included TBP [31] (F: GCCAG
CTTCGGAGAGTTCTGGGATT, R: CGGGCACGAAG
TGCAATGGTCTTTA), p21 [31] (F: GCCATTAGCGC
ATCACAGT, R: ACCGAGGCACTCAGAGGAG), p53
[31] (F: GAGGTTGGCTCTGACTGTACC, TCCGTCC
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CAGTAGATTACCAC), MMP12 [31] (F: CTGAGGAC
ATAGCAAATATGCAATAAA R: TGGTTTGGTTGTT
AGAAATGGTGTA), MYC [32] (F: CCTACCCTCTCAA
CGACAGC, R: CTCTGACCTTTTGCCAGGAG), uPAR
[33] (F: CGAGGTTGTGTGTGGGTTA, R: GGCACTG
TTCTTCAGGGCT) and PIM1 [34] (F: CGACATCAAG
GACGAAAACATC, R: ACTC-TGGAGGGCTATACAC
TC).

RNA-seq analysis

We utilized RNA-seq analysis to compare untransduced
control T cell (UTD), BB{ D8 and D15, and 28({ D8 and
D15 (n=3 per time point). Differentially expressed genes
in UTD versus BB{ D8, D15 and 28( D8, D15 was ana-
lyzed using the “limma” (v3.58.1) R package after remov-
ing lowly expressed genes and voom transformation.
Expression of SenMayo genes were visualized in heat-
maps after scaling each gene and hierarchical clustering
where distance metric was set to “correlation” and the
clustering method was set to “complete” using “pheat-
map” (v1.0.12) R package. Principal component analy-
sis (PCA) was performed using the voom-normalized
gene expression matrix via the “factoextra” R package
(v1.0.7). The entire set of genes were used for this analysis
and individual samples are visualized along the first two
principal component axes. Lastly, we performed GSEA
between select pairs of samples where the genome-wide
log fold-change values were provided as a pre-ranked
input to the fgsea algorithm (v1.28.0).

Analysis of scrnaseq data

scRNAseq data of patients with B-cell lymphoma treated
with CART19 were downloaded from the GEO data-
base (GSE197268) (previously reported in Haradhvala
et al. (2022)) [25]. This data set consists of time-course
analyses of PBMCs before and during treatment with axi-
cabtagene ciloleucel (axi-cel, containing CD28 signaling
domain) or tisagenlecleucel (tisa-cel, containing 4-1BB
signaling domain). Raw barcode-feature matrices were
processed using Seurat R package (v5.0.2) and low-qual-
ity cells containing <200 or >6000 mapped features and
>10% mitochondrial transcripts were removed from the
analyses. Gene expression data were normalized using
cpm method of Seurat and data were log2-transformed
subsequently. 28 out of 32 patients with scRNAseq data
on day O (infusion timepoint) and day 7 (on-treatment
timepoint) were selected for further analysis. Out of
these 28 patients, 15 patients were treated with axi-cel
(9 with complete response [Axi_R], 6 with progressive
disease [Axi_NR]) and 13 patients were treated with
tisa-cel (5 with complete response [Tisa_R], 9 patients
with progressive disease [Tisa_NR]). For gene set enrich-
ment analyses (GSEA), single-cell data were converted
to pseudobulk data by first “gating” cells based on CAR
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expression (non-zero counts of the annotated Yescarta
and Kymriah transcripts) and calculating an average gene
expression value for each gene. Pseudobulk data were
aggregated across patients and GSEA was performed
using fgsea R package (v1.28.0) following ranking genes
based on their signal-to-noise ratio [35]. We also per-
formed survival analysis using pseudobulk data from this
cohort. To that end, we extracted progression-free sur-
vival duration for each patient by matching the FDG-PET
scan timepoint and the classification of response at the
time of the scan. We performed survival analysis using
the “survival” (v3.5-8) and “survminer” (v0.4.9) R pack-
ages after categorizing the patients as high or low at the
median value of the averaged senMayo gene set.

