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Chimeric antigen receptor (CAR) T cell dysfunction is a major barrier to achieving lasting
remission in hematologic cancers, especially in chronic lymphocytic leukemia (CLL). We
have shown previously that A133p53a, an endogenous isoform of the human TP53 gene,
decreases in expression with age in human T cells, and that reconstitution of A133p53a
in poorly functional T cells can rescue proliferation [A. M. Mondal ez al., J. Clin. Invest.
123, 5247-5257 (2013)]. Although A133p53a lacks a transactivation domain, it can form
heterooligomers with full-length p53 and modulate the p53-mediated stress response [I.
Horikawa ez al., Cell Death Differ. 24,1017-1028 (2017)]. Here, we show that constitutive
expression of A133p53a potentiates the anti-tumor activity of CD19-directed CAR T cells
and limits dysfunction under conditions of high tumor burden and metabolic stress. We
demonstrate that A133p53a-expressing CAR T cells exhibit a robust metabolic phenotype,
maintaining the ability to execute effector functions and continue proliferating under
nutrient-limiting conditions, in part due to upregulation of critical biosynthetic processes
and improved mitochondrial function. Importantly, we show that our strategy to consti-
tutively express A133p53a improves the anti-tumor efficacy of CAR T cells generated
from CLL patients that previously failed CAR T cell therapy. More broadly, our results
point to the potential role of the p53-mediated stress response in limiting the prolonged
antitumor functions required for complete tumor clearance in patients with high disease
burden, suggesting that modulation of the p53 signaling network with A133p53a may
represent a translationally viable strategy for improving CAR T cell therapy.

Tcell | senescence | cancer therapy

The introduction of chimeric antigen receptor (CAR) T cell therapy has revolutionized
the treatment landscape for patients with relapsed or refractory (r/r) hematologic malig-
nancies (1-4). Nonetheless, T cell dysfunction is a critical limitation for a subset of
hematologic patients that either do not respond to CAR T cell therapy, or experience
relapse in the absence of antigen loss (5-7). For instance, in chronic lymphocytic leukemia
(CLL), the complete response (CR) rate to CAR T cell therapy is estimated at 25%,
compared with 44% in r/r non-Hodgkin lymphoma (NHL) and 77% in r/r B cell acute
lymphoblastic leukemia (B-ALL) (8). Furthermore, in B-ALL, roughly 20% of CAR T cell
patients experience relapse without the loss of CD19 antigen, highlighting the importance
of T cell dysfunction even in the indication for which CAR T cell therapy is most effective
(5,9). In CLL, CART cell dysfunction is particularly challenging due to a combination
of factors that impair baseline T cell function including patient age, treatment regimen,
tumor microenvironment (TME), and metabolic impairments (10, 11). Given the avail-
ability of validated CAR targets, hematologic malignancies represent a useful context for
developing strategies to mitigate CAR T cell dysfunction, with findings potentially useful
in the context of solid tumors, where a lack of validated CAR targets has complicated
progress (12—14).

The human TP53 gene encodes the transcription factor p53a, also referred to as
full-length p53 (p53FL), and gives rise to at least 11 additional protein isoforms through
usage of alternative promoters and splicing (15). These protein isoforms of p53, alongside
p53 family members p63 and p73, contribute to the diverse, context-dependent
p53-mediated transcriptional responses, which can influence nearly all fundamental pro-
cesses in the cell, including proliferation, metabolism, stemness, and survival (16, 17).
Indeed, decades of intense investigation—and more publications than any gene in his-
tory—have revealed that p53 is more than just the “guardian of the genome,” as it also
mediates several pro-survival and pro-proliferative transcriptional programs in response
to milder forms of cellular stress (18, 19).

The p53 isoform A133p53a, only expressed in humans and great apes, lacks the first 132
residues found in p53FL containing both transactivation domains, the proline-rich domain,
and loop 1 of the DNA binding domain (Fig. 14). Nonetheless, A133p53a plays an
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important role in modulating the transcriptional activity of p53, as
well as p53 signaling network members p63 and p73, via interaction
with each through an oligomerization domain (20-22). Although
the mechanistic details are not yet fully elucidated, there is evidence
that A133p53 selectively inhibits transcriptional activity at specific
p53FL response elements in a dominant-negative manner, with a
net bias toward pro-survival cell fates in appropriate cellular contexts
(15, 23-25). This isoform-mediated regulation of p53’s function as
a transcription factor is thought to contribute to the complex
“decision-making” in which p53 can initiate an appropriate stress
response to a wide variety of different forms and intensities of cel-
lular stress (16-18). Across several cell types, it has been shown that
A133p53a-mediated modulation of the p53 signaling network
leads to upregulated DNA repair, improved glucose uptake,
enhanced proliferation, as well as reduced senescence without evi-
dence for increased risk of transformation (15, 21, 26-30).

We have previously shown that A133p53a expression decreases
with age in human T cells and that ectopic expression of A133p53a
enhances the proliferative capacity of a near-senescent CD28-CD57+
T cell subset (31). Given the association between age and baseline
impairment of T cell function, as well as the overlap between
p53-activating stresses and factors known to contribute to T cell
dysfunction, we hypothesized that constitutive expression of
A133p53a would improve CAR T cell therapy through modulation
of the p53-mediated stress response (32, 33).

Here, we demonstrate that constitutive expression of A133p53a
improves the antitumor function of CD19-directed CAR T cells
manufactured from both healthy normal donors and from CLL
patients that failed to respond to CAR T cell therapy during clin-
ical trials. We observe that ectopic expression of A133p53a
improves antitumor function in part through modulation of
p53FL transcriptional activity and improved metabolic function.
These results inform the development of improved CAR T cell
therapies and point to the importance of the p53 signaling net-
work as a regulator of prolonged CAR T cell responses.

Results

CAR T Cells that Constitutively Express A133p530c Demonstrate
Enhanced In Vitro Tumor Clearance during High Tumor Burden
Conditions. To test the hypothesis that constitutive expression of
A133p53a (Fig. 14) can improve chimeric antigen receptor (CAR)
T cell function, we co-expressed A133p53a alongside the well-
characterized, humanized CD19-directed CAR with a 4-1BB co-
stimulatory domain (hCD19.BBz) using a P2A self-cleaving linker
(Fig. 1B). We evaluated the impact of A133p53a expression both
upstream and downstream of the P2A linker to account for any
potential impact of the residual 2A peptide linker post-cleavage and
moved forward with A133p53a expressed upstream of the P2A linker
due to observation of a more consistent improvement in antitumor
function over matched CAR controls (S/ Appendix, Fig. S1 A-C). To
eliminate any impact of construct size on the level of surface CAR
expression, we designed our wild-type (WT) CAR construct to
express the similarly sized fluorescent protein, mCherry2, in the same
position as A133p53a (Fig. 1B). Using this construct, we observed
stable expression of ectopic A133p53a (Fig. 1C). No significant
differences were observed during CAR manufacturing between
A133p53a-expressing CARs and WT CARs in proliferation, cell
volume, or surface CAR MFI (87 Appendix, Fig. S2 A-C).

To simultaneously evaluate the cytotoxicity and proliferative
capacity of A133p53a-expressing CARs, we developed an in vitro
co-culture assay capable of accurately quantitating tumor cell
clearance and T cell proliferation simultaneously. To do so, we
used a Celigo Image cytometer to measure absolute counts of a
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B-ALL cell line, Nalm6, engineered to express green fluorescent
protein (GFP) and the total number of live cells via calcein AM
violet, through direct sub-sampling from each co-culture condi-
tion at each time point (Fig. 1D).

Using this assay, we measured tumor clearance and proliferation
of CART cells generated from six healthy donors at five effector to
target (E:T) ratios (i.e. CAR+ T cells to tumor cells), ranging from
1 to 2.5 up to 1 to 12.5. Interestingly, we observed a consistent
pattern across donors in which differences in tumor clearance became
more pronounced as tumor burden increased from the lowest tumor
dose (1 to 2.5) until the second highest tumor dose (1 to 10), with
the A133p53a-expressing CAR T cells (referred to as A133-CARs)
exhibiting significantly more tumor clearance than wild-type (WT)
controls (Fig. 1 £and G). A similar pattern was observed for CAR
T cell proliferation (Fig. 1F), with the largest relative differences in
maximum proliferation between the A133-CAR and WT CAR
observed ata 1 to 10 E:T ratio (Fig. 1/). Ata 1 to 12.5 tumor dose,
we observe that A133-CARs have robust anti-tumor effects, whereas
WT CAR:s fail to kill tumor and allow tumor proliferation kinetics
similar to non-transduced controls. Donor-to-donor differences in
antitumor function are responsible for the variance observed at a 1
to 7.5in WT CARsand a 1 to 12.5 for the A133-CARs. Individual
tumor clearance and proliferation curves for each donor are presented
in ST Appendix, Figs. S3 and S4. Given the role of A133p53a in
modulating the p53-mediated stress response, our results point to
the possibility that increased stress associated with higher tumor
burden potentiates the effects of A133p53a.

Minimal differences were observed in cytokine production after
24-h co-culture with Nalm6 ata 1 to 7.5 E:T ratio (Fig. 1/). The
improved tumor clearance and proliferation of A133-CARs could
not be attributed to baseline differences in % CAR+CD8+ (Fig. 1))
or initial %CAR+ T cells, as each co-culture is normalized for an
equivalent number of input-CAR+ T cells.

A133-CAR T Cells Exhibit Superior Tumor Clearance in a Nalmé
Xenograft Mouse Model. To evaluate the in vivo functionality
of A133-CAR T cells, we used NOD/SCID/ILZRY_/_ (NSG)
mice engrafted with Nalm6 leukemia cells engineered to express
both GFP and luciferase and then compared tumor clearance
between A133- and WT CARs from three normal healthy donors.
Based on in vitro findings which the improvements conferred
by A133p53a were most significant under high tumor load,
we used an intentionally high starting tumor burden (Fig. 24).
Under these conditions, we observed a consistent improvement
in tumor clearance across donors, with A133-CARs driving a
reduction in mean tumor luminescence approaching background
levels by day 21 (Fig. 2 Band C). Differences in engraftment were
observed at day 12 (Fig. 2D). Improvements in tumor clearance
corresponded with improvements in survival, with significantly
more mice administered A133-CARs alive at the final time point
compared with WT CARs (Fig. 2E).

Given the consistency of functional improvements observed
with A133p53a alongside the 4-1BB costimulatory domain both
in vitro and in vivo, we next evaluated whether the benefits would
extend to a CAR with a CD28 costimulatory domain. To test this,
we generated matching constructs with A133p53a and mCherry2
alongside a humanized CD19-directed CAR with a CD28
co-stimulatory domain (hCD19.28z) (Fig. 2F). Again, antitumor
function was improved by A133p53a, albeit with reduced overall
potency in both groups compared with the 41BB-containing CAR
(Fig. 2G). T cell engraftment at day 12 with the hCD19.28z con-
structs showed that A133-CARs have more than double the mean
expansion compared with WT 28z CARs (Fig. 2H). Differences

in tumor clearance and engraftment were reflected in survival

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2317735121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317735121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2317735121#supplementary-materials

A TAD2 B

NLS
p53FL [N PRD DNA Binding domain BR FMC63 Hinge ™
“ - A133p53a g| P2A scFv | (CD8  (CD8) 41BB  CD3¢