Western blot

Western blot was performed as described previously
[36]. CART cell pellets were washed once with ice cold
PBS. Then, the cell pellet was resuspended for 15 min on
ice with cold cell lysis buffer (cat# R0278, RIPA buffer,
Thermo Fisher, Waltham, MA, USA) with freshly added
protease and phosphatase inhibitors (Halt™ Protease and
Phosphatase Inhibitor Cocktail, Thermo Fisher, Waltham,
MA, USA). Protein concentration was measured by BCA
assay (Thermo Fisher, Waltham, MA, USA). 20 pg of
protein lysate was run on an SDS-PAGE gel (Mini-PRO-
TEAN TGX Precast Protein Gels, cat# 4561094, Bio-
Rad), followed by protein transfer on a PVDF membrane.
The antibodies used are B-Actin (cat# 4967 S), p-Chk2
(Thr68) (cat# 2197), p-ATM (Ser1981) (cat# 5883), p-His-
tone H2A.X (Ser139) (cat# 9718), c-Myc (cat# 13987 S)
(CST), p53 (cat# sc-126) and p21 (cat# sc-53870) (Santa
Cruz, Dallas, Texas US).

MYCT58A and MYC overexpression

PIG-MycT58A (cat# 177648) and pCW57.1 CMYC (Plas-
mid #164145) were purchased from Addgene to amplify
and clone oncogenic and WT MYC into pLenti CMV
Blast empty (w263-1) (cat# 17486) to generate pLenti
CMYV Blast MYC T58A. Lentivirus was produced from
pLenti CMV Blast empty (control) and pLenti CMV Blast
MYC T58A following the same protocol for CAR19 virus
production. MYC T58A-expressing CART cells were
selected with blasticidin (cat# A1113903, Thermo Fisher)
at 10 pg/ml concentration between days 3-8 of CART
manufacturing.

Telomere length measurements

DNA was isolated from T cells DO and CART cells at D8
and D15 with the DNeasy Blood & Tissue Kit (QIAGEN)
according to the manufacturer’s protocol. Telomere
length was measured by qPCR with the Absolute Human
Telomere Length Quantification qPCR Assay Kit (cat#
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8918, ScienCell Research Laboratories, Carlsbad, CA,
USA) following the manufacturer’s protocol.

Software

All statistics were performed using GraphPad Prism ver-
sion 10.2.0 for Windows (GraphPad Software, La Jolla,
CA, USA). Statistical tests are described in detail in the
respective figure legends. Flow cytometry data were ana-
lyzed by FlowJo (Ashland, Oregon, US). Illustrations were
generated by Biorender (Toronto, Ontario, Canada).

Results

A model to study irreversible CART cell dysfunction using
recurrent activation followed by rest

We utilized an in vitro model that incorporates serial
CART cell activation followed by resting periods between
stimulations. Serial CART cell activation/resting cycles
are intended to mimic multiple rounds of CART cell acti-
vation by recurrent interactions with cancer cells, while
resting periods are implemented to enrich irreversible
senescent CART cell populations [15-18]. We generated
untransduced (UTD), BB(, and 28( cells from healthy
donor T cells from Day 0 (D0) to Day 8 (D8) (Supp. Fig.
S1A). D8 CART cells served as a baseline timepoint for
manufactured CART cell function and phenotype, as
they are equivalent to freshly manufactured CART cells
used in preclinical experiments and in clinical settings
[9]. We activated both BB{ and 28(, which expressed
similar levels of CAR (Supp. Fig. S1B), through repeated
cocultures with lethally irradiated CD19" mantle cell
lymphoma cell line JeKo-1, followed by a period of rest
(Supp. Fig. S1A, D8 to D15). During rest, CART cells
were cultured in T cell medium without additional target
cells for four days prior to analysis. CART cells after one
activation/rest cycle in this report are referred to as acti-
vated/rested or Day 15 (D15) CART cells.

In this model, we found that the expression of inhibi-
tory receptors — lymphocyte activation gene 3 (LAG-3),
cytotoxic T lymphocyte-associated protein 4 (CTLA-
4), programmed cell death 1 (PD-1) and, T cell immu-
noglobulin and mucin domain 3 (TIM-3)—increased
significantly three days after activation with anti-CD3/
CD28 Dynabeads (used during CART cell production,
Supp. Fig. S1A). LAG-3, CTLA-4, and PD-1 returned
to baseline levels on D8, after two days of rest. TIM-3,
however, remained elevated following activation and rest
(Supp. Fig. S1C). Similarly, LAG-3, CTLA-4, and PD-1
all returned to basal levels at the end of each activation/
rest cycle (Supp. Fig. S1ID-F), but TIM-3 remained per-
sistently elevated even after resting periods (Supp. Fig.
S1QG). Persistent TIM-3 expression is reported to be asso-
ciated with senescent T cells [37].