102 NLS 393
FMC63 Hi ™
o2 | Poa) e oo iape) L1881 | 635
133 393

C D Live cells Nalmé

(calcein AM violet+) (GFP+)
ND451 ND512 Tumor co-culture plate —e— T ;3
WT-CAR A133-CAR WT-CAR A133-CAR O O OOO
- Q00000 Unsegmented
A133p53a - — é"’r’:;:i:;:'s- Q00000 Image
per condition) nO (3 O O O O
; ; Segmented
Image
E 1t025 1t05 1t07.5 1t010 1t012.5
3x105 6x105 1x108 4108 4x108
i & i 8100 & 3x100 & 3x100
Q 2x105 O 4x105 Q 0] o
€ € @ 6x10° ¢ €
5 = s = 2x108 = 2x108
< 1x105 & 2x105 ] ® w
8 =2
e £ 2 g0 R 1o g wwior
0 0 0 0 ]
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Day Day Day Day Day
-e- A133-hCD19.BBz - A133-hCD19.BBz - A133-hCD19.BBz - A133-hCD19.BBz - A133-hCD19.BBz
- mCherry-hCD19.BB?—|"" - mCherry-hCD19.BE;—|"" - mCherry-hCD19.8Bz " - mCherry-hCD19.BBT—|"" - mcherry-hCD19.BBz_-‘"”
sge 11025 et 1105 pigrn 11075 ssxigen 11010 1oxrge, 110125
4x108 s 2x108
3x106+
2 2 2L 9x108 2 2 1108
8 3x106 [ [ 8 1.5x108 8
[ T/ = 2x106] [ [ Ll
g 2100 g g 1x108 g a0t g 5x10%
x x
= F 1x1054 [ [ =
1x106 5x105
0 0! 0 0 0
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Day Day Day Day Day
-e- A133-hCD19.BBz - A133-hCD19.BBz - A133-hCD19.BBz - A133-hCD19.BBz - A133-hCD19.BBz
- mCherry-hcmg.BE;-" - mCherry-hCD19.BBz_-|" - mCherry-hcmg.BBz_-]" - mCherry-hCD19.BBz_-|“” - mCherry-hCD19.BBz_—|”*
G H I IFN IL2 TNFa
Untransduced nsv CAR:SC D8+
6x10° o) 20000 15000 250 U 40
S [
E§ ns ©
% EG 15000 20 3 30
%108 o 10125 é% 2 F1o00o £ = k‘
ﬁ ©- 11010 - Ri0000 B 2" é 20 .\l
2 - 11075 5 > ~ Bi00 ? *——
5 2x108 3 Y 5000 5 & ——=o
- 1105 g = 5000 - 2 g
= = 50 Q
< 11025 ﬂg 2
0 0 0 0 0
o 2 4 6 8 = A133-hCD19.BBz - A133-hCD19.BBz
@ mCherry-hCD19-BBz - mCherry-hCD19.BBz

Fig. 1. A133p53a-CAR T cells improve in vitro cytotoxicity and proliferation during high tumor burden conditions. (A) Schematic of human full-length p53
(p53FL) and A133p53a. TAD, transactivation domain; PRD, proline-rich domain; NLS, nuclear localization signal; OD, oligomerization domain; BR, basic region.
(B) CAR expression vectors for A133p53a-expressing and WT, mCherry-expressing CARs. TM, transmembrane domain; WT, wild type. (C) Western blot for
A133p53a expression in A133p53a CAR T cells and WT CAR T cells at day 10 of primary expansion from two normal donors. A133, A133p53a. (D) Schematic
outlining in vitro co-culture assay setup and accompanying tumor and T cell measurements. Representative images show GFP+ tumor cells (Nalm6-GFP) and
corresponding segmented images used for quantification by Celigo software. Live cells are identified by detection of fluorescent calcein AM violet, with total
T cells being calculated by subtracting the number of GFP+ cells from the total number of live cells. Representative images showing segmentation and counting
performed by Celigo software are shown. (E) Tumor measurements over time from in vitro co-culture assay described in D from six separate normal donors.
Co-cultures were run at 5 effector to target ratios, indicated by the number over each graph. Data are mean + SEM. Statistical significance was assessed using
a two-way ANOVA, with reported values representing the interacting term of CAR treatment over time. (F) T cell proliferation during tumor co-culture from the
same experiments shown in E. Data are from replicate experiments with six healthy donors. Statistical significance was assessed using a two-way ANOVA, with
reported values representing the interacting term of CAR treatment over time. (G) Representative untransduced T cells co-cultured with Nalm6-GFP tumor
cells, included as a negative control. (H) Ratio between maximum proliferation of A133p53a-CARs and wild-type CARs at each effector to target ratio. Maximum
proliferation for each condition was determined as the maximum fold-change from baseline CAR T cells. Statistical significance was calculated using multiple
t tests. (/) Cytokine secretion at 24-h time point of in vitro co-culture at 1 to 7.5 effector to target ratio. (/) Proportion of CAR+CD8+ T cells in each comparator
group for each healthy donor used for data generated in £-H. Statistical significance for / and / was assessed using paired t tests. ns = not significant, *P < 0.05,
**P <0.01, ***P <0.001, ****P < 0.0001.
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Fig. 2. A133-CART cells exhibit superior tumor clearance in a B cell leukemia xenograft mouse model. (4) NSG mice were injected intravenously with 1 x 10°
Nalmeé leukemia cells transduced with GFP-P2A-CBG on day 0. Mice were imaged on day 6 and randomized into three groups, including both treatment groups
and an untransduced T cell control. Either 1 x 10° freshly thawed CAR+ T cells or a matched total number of untransduced T cells were injected intravenously
on day 7. (B) Tumor progression for mice administered CARs from three healthy donors was monitored using bioluminescent imaging. Data are mean + SEM
of n=8to 11 mice depending on the donor. In each graph, data are reported up to the timepoint when the first mouse was lost in the WT or A133-CAR group.
Statistical significance was determined via two-way ANOVA and is based on the CAR treatment X time interaction term. (C) Time course of tumor progression
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differences which again were in favor of the A133p53a-expressing
hCD19.28z CAR (Fig. 2J).