Page 5 of 16

Recurrent activation impairs CART cell activity and
cytokine profile in vitro and in vivo

We next tested the effect of recurrent CART cell acti-
vation on CART cell efficacy in vitro and in vivo. We
cocultured BB{ and 28( cells at baseline D8 and acti-
vated/rested D15 with JeKo-1 in vitro to measure CART
cell activation. Both BB({ and 28( cells demonstrated
decreased killing (Fig. 1A), number of cells entering
cell cycle (Fig. 1B), and antigen-specific proliferation
(Fig. 1C) after coculture. These findings were consis-
tent when CART19 cells were cocultured with the acute
lymphoblastic leukemia cell line, NALMS6, as well (Supp.
Fig. S2A, B). Collectively, our data indicate that recur-
rently activated/rested CART19 cells are associated with
impaired effector functions without overt upregulation of
exhaustion markers but with persistent TIM3 expression,
suggestive of a senescent phenotype. 28( efficacy was
impaired more by recurrent activation/resting compared
to BBL. This is consistent with other studies demonstrat-
ing that 28( exhibit stronger initial activation which lasts
for shorter periods of time [19, 38, 39].

To further investigate these findings, recurrently acti-
vated CART19 cells were tested in a xenograft lymphoma
mouse model. We intravenously engrafted 1x 10° lucif-
erase’ JeKo-1 cells to NOD-SCID-IL2ry™/~ (NSG) mice.
When bioluminescence intensity of the tumor cells
reached ~ 10® photons/second, mice were randomized
by tumor burden and treated intravenously with 1x 10°
UTD control or with BB{ or 28( cells that were previ-
ously cryopreserved at baseline or after activation/rest
(Fig. 1D). Mice treated with baseline BB{ D8 or 28( D8
had significantly lower tumor burden compared to UTD-
treated mice. However, in both recurrently activated/
rested BB{ D15- and 28( D15-treated mice, tumor bur-
dens were not significantly different from UTD-treated
mice (Fig. 1E, F), and survival decreased in both BB{
D15- and 28( D15-treated mice (Supp. Fig. S2C), indicat-
ing pronounced CART dysfunction in recurrently acti-
vated/rested CART cells.

Secretion of tumor necrosis factor (TNF)-a has been
reported to be elevated in senescent T cells [40]. There-
fore, we measured TNF-a levels from the serum of mice
from our in vivo model. Serum levels of TNF-a were sig-
nificantly elevated in activated/rested BB(-treated mice
compared to baseline BB{-treated mice, but this trend
was not observed in 28(-treated mice (Fig. 1G).

Senescence-like immunophenotype in CART cells differs
based on costimulatory domain

To further characterize the development of a senescence-
like phenotype in CART19 cells, we next assessed levels
of senescence markers in our recurrently activated/rested
CART cells by flow cytometry, qPCR, telomere length,
and DNA damage markers. p21 expression is an early
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Fig. 1 Recurrent activation/resting impairs CART cell activity. A-C. D8 CART cells are generated and serially activated/rested to produce D15 CART cells

as indicated in Supp. Fig. STA. CART cells at each time point are cocultured with JeKo-1

to measure (A.) antigen-specific killing two days after coculture,

(B.) cells entering cell cycle after 24 h of activation and (C.) CART cell proliferation three days after coculture. D. Summary of the in vivo experiments.
Mice were intravenously engrafted with 1x 10° luciferase +JeKo-1 cells. After JeKo-1 tumor burden reached ~ 10® photons/second, mice received 1 x 10°-
1.5%10° UTD or CART cells intravenously as indicated in each group. Tumor burden was serially assessed via bioluminescence (n=5 mice/group). E-F.
Tumor burden, measured by bioluminescence imaging, 16 days post-CART cell injection is shown (one-way ANOVA). G. Peripheral blood samples from
mice were collected 21 days after CART cell infusion. Serum levels of TNF-a (one-way ANOVA) are plotted. Error bars, SEM. ns p>0.05, *p < 0.05, **p < 0.01,