A133-CAR T Cells Are Characterized by Enhanced Metabolic
Capacity and Reduced Transcription of p53 Target Genes. To
gain insight into the mechanism by which A133p53a confers
improved antitumor function, we performed bulk RNAseq on
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CART cells isolated before and during in vitro co-culture with
Nalm6-GFP tumor cells at a 1 to 10 effector to target ratio,
from three healthy normal donors (Fig. 34). We employed the
in vitro assay detailed in Fig. 1D, with a modification to use
a 300 pL media feed after day 3 measurement instead of the
standard 600uL. This change was based on a prior observation
indicating that restriction of nutrient availability accentuates
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differences in tumor clearance between A133p53a and WT
CAR'T cells.

Comparison of differentially expressed genes between
A133p530 and WT CARs pre-coculture revealed minimal differ-
ences, with the top hit, TP53, due to ectopic expression of the
A133p53a transgene (S Appendix, Fig. S54). The low amount
of differentially expressed genes is consistent with the lack of func-
tional differences observed during CAR manufacture and under
unstressed conditions; however, this may also reflect the relatively
low transcriptional activity of rested CAR T cells.

For the A133p53a and WT CARs isolated during tumor
co-culture (Fig. 3B), 99 of the top 100 most differentially expressed
genes were downregulated in the A133-CARs cells (Fig. 3C)
(81 Appendix, Table S1). In contrast to individual genes, gene set
enrichment analysis (GSEA) of all Hallmark and gene ontology
biological process (GO: BP) gene sets revealed 80 separate gene
sets upregulated in the A133-CARs with a false discovery rate
(FDR) <0.1, compared with only 1 gene set enriched in the WT
CARs (S Appendix, Table S2). A summary of the top 20 gene sets
enriched in the A133-CARs sorted by normalized enrichment
scores (NES), as well as the 1 gene set enriched in the WT CARs,
is shown in Fig. 3D. In the A133-CARs, which demonstrated sig-
nificantly enhanced anti-tumor function both in vitro and in vivo,
we observed an enrichment of several gene sets associated with
increased biosynthetic processes, metabolic processes, and mainte-
nance of cellular integrity, including ribosome biogenesis, mito-
chondrial translation, and regulation of telomere maintenance.
Consistent with our functional data, these findings suggest that
A133-CARs generate enhanced anti-tumor activity in part due to
robust upregulation of metabolic and biosynthetic processes.

Based on these findings, we performed GSEA on additional gene
sets related to essential metabolic processes in T  cells. Further sup-
porting our initial unbiased GSEA findings, we identified addi-
tional gene sets associated with upregulation of targets of the
transcription factors PGCla and SIRT?3, as well as an enrichment
of glucose transport (GLUT3) and metabolism (HK2) (Fig. 3E).
ThatHK11localizesto theouter mitochondrialmembrane, viavoltage-
dependent anion channel (VDAC), and initiates glycolytic repro-
gramming implicates its importance for activation, proliferation,
and effector function in this context. We previously showed how
glycolytic metabolism is indispensable for human T cell prolifera-
tion (34), and others have shown how glycolysis supports IFNy
production in effector T cells (35). Unlike other scenarios, in which
there can be a trade-off between glycolytic versus oxidative function,
A133-CARs maintain a hybrid metabolic state exemplified by
superior glycolytic and mitochondrial features compared to WT
CARs. PGCla has been shown to be critical for regulation of
mitochondrial biogenesis, which has been identified as an impor-
tant limiting factor in CAR T cell therapy for CLL (7, 36, 37).

Given the role of A133p53a as a modulator of p53 transcrip-
tion, we looked at additional gene sets related to p53-specific func-
tions, including a set of validated p53 target genes identified by a
meta-analysis of 16 high-throughput datasets (38). Notably,
A133p530-CART cells had reduced expression of p53 target genes
and genes associated with stress-induced senescence from DNA
damage to telomeres, including canonical senescence and apoptosis
genes CDKN1A, PHLDA3, ZMAT3, and GADD45A (Fig. 3 F
and G). Despite the reduced transcription of several canonical p53
target genes, A133p53a-CAR T cells had increased expression of
genes associated with p53-mediated DNA repair, consistent with
previous findings that A133p53a enhances DNA repair and con-
tributes to genome stability (23, 26, 28, 30, 39, 40). Although we
observe an overall reduction in expression of p53 target genes in
the A133-CARs, it is important to emphasize that this doesn’t
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represent inhibition of p53 target gene expression, but rather a
reduction in activation, as there is an enrichment of p53 target
genes when comparing A133-CARs mid-coculture to A133-CARs
pre-coculture (S7 Appendix, Fig. S5B).

To determine whether this suggested difference in p53 activa-
tion is reflected at the protein level, we measured phosphorylation
of p53 atserine 15, a critical posttranslational modification driving
p53 accumulation and activation (41-44). As anticipated from
our GSEA, p53-S15 levels were higher in WT CARs than
A133-CARs (Fig. 3H). We've replicated this observation in mul-
tiple contexts and have found that A133-CAR T cells have con-
sistently lower p53-S15 phosphorylation, both with CD19.BBz
CART cells and CD19.28z CAR T cells (S Appendix, Fig. S6).

To validate the suggested enhanced metabolic function from
our RNAseq data, we performed Seahorse extracellular flux anal-
ysis to assess the spare respiratory capacity of WT and A133p53a-
expressing CAR T cells after tumor co-culture. Consistent with
the enrichment in PGCla transcriptional targets, A133-CAR
T cells exhibit increased mitochondrial spare respiratory capacity,
indicating a greater capacity for energy production while under
increased energy demand (Fig. 31), providing a potential explana-
tion for enhanced anti-tumor function (36).