***p <0.001, ****p < 0.0001

senescence event [31]. The amount of p21* CART cells
increased significantly in repeatedly activated/rested BB{
compared to 28( at both baseline D8 and activated/rested
D15 (Fig. 2A). T cell senescence marker KLRG1 expres-
sion was higher in BB{ compared to 28( at D15. While
KLRG1 levels remained similar in BB{ at D8 and D15,
the amount of KLRG1-expressing 28( cells decreased at
D15 compared to D8 (Fig. 2B). uPAR has recently been
identified as a surface marker for senescent cells [41, 42].
uPAR levels were higher in both baseline and activated/
rested BB( cells compared to 28( (Fig. 2C). CD27 expres-
sion decreased in both BB{ and 28( upon recurrent acti-
vation (Fig. 2D). TIM-3 levels (Fig. 2E) were higher in
baseline BB{ compared to 28(. Since CD4:CD8 ratio is
variable from one donor to the other, we measured the

expression of senescence markers in CD4* and CD8*
CART cells for both BB{ and 28( (Supp. Fig. S3A, B).
uPAR and KLRGI1 were similarly upregulated in BB(
compared to 28( in both CD4" and CD8" CART cells. To
further evaluate the potential impact of CD4:CDS8 ratio
on the development of senescence phenotype, we sorted
CD8* and CD4" CART cells with microbeads and mixed
them at 1:1 ratio (referred to as BB({ 1:1 and 28( 1:1) in
an independent cohort (n=4). CART cells are stained for
CD4 and CD8 after 1:1 mixing, (Supp. Fig. S3C). Expres-
sion of uPAR and KLRG1 was higher in BB{ compared
to 28 in the CART cells with fixed 1:1 CD4:CD8 ratio,
as well as in the CD4* and CD8" CART cell fractions
(Supp. Fig S3D-E), similar to the phenotype of CART
cells generated from variable CD4:CDS8 ratios. Finally, we
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Fig. 2 Recurrent activation/rest differentially induced senescence in CART cells with alternative costimulatory domains. A-E. The percentage of CD3* T
cells that are positive for (A.) p21, (B.) KLRG1, (C.) uPAR, (D.) CD27 and (E.) TIM-3 as measured by flow cytometry are plotted (n=6 donors) (A-D., two-way
ANOVA, E,, t-test). F-G. Expression of uPAR, TIM-3, and KLRG1 and loss of CD27 expression are considered senescence events. Simultaneous occurrence of
two, three, and four of these events in (F.) D8 and (G.) D15 CART cells are plotted as percent of CD3* cells (t-test). H. DNA is isolated from DO, D8 and D15
CART cells. The telomere lengths are measured by gPCR and plotted for each time point (two-way ANOVA). I-L. mRNA expression of (I.) p21, J.) p53, (K.)
PIM-1, and (L.) uPAR are measured by gPCR. Fold change is calculated by 2" (-delta delta CT). The expression levels are normalized to BB D8 (two-way
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assessed the antitumor killing of BB( and 28{ CART with
1:1 CD4:CDS8 ratio following repeated cycles of activa-
tion/rest, to determine if CD4:CD8 ratio contributes to
senescence induced CART cell failure. Baseline CART
cells on D8 or activated/rested CART cells on D15 were
cocultured with luciferase positive JeKo-1 cells for 24 h
at the indicated E: T ratios. The antigen-specific kill-
ing of both BB{ 1:1 and 28( 1:1 was negatively impacted

following recurrent activation (Fig S3F-G). The killing
of recurrently activated/rested CART cells with variable
CD4:CD8 ratios was similar to the killing of recurrently
activated/rested CART cells with 1:1 CD4:CDS8 ratio (Fig.
S3H-I).

T cell activation, senescence and exhaustion are closely
related but distinct T cell phenotypes. Several pro-
teins are identified to be expressed in both senescence
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and exhaustion in different studies [21, 37, 43—-46]. We
therefore analyzed the simultaneous co-expression of
two or more senescence-associated receptors on CART
cells, including the overexpression of uPAR, TIM-3, and
KLRG], or the loss of CD27 expression to more strin-
gently define CART senescence [18, 41]. Percentages of
cells which displayed multiple senescence-related protein
expression were significantly higher in BB{ compared to
28( as early as D8 (Fig. 2F) as well as on D15 (Fig. 2G).
Interestingly, when co-expression of the 4 markers was
examined, both D15 BB( and 28( exhibited similar levels
of expression. This is possibly because 28( also develop
some degree of senescence by D15 of repeated stimula-
tion/rest cycles (Fig. 2G).