Constitutive Expression of A133p53a Enhances CAR T Cell
Function in CAR-T Refractory Leukemia Patients. Given the
observed metabolic and functional enhancements in A133p53a-
expressing CAR T cells, we hypothesized that A133p53a would
improve the anti-tumor activity of CAR T cells generated from
chronic lymphocytic leukemia (CLL) patients, where responses to
CART cell therapy have been suboptimal, and specifically linked
to impaired mitochondrial function. To evaluate this hypothesis,
we obtained apheresis product that was cryopreserved prior to
original clinical manufacture for patients during clinical trial
NCT01029366. We manufactured A133- and corresponding WT
CARTT cells from one responding patient and two non-responding
patients, with no notable differences during primary expansion
in proliferation, cell volume, or transduction efficiency (Fig. 44
and SI Appendix, Fig. S7 A-E). To be consistent with the current
clinical manufacturing protocol for CLL patients, all CLL patient
expansions were performed in culture media supplemented with
interleukin 7 (IL7) and interleukin 15 (IL15). Consequently, we
observed an overall greater level of proliferation across both groups
compared with typical normal donor expansions.

Using apheresis product from complete responder (CR) patient
47, referred to as CR-47, A133p53a conferred an improvement in
both in vitro tumor clearance and proliferation (Fig. 4 B and C).
However, observation of differences in tumor clearance required
multiple tumor stimulations, unlike previous in vitro co-cultures
with normal donors in which A133-CARs demonstrated clear
improvements following one tumor stimulation. Furthermore, nota-
ble differences in tumor clearance were only presentata 1 to 12.5
effector to target ratio. We attribute the overall increase in tumor
clearance capacity to the use of supplemental IL7 and IL15, both
of which have been shown to potently impact T cell persistence,
differentiation status, and metabolism (45-47). Despite the overlap
in functional benefits with IL7 and IL15, constitutive expression of
A133p53a nonetheless confers improvements in both tumor clear-
ance and proliferation in CARs generated from a CR CLL patient,
with a reduction in p53-S15 expression consistent with what was
observed in normal donor CARs (87 Appendix; Fig. S8).

We next evaluated the impact of constitutive expression of
A133p53a in CAR T cells generated from the cryopreserved
apheresis product of two patients who did not respond to CAR
T cell therapy. Similar to CR-47, CAR T cells manufactured from
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Fig. 3. Transcriptomic analysis of A133-CAR T cells under stress reveals differences in transcription of p53 targets and key metabolic genes. (4) Schematic
of sample generation for RNAseq analysis. CAR+ T cells were isolated prior to co-culture (day 0) and again mid-coculture, approximately 8 h prior to day 4
measurement. CART cells from the same three healthy donors were used for both isolations. (B) Tumor co-culture experiment used to generate CARs for RNAseq
analysis. An effector to target ratio of 1 to 10 was used. Each data point represents the mean + SEM of two technical replicates for each healthy donor. Statistical
significance was determined via two-way ANOVA and is based on the CAR treatment X time interaction term. (C) Volcano plot showing differentially expressed
genes in WT CAR T cells and A133-CAR T cells isolated mid-coculture. All genes with an adjusted P-value < 0.05 are colored either red or blue, if upregulated in
WT or A133-CARs, respectively. (D) Summary of results for GSEA of all Hallmark and GO Biological Process gene sets. For A133-CARs, only the top 20 of the 80
gene sets with FDR < 0.1, ranked by normalized enrichment score are shown. (E) Additional gene sets identified during targeted GSEA for metabolic gene sets
relevant for CAR T cell function. (F) Additional gene sets identified during targeted GSEA for p53 transcriptional activity. (G) Heatmap of individual genes from
gene sets in £ and F with adjusted P-values < 0.05. Corresponding gene sets for each gene are highlighted in vertical text. (H) Phospho-p53 (Serine 15) staining
of CART cells on day 3 of tumor co-culture for two healthy donors measured by flow cytometry. (/) Oxygen consumption rate (OCR) as measured by Seahorse
extracellular flux analysis. Each of the three healthy donors was evaluated following tumor co-culture. Data points for each time series represent mean oxygen
consumption rate + SEM for eight replicates. Statistical significance was determined using multiple unpaired t tests for each time point. ns = not significant,
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Fig. 4. A133p53a expression in non-responding leukemia patient CAR T cells improves in vitro and in vivo efficacy. (A) Table outlining CLL patient T cells used
for CAR manufacturing alongside clinical response to initial CD19-directed CAR T cell therapy. (B) In vitro tumor co-culture data for CR-47. Data shown are for
an effector to target ratio of 1 to 12.5, with the timing of fresh tumor stimulations indicated by arrows. For each tumor restimulation, the number of CARs was
normalized between treatment groups prior to tumor addition. Data are mean + SEM of two technical replicates. (C) Ratio of population doublings between A133-
CARs and WT CARs at the end of each tumor stimulation for CR-47. (D) Pooled tumor measurements over time from in vitro co-culture from NR-12 and NR-20.
Co-cultures were run at 5 effector to target ratios, as indicated by the number over each graph. Data are mean + SEM. Statistical significance was assessed using
a two-way ANOVA, with reported values representing the interacting term of CAR treatment over time. (E) Oxygen consumption rate as measured by Seahorse
extracellular flux analysis following co-culture at 1 to 4 E:T ratio. Data points for each time series represent mean oxygen consumption rate + SEM for eight
replicates. Statistical significance was determined using multiple unpaired t tests for each time point. (F) Surface PD1 staining of CAR T cells from NR-12 on day
5 of tumor co-culture at an effector to target ratio of 1 to 8 measured by flow cytometry. (G) NSG mice were injected intravenously with 1 x 10° Nalmé leukemia
cells transduced with GFP-P2A-CBG on day 0. Mice were imaged on day 3 and randomized into three groups, including both treatment groups and a PBS control.
Then, 1.5 x 10° freshly thawed CAR+ T cells were injected intravenously on day 4. (H) Tumor progression for mice administered CARs from NR-12 monitored using
bioluminescent imaging. Data are mean + SEM of n = 8 mice. Statistical significance was determined via two-way ANOVA and is based on the CAR treatment X
time interaction term. (/) Tumor progression for mice administered CARs from patient NR-20 monitored using bioluminescent imaging. Data are mean + SEM of
n = 8 mice. Statistical significance was determined via two-way ANOVA and is based on the CAR treatment X time interaction term. (/) T cell engraftment 1-week
post-CAR injection for NR-12 and NR-20. Statistical significance was determined using a paired t test. (K) Kaplan-Meier curves showing survival of mice from
both NR-12 and NR-20 over time. Data were analyzed using a log rank Mantel-Cox test. ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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non-responding (NR) patients 12 (NR-12) and 20 (NR-20), did
not exhibit differences in proliferation or cell volume between
groups, but were again more proliferative than typical normal
donor expansions, albeit to a lesser degree than CR-47
(SI Appendix, Fig. S7 A and B). Unlike CR-47, and more in line
with normal donor in vitro co-cultures, we observed differences
during in vitro tumor clearance following one tumor stimulation,
with A133-CARs demonstrating improved tumor clearance under
high tumor burden (Fig. 4D and SI Appendix, Fig. S9 A and B).
Mirroring earlier findings in healthy donors, A133-CAR T cells
exhibited increased mitochondrial spare respiratory capacity fol-
lowing in vitro co-culture, with especially pronounced differences
between groups for CAR T cells from NR-20 (Fig. 4E). Although
differences were less significant than in normal donor-derived
CARs, A133-CARs from NR-12 and NR-20 were more prolif-
erative than WT CARs (8] Appendix, Fig. S9 Cand D). Meaningful
differences in exhaustion markers were never observed in healthy
donors; however, we observed a reduction in PD1 expression for
NR-12 in the A133-CAR T cells following co-culture ata 1 to 8
E:T ratio (Fig. 4F).

Finally, we evaluated CLL-derived CAR T cells in vivo from
NR-12 and NR-20 in an NSG mouse model which was titrated
to account for the reduced anticipated potency of CLL-derived
CAREs. Following intravenous injection of NSG mice with 1 x 10°
Nalm6 leukemia cells engineered to express GFP and luciferase,
1.5 x 10° CAR+ T cells were injected intravenously on day 4
(Fig. 4G). A133-CART cells derived from both patients demon-
strated improved tumor clearance, again reducing tumor burden
near background levels despite minimal differences in engraftment
(Fig. 4 H-J). In addition to enhanced tumor clearance, A133-CAR
T cells improved survival, with approximately 50% of mice alive
at the final timepoint, compared with the loss of all mice by day
43 in the control group (Fig. 4K).

Discussion

The inability of T cells to maintain effector functions during anti-
tumor responses is an important limitation for CART cell therapy
(48-50). Here, we demonstrate that constitutive expression of
A133p53a may help to address this limitation as A133p53a-
expressing CAR T cells exhibit enhanced antitumor activity both
in vitro and in vivo, particularly under high tumor burden con-
ditions. Based on previous findings in which A133p53a improved
the performance of poorly functional T cells from aged donors,
it was unclear whether constitutive expression of A133p53a
would improve the function of CARs derived from healthy donors
(31). However, we observed a marked improvement in antitumor
function in CAR T cells generated from young, healthy donors,
demonstrating that the benefits of A133p53a are not limited to
addressing functional limitations present in aged T cells. The
broader utility of A133p53a is further illustrated by improve-
ments in spare respiratory capacity and corresponding functional
enhancements under nutrient-limiting conditions, where
A133p53a-expressing CAR T cells not only clear significantly
more tumor, but also display increased proliferation.
Nonetheless, we observe that A133p53a also confers an
improvement in antitumor function in CAR T cells generated
from CLL patients with advanced age that were heavily pretreated
and did not previously respond to CAR T cell therapy. Consistent
with normal donor data, we observe an improvement in antitumor
function in vitro and in vivo, as well as an increase in spare res-
piratory capacity. This is notable as mitochondrial function has
been shown to be an important predictor of efficacy for CLL
patients that respond to CAR T cell therapy (7, 10). Improvements

https://doi.org/10.1073/pnas.2317735121

were observed in A133-CARs despite the use of expansion media
supplemented with IL7 and IL15, which would be expected to
provide a set of benefits that at least partially overlaps with con-
stitutive expression of A133p53a (45-47). Given the potential
translational relevance of A133p53a in the context of CLL, it will
be important to perform follow-up experiments using CLL tumor
cell lines, which have been shown to directly cause dysfunction
through multiple mechanisms, including impaired immune syn-
apse formation (10, 11, 51).

A consistent observation throughout multiple contexts is that
the functional benefits conferred by A133p53a appear to be stress
dependent. During primary expansion and low tumor conditions,
A133p53a CAR T cells demonstrate minimal differences com-
pared with wild-type controls, consistent with the view that
A133p53a functions primarily by modulation of the p53-mediated
stress response (15, 20, 24, 39). Further corroborating the
stress-dependent nature of A133p53a is the proportional improve-
ment in tumor clearance as tumor burden increases, suggesting
that stress potentiates the effects of A133p53a. In addition to
excess antigen, CARs are subject to nutrient depletion and low pH
during in vitro co-culture, with co-culture media appearing bright
yellow as early as day 3, attributable to the pH indicator phenol
red. An important aspect of our in vitro assay is that different E: T
ratios are achieved by varying the amount of tumor against a con-
stant number of CARs. As a result, the lowest E:T ratio has the
highest total concentration of rapidly proliferating cells (i.e., CAR
T cells and tumor cells), thus coupling maximal nutrient depletion
and antigen exposure. The requirement of increased tumor burden
for A133-CARs to demonstrate functional improvements suggests
that some degree of p53 signaling network activation is required
for A133p53a to impact CAR T cell function, which is consistent
with the lack of transactivation domains on A133p53a and its
general nature as an inhibitory p53 isoform.