As shorter telomere length is a hallmark of cell senes-
cence, we next measured telomere length of T cells at DO
and CART cells at D8 and D15 by qPCR. Interestingly,
telomere lengths were increased in both BB{ and 28(
upon activation (Fig. 2H). T cell activation is known to
induce human telomerase reverse transcriptase (WTERT)
activity and telomere elongation upon activation [47].
However, telomere length of BB( was significantly shorter
than 28C at D15, further supporting a more prominent
senescent phenotype in BB{ (Fig. 2H).

We then analyzed the expression of cell cycle regulators
and senescence markers as additional measures of senes-
cence by qPCR. In accordance with our flow cytometry
analysis, we found increased p21 expression in BB{ com-
pared to 28( at both D8 and D15 (Fig. 2I). Likewise, p53
expression increased in recurrently activated BB{ and in
BB({ D15 compared to 28({ D15 (Fig. 2J). Expression of
both PIM1 (Fig. 2K) and uPAR (Fig. 2L) was higher in
BB( compared to 28 at both D8 and D15.

Next, we evaluated recurrently activated/rested CART
cells for upregulation of well-established DNA damage
markers by immunoblotting, since DNA damage is a
major inducer and marker of senescence [48]. Our results
indicated that levels of DNA damage markers p-H2AX
(Ser139), p-ATM (Ser1981), and p-Chk2 (Thr68) are
upregulated upon repeated activation in BB{ but not in
28( (Fig. 2M). CART cells isolated from the spleens of
mice 21 days following CART injection (Fig. 1D) dem-
onstrated higher expression of KLRG1 and/or CD57 in
BB( compared to 28(, again indicating a more prominent
senescent phenotype in BB( in vivo (Fig. 2N).

A senescent transcriptional signature is differentially
enriched upon recurrent activation/rest cycles in BB{ vs.
28

Next, we assessed the transcriptome of recurrently acti-
vated/rested CART cells from three healthy donors by
performing RNA sequencing as illustrated in Supp. Fig.
S1A. CART cells from different donors clustered based
on the costimulatory domain rather than clustering by
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donor or DO, D8, and D15 in principal component analy-
sis (PCA) (Supp. Fig. S4A). D15 CART cells were clus-
tered based on costimulatory domain in unsupervised
hierarchical clustering analysis based on the expression
of the genes listed in senMayo gene set (Supp. Fig. S4B).
Gene set enrichment analysis (GSEA) with a focus on
senMayo, a novel gene set specific for senescent cells [49]
was significantly enriched activated/rested BB{ but not
28( (Fig. 3A). Normalized gene counts in hallmark gene
sets revealed enriched gene sets in activated/rested BB{
related to senescent T cell phenotypes, including DNA
damage, oxidative stress, and glycolysis (Supp. Fig. S4C,
Supp. Table S1). Next, we compared basal or repeatedly
activated/rested BB({ and 28( to determine differentially
expressed genes and compare them with senescence-
associated genes listed in CellAge (https://genomics.se
nescence.info/cells/) [50]. We found an upregulation in
genes that are reported to induce senescence and a down-
regulation of genes that are reported to inhibit senes-
cence, particularly in BB{ (Fig. 3B). Collectively, our data
suggest that both BB{ and 28( exhibit signs of senescence
as evident by impaired effector functions, persistent
elevation of TIM-3, increased secretion of inflammatory
cytokines, and increased cell cycle regulator expression
upon repeated stimulation followed by rest. However,
our experiments strongly indicate that BB{ are more sus-
ceptible to senescence as indicated by their significant
senescence-associated markers, accumulated DNA dam-
age markers, telomere length, and enrichment of senes-
cence gene signature.

MYC activation due to recurrent activation/resting cycles
has differential impacts on BB{ and 28(

GSEA revealed that numerous MYC-related gene sets
were enriched in BB{ but depleted in 28( following
repeated activation/rest cycles (Fig. 3C, Supp. Tables S1—
S2). We therefore measured MYC expression in recur-
rently activated/rested CART cells and found that MYC
was significantly upregulated in BB{ but decreased in 28(
upon recurrent activation/resting (Fig. 3D).