Under these stress-inducing conditions, A133-CARs display
enhanced expression of several transcriptional programs that drive
proliferation and biosynthetic processes critical to supporting
effector function. From the initial unbiased GSEA of all Hallmark
and Gene Ontology (GO) gene sets, the most enriched gene sets
were in the A133-CARs and involved upregulation of myc targets,
upregulation of mitochondrial gene expression and translation,
and upregulation of ribosomal biogenesis. Subsequent targeted
GSEA performed on gene sets specific to T cell metabolism further
support the enhanced metabolic profile of A133-CARs, with
upregulation of targets of the transcription factor PCG-1a, critical
for mitochondrial biogenesis, and upregulation of genes associated
with increased glucose transport (36, 37, 52). Given the compe-
tition for nutrients between CAR T cells and tumor cells during
an antitumor response, these molecular changes in the A133-CARs
are highly advantageous toward maintaining prolonged effector
functions in such a metabolically demanding context (53).

Alongside these metabolic improvements, A133-CARs have
reduced activation of p53 and reduced transcription of critical
p53 target genes. A133-CARs have reduced expression of canon-
ical senescence and apoptosis genes including CDKNIA,
PHLDA3, ZMAT3, and BAX. In contrast, A133-CARs have an
enrichment in DNA repair genes regulated by p53. This is con-
sistent with prior findings in which A133p53a biases p53-mediated
transcription toward genes associated with DNA repair, rather
than broad inhibition of p53 (26, 40). Importantly, A133-CARs
do not completely inhibit p53FL transcriptional activity, as
demonstrated by the maintenance of transcription at several val-
idated p53 target genes. Although further inquiry is needed to
confirm our findings, our results suggest that A133-CARs do not
simply inhibit p53 but rather redirect p53 transcription.
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Interestingly, the improvements in antitumor function con-
ferred by A133p53a in CD19-directed CARs may extend to other
forms of adoptive cell therapy, as another group has shown that
A133p53a improves the fitness of T cells engineered to express a
tumor-antigen specific T cell receptor (TCR) (54). Given
A133p53a’s modulation of the ubiquitous p53-mediated stress
response, these results warrant investigation of A133p53a expres-
sion in additional forms of cell therapy, including engineered
tumor-infiltrating lymphocytes (TILs) and other immune cells,
such as natural killer (NK) cells and macrophages.

More broadly, the improved performance of A133-CAR T cells
indirectly suggests that p53 may be a critical regulator of CAR
T cell dysfunction during antitumor responses. Given p53’s role
as the master regulator of homeostasis and the enormous homeo-
static demands of tumor clearance, this appears to be a reasonable
and intuitive takeaway. Furthermore, many canonical p53-activating
stresses such as nutrient depletion, replication stress, and hypoxia
overlap with drivers of T cell dysfunction, with many of the func-
tional and phenotypic characteristics of dysfunctional T cells also
under the control of p53 including metabolism, differentiation,
and proliferation (13, 16-18, 49). Yet despite this alignment, lim-
ited evidence from over a decade of intense investigation into
understanding T cell dysfunction points to p53 as a key mediator
of T cell dysfunction. However, an important caveat around this
relative lack of evidence is that much of our understanding of T cell
dysfunction has been informed using transcriptomic and genetic
tools not equipped to identify proteins like p53 which are regulated
post-translationally and are not amenable to genetic deletion (55—
58). These observations, taken together, present a compelling case
for a reassessment of p53’s role in T cell dysfunction.

A potential limitation of our study is that we have not addressed
the role of A133p53a beyond hematologic malignancies. Further
studies will be required to determine the role of A133p53a in mod-
ulating CAR'T cell antitumor responses in the solid tumor microen-
vironment. Another area for additional investigation is around the
safety of constitutive expression of A133p53a to determine whether
there are increased risks for CAR T cell transformation. Importantly,
previous work has shown that overexpression of A133p53a extends
the replicative lifespan without evidence for immortalization or
malignant transformation in normal human fibroblasts, CD8+
T cells, astrocytes, and epithelial cells (21, 27, 29, 31). Furthermore,
we have not observed any evidence of transformation in our exten-
sive series of experiments with T cells from healthy donors or leu-
kemia patients. Nonetheless, more targeted evaluation of this risk
will be needed for this strategy to be translated into patients.

In summary, our findings point to the potential for using the
p53 isoform A133p53a to improve CAR T cell antitumor func-
tion through the modulation of the p53 signaling network.
Constitutive expression of A133p53a may represent a viable trans-
lational strategy for improving CAR T cell therapy in CLL and in

solid tumor indication and warrants further investigation.

Materials and Methods

Plasmid Design and Construction. All plasmids used in this study were
designed using Snapgene (Dotmatics) and generated via cloning of gene
fragments (Genscript) into pTRPE (PMID: 27332733), a third-generation self-
inactivating lentiviral vector. Plasmids were sequence verified using Sanger
sequencing (Genewiz). All CAR constructs used a CD8 leader sequence, (GGGGS),
linker, CD8 hinge, and CD8 transmembrane domain and were expressed under
the control of an EF1a promoter.

Primary Human T Cells from Healthy Donors and CLL Patients. Deidentified
human T cells were obtained from peripheral blood mononuclear cells (PBMCs)
of healthy donors through the University of Pennsylvania Human Immunology
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Core. To obtain T cells from CLL patients who enrolled in single-agent CTLO19
therapy, CD4 and CD8T cells were isolated from cryopreserved apheresis that was
collected prior to initial clinical CAR manufacture. All subjects provided written
informed consent according to the Declaration of Helsinki and the International
Conference on Harmonization Guidelines for Good Clinical Practice.