To test whether MYC activation differentially impacts
BB({ and 28(, we transduced CART cells to overex-
press oncogenic MYC T58A (MYC OE) and confirmed
MYC overexpression compared to controls by qPCR
(Fig. 4A). MYC and MYC T58A are known onco-
genes, and acute oncogene activation in primary cells
is a well-known inducer of senescence defined as onco-
gene-induced senescence [51]. Indeed, MYC activa-
tion upregulated known T cell senescence markers,
such as p21, p53, and p-H2AX, in both BB{ and 28( as
determined by immunoblotting or flow cytometric
analysis (Fig. 4B, C). It should be noted that MYC over-
expression in both BB{ and 28( induced a senescence
phenotype (Fig. 4A-C). Notably, MYC activation did
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not induce exhaustion marker expression (Supp. Fig.
S4D-F). Antigen-specific stimulation of BB{ MYC OE,
but not 28{ MYC OE, resulted in decreased cell cycle,
measured with EDU, compared to control BB{ and 28(
(Fig. 4D). BB{ MYC OE, but not 28{ MYC OE, displayed
decreased antigen-specific killing and proliferation com-
pared to controls (Fig. 4E, F). These data suggest that
MYC is activated in recurrently activated/rested BB,
and MYC-induced senescence may have a detrimen-
tal impact on BB{ functions. To test the efficacy of wild

type MYC-overexpressing CART cells in an in vivo set-
ting, we performed a xenograft mice experiment similar
to Fig. 1D. Here, JeKo-1-engrafted mice received 1.5 x 10°
control or MYC overexpressing BB({ or 28(. Interest-
ingly, the number of circulating CART cells in peripheral
blood of both BB{ and 28({ decreased upon MYC over-
expression (Fig. 4G). This suggests that both 28( and
BB( might be negatively impacted by MYC overexpres-
sion (Fig. 4D-G). However, BB{ MYC OE was more pro-
foundly impacted than MYC OE 28 (Fig. 4@G), suggesting
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that BB( is more sensitive to MYC activation. BB{ MYC  cells was ~10 times lower than non-irradiated CART
OE-treated mice had significantly higher tumor burden cells (data not shown). Interestingly, upon co-culture
compared to control BB{ mice as early as 13 days after  with target cells, irradiated 28(, but not irradiated BB,
CART cell injection, while this trend was not observed in  killed target cells and entered the cell cycle more effi-
28( groups (Fig. 4H, I). BB{ MYC OE treated mice had a  ciently as measured by EDU assay (Fig. 5E-F). These phe-
significantly worse overall survival compared to control nomena, notably, occurred in irradiated 28( without a
mice (Fig. 47). corresponding increase in proliferation (Fig. 5G). Since

our experiments demonstrate that induction of a senes-
Induction of senescence through irradiation enhances 28( cence-like state in CART cells impaired BB{ activity, but
To further validate the effect of senescence on CART  not 28( activity, we next assessed the potential impact
efficacy in BB( and 28(, we next induced senescence in  of senescence on CART activity in the clinic. Analysis
CART cells through sublethal irradiation on Day 2 of of publicly available single cell RNA sequencing datas-
CART manufacturing (Supp. Fig. S5A). Irradiated CART  ets from patients treated with CART cells indicated that
cells showed increased senescence marker expression by  the senMayo gene set was enriched in non-responders
qPCR (Fig. 5A-D) and flow cytometry (Supp. Fig. S5B-  vs. responders to tisagenlecleucel (tisa-cel, equivalent
E). It should be noted that the yield of irradiated CART  to BB(), but not in non-responders vs. responders to
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axicabtagene ciloleucel (axi-cel, equivalent to 28(), pro-
viding additional support for the role of senescence in the
failure of 4-1BB- but not CD28-costimulated CART cells
in the clinic (Fig. 6A). We generated a scoring system
based on each patient’s senMayo gene expression signa-
ture. Interestingly, axi-cel-treated but not tisa-cel-treated
patients with high senMayo scores had longer progres-
sion-free survival (Fig. 6B) [25]. Similar to recurrently
activated/rested BB{ (Fig. 3C), numerous MYC-related
pathways were enriched in non-responders vs. respond-
ers to tisa-cel but not in non-responders vs. respond-
ers to axi-cel (Fig. 6C, Supp. Table S3) [25]. While these
results were surprising, another recent study also found
a positive correlation between presence of senescent-
like axi-cel CART cells in patient peripheral blood and
complete response, providing additional support for our
findings [26]. Altogether, these data support the role of
MYC-induced senescence in the failure of 41BB- but not
CD28-costimulated CART cells.

Discussion

The goal of this study is to assess the role of senescence
in CART cell dysfunction and its implications in the
clinic. CART cells that were subjected to repeated cycles
of activation/rest developed a state of senescence, which
was more prominent in 41BB-costimulated CART cells.
Transcriptomic analyses highlighted enrichment of MYC
targets in recurrently activated/rested BB{ but not in 28(.
As such, we induced senescence by overexpressing onco-
genic MYC T58A or wild type MYC or by irradiation
of CART cells and found that induction of senescence

impacted BB and 28( efficacy differently in these mod-
els as well. Finally, our analysis indicated that senescence
was associated with poor response with BB{ but not 28(
in the clinic.

The development of senescence is characterized by
upregulation of genes and markers that are also asso-
ciated with T cell activation, exhaustion, or differen-
tiation. To clearly differentiate senescence from other
cellular fates, we utilized a multi-faceted approach which
included cellular immunophenotype, functional profile,
DNA damage assessment, telomere length, and tran-
scriptomic profile after a resting period. We utilized a
novel gene set for senescence that was recently reported,
senMayo, which consists of 125 genes whose expression
is consistently associated with senescence of multiple tis-
sues induced through different methods [49]. senMayo
gene set was notably enriched in recurrently activated/
rested BB{ and in nonresponsive tisa-cel-treated patients
but not in recurrently activated/rested 28 or nonrespon-
sive axi-cel-treated patients.

T cell exhaustion has been demonstrated as a mecha-
nism for CART cell failure in the clinic by several inde-
pendent studies [12, 52-54]. T cell exhaustion is a
reversible fate, and multiple genes have been shown to be
involved in CART cell exhaustion [15, 18, 19]. Attempts
to modulate CART cell exhaustion are in early-stage clin-
ical testing. However, targeting exhaustion does not seem
to be sufficient to fully reverse CART cell dysfunction or
induce durable responses [55]. T cell senescence, on the
other hand, is a permanent fate. CART cells have been
shown to differentiate into different cellular fates based
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on stimulatory signals. Based on these observations, we
hypothesized that CART cells may be susceptible to a
senescent-like phenotype following repeated interactions
with cancer cells which cause CART cell therapy failure.
Therefore, modulating CART cell senescence as well as
exhaustion should both be considered to promote dura-
ble CART cell response.

To test our hypothesis, we utilized three independent
strategies to mimic the induction of senescence in CART
cells: repeated cycles of activation followed by rest, MYC
overexpression, and irradiation. Our data strongly indi-
cate the development of a state of senescence that is more
profound and associated with impaired functions in
41BB-costimulated CART cells than CD28-costimulated
CART cells in vitro, in vivo, and in the clinic. The devel-
opment of senescence is independent of CD4* and CD8*
composition of the CART cells. Early signs of senescence
in BB{ were evident starting in D8 CART cells by ele-
vated p21 (an early event in senescence [31]), and CD366
expressions. Extended activation/rest cycles have been
shown to induce severe T cell dysfunction, which may
result in more global T cell changes, masking the genes
associated with senescence [12]. None of the strategies
employed to induce senescence instigated an overt devel-
opment of an exhaustion phenotype.

Our transcriptomic analysis highlighted significantly
altered senescence-related genes in BB{ compared to 28¢.
ABCBI [57], TRAFS [58], and ITGA1 [59], the absence
of which are linked to T cell senescence and dysfunction,
were downregulated in BB{ D15 compared to 28( D15.
On the other hand, expression of senescence-associated
genes, including HMGBI1[60-63], RELB [63], E2FI1 [65],
TIGIT [65, 66] and CDH1 [68], were increased in BB(
D15 compared to 28( D15 (Supp. Tab. 4). Moreover, our
transcriptomics analysis highlighted numerous senes-
cence-inducing genes overexpressed and senescence-
inhibiting genes downregulated in recurrently activated/
rested BB( according to the CellAge database, which
highlights genes that are associated with senescence
(Supp. Tab. 5).

Our analysis of published patient datasets [25] also
supported enrichment of a senescence signature in
non-responders to tisa-cel only. Surprisingly, our analy-
ses showed that axi-cel-treated patients who had higher
senescence scores had longer progression-free survival
[26]. While these results were unexpected, these data are
in alignment with previously published data; in an inde-
pendent axi-cel-treated patient cohort, another group
positively correlated the presence of senescent-like 28(
cells in the peripheral blood one week after CART-cell
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infusion with long term complete response. Additionally,
the patient cohort published by Haradhvala et al. [25].
represented an ideal cohort for us to validate our find-
ings, as they compared responders and nonresponders
from both tisa-cel and axi-cel within the same study,
albeit with relatively low patient numbers in each cohort.
Follow up studies to validate our findings with larger
groups of patients are planned in the future.

Our results support the possibility of novel strategies
to ensure durable CART cell efficacy. Senolytics are a
group of drugs which can selectively eliminate senesced
cells. Our data provide rationale to include senolytic
treatment during BB( ex vivo production and/or to sup-
plement BB( with senolytics during treatment in vivo.
Conversely, our results and findings from publicly avail-
able patient data sets suggest that 28( would not ben-
efit from eliminating senesced CART cells as notably as
BB(. In addition to combination therapy with senolyt-
ics, modulating uPAR offers another strategy to improve
CART cell efficacy through reducing senescence. uPAR is
defined as a surface marker for senescent cells. Recently,
uPAR* cells were eliminated through uPAR-specific
CART cells in mice, resulting in less pronounced aging
phenotypes [41, 42]. Aligned with these findings, we
showed that BB{ expresses uPAR and PLAUR (the gene
encoding uPAR) higher than 28(, providing an alterna-
tive strategy to selectively remove senescent CART cells.
Additionally, identifying specific MYC targets which
contribute to BB{ failure could lead to the development
of a more durable CART cell therapy. For example, in a
recent report, CART fitness was improved by treating
pre- and post-infusion BB{ from chronic lymphocytic
leukemia non-responders as well as lymphocytes during
CART production with JQ-1, which downregulates MYC
expression through BET inhibition [68]. Our data cor-
roborate these findings and indicate the development of
a senescent phenotype following MYC overexpression in
both 28( and BB(.

Given the complexity of senescence development, each
of the three senescence models we tested highlighted
different phenotypical, functional, and transcriptomic
changes associated with senescence [31, 41]. We observed
similar and specific senescence-associated changes BB{
and 28( when senescence was induced with irradia-
tion, MYC overexpression, and repeated activation/rest
cycles. Here, functional outcomes of senescence induc-
tion were similar across multiple independent methods.
Recurrent activation induced impaired activity in both
BB( and 28( but induced senescence in BB{ more promi-
nently. MYC oncogene-induced senescence resulted in
BB( dysfunction while irradiation-induced senescence
improved 28( activity, supporting clinical correlative data
here and published elsewhere [25]. The finding that MYC
overexpression impacts CART cell differently based on
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their costimulatory domain is intriguing. It has become
recently evident that mechanisms of failure in BB{ and
28( are different. A recent study suggests that BB( failure
is at least partly mediated by FOXO3 [70]. It is possible
that MYC interacts directly with the FOXO3 pathway and
that cross talks between MYC and FOXO3 [71] mediate
senescence in BB(. Finally, there is increasing evidence
about the role of mitochondria in T cell aging and func-
tion. Resting BB( have been shown to have higher mito-
chondrial content compared to 28 [72], but the impact
of mitochondria on CART cell senescence is unknown.
Considering the role of MYC in mitochondrial biogenesis
[72] it is possible that mitochondria plays a role in dif-
fering senescence responses in BB{ and 28(. Work to fur-
ther understand the interactions between mitochondria,
MYC, and CART cell senescence is ongoing in the labo-
ratory and will be reported in a subsequent manuscript.

Our findings demonstrate that repeated activation/
resting cycles can serve as a relevant model to study
senescent-like phenotypes and CART cell failure in an in
vitro setting. Our activation/rest model has the poten-
tial to identify additional genes that are associated with
senescence and therapeutic targets to ameliorate CART
cell failure as a fast, reliable, and low-cost in vitro testing
platform. We chose CART19 as a model to study senes-
cence due to its clinical relevance. Further experiments
are needed to determine whether these differences are
applicable to other CAR constructs and tumor models.

In summary, our study demonstrates that CART cells
are susceptible to senescence, which may be a predomi-
nant mechanism of failure in 41BB-costimulated but not
CD28-costimulated CART cells. These findings shed light
on important mechanisms underlying the emergence of
senescence in CART cells across different costimulatory
domains. They also highlight the potential of new thera-
peutic strategies to improve CART cell function through
targeting senescent CART cells while considering differ-
ences based on CART costimulation.
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