Tumor Cell Lines. NALM6 leukemic cells were acquired from the American Type
Culture Collection (ATCC), routinely authenticated by the University of Arizona
Genetics Core, and confirmed negative for Mycoplasma. NALM6 cells were trans-
duced with a lentiviral vector encoding click beetle green (CBG) luciferase and
GFP under and elongation factor 1 alpha (EF1cx) promoter, separated by a P2A
bicistronic linker. A fluorescence-activated cell sorter (FACS) was then used to
collect ~100% GFP-positive cells, which were then expanded and cryopreserved
for future use. CD19 and GFP positivity was routinely checked prior to use for
invitro and in vivo experiments by flow cytometry. NALM6 cells were maintained
in culture with R10 medium: RPMI 1640 (Gibco) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Seradigm), 2% TM Hepes buffer solution
(Gibco), 1% 100x GlutaMAX (Gibco), and 1% penicillin (10,000 U/mL) + strep-
tomycin (10,000 pg/mL).

Vector Production, T Cell Isolation, and Generation of CAR T Cells. Lentiviral
vectorsand human CART cells were produced as previously described (4, 59). For
WT control CARs, the fluorescent protein mCherry2 was used, as it is a brighter
version of mCherry (60). Human T cells were stimulated with anti-human CD3/
(D28 antibody-coated magnetic beads (Dynabeads, Gibco) at a bead-to-T cell
ratio of 3:1. Twenty-four hours after bead stimulation, T cells were lentivirally
transduced to express the constructs shown in Fig. 1B, using a multiplicity of
infection (MOI) of 4. At day 5 of T cell expansion, magnetic beads were removed
from culture and cells were kept in culture to continue expanding until resting
down to a volume of ~350 fL prior to cryopreservation. For cryopreservation of
CART cells, CART cells were resuspended in a freezing medium consisting of 90%
heat-inactivated FBS (Seradigm) and 10% dimethyl sulfoxide (Sigma-Aldrich),
subaliquotted into 1 mL cryovials, and then placed in controlled rate freezing
containers at —80 °C. CAR expression was assessed prior to cryopreservation
using an anti-idiotype antibody. Expansion of CART cells from healthy human
donors was performed in R10 medium (see above), whereas CART cells derived
from CLL patient samples were performed using an alternative medium to be con-
sistent with current clinical protocols: Optimizer T cell Expansion Basal Medium
(Gibco) supplemented with 2.5% CTS OptMizer Supplement (Gibco), 5% Human
AB serum (Valley Biomedical), 1% 100x GlutaMax (Gibco), 5 ng/mLrecombinant
human IL7 (Miltenyi), and 5 ng/mL recombinant human IL15.

Western Blot. Western blotting was used to assess ectopic expression of
A133p53a. Lysates from CART cells isolated at the end of primary expansion
were collected using ice-cold RIPA buffer (Cell Signaling Technology) supple-
mented with protease inhibitor (Sigma-Aldrich) for 30 min on ice, with periodic
vortexing, followed by centrifugation at 15,000 rpm for 15 min at 4 °C. Protein
concentrations of each whole cell lysate were determined using a DC protein
quantification assay (BioRad). Lysates were diluted to 20 to 40 ug/sample with
loading bufferand were treated with 2-mercaptoethanol and incubated at 95 °C
for 5 min. Samples were run on a 10% tris-glycine mini protein gel (Thermo) at
200V for approximately 1 h. Transfer was performed onto a polyvinylidene dif-
luoride (PVDF) membrane in 1x tris-glycine transfer buffer (Novex). The primary
antibody used for detection of A133p53a (SAPU; provided by JC Bourdon) was
applied ata 1:5,000 dilution in blocking buffer at 4 °C overnight with gentle rock-
ing. Secondary antibody, donkey anti-sheep lgG-HRP (Jackson ImmunoResearch)
was applied at a 1:40,000 dilution and incubated at room temperature for 30
min with gentle rocking. All steps and washes were performed in the following
buffer: 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween 20. Quantitative
image analysis was performed using Image Lab Software (Bio-Rad).

In Vitro Cytokine Secretion Assay. CAR T cells were co-cultured for 24 h
with Nalmé leukemia cells ata 1:7.5 effector to target ratio. Supernatants were
measured for concentration of the cytokines IL-2, TNFa, and IFNy using the
humanT helper 1 (T, 1)/T,,2 cytokine cytometric bead array kit Il for humanTcells
(BD Biosciences) according to manufacturer's instructions. Sample data were
acquired using a Fortessa LSR Il flow cytometer (BD Biosciences) with FACSDiva
software (BD Biosciences). Data were analyzed using the BD CBA analysis software
(BD Biosciences).
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Flow Cytometry and Antibodies. For measurement of surface markers, cells
were stained with either fixable live/dead violet or near-infrared stain (Thermo)
in PBS depending on the panel, followed by surface staining in PBS containing
2.5% heat-inactivated FBS (Seradigm). CD19 CAR staining was performed using an
AF647 or APC conjugated anti-idiotype antibody directed at the FMC63 scFv. CD8
staining was performed using anti-CD8 APC-H7 (BD) and finally PD1 staining was
performed using anti-PD1BV711 (BioLegend). Measurement of intracellular mark-
ers was performed by first staining cells with fixable live/dead near-infrared stain
(Thermo). After washing, cells were fixed using 1.5% paraformaldehyde at room
temperature for 10 min. Washed cells were then resuspended in cold methanol
and stained on ice for 15 min. Cells were then either stored at —80 °C for temporary
storage to enable batch analysis or were immediately washed and resuspended in
PBS with 2.5% FBS (Seradigm) prior to intracellular staining. Phosphorylated p53
serine 15 was stained using phospho-p53 Ser15 antibody conjugated to either
PE or AF488 depending on the panel (Cell Signaling Technology). All data were
collected by a Fortessa LSR Il cytometer (BD Biosciences) equipped with FACSDiva
software. Analysis was performed using FlowJo version 10 (BD Biosciences).

In Vitro Tumor Co-culture. In vitro tumor clearance was assessed using a
Celigo Image Cytometer (Nexcelom). CAR T cells were co-cultured with NALMé
cells engineered to express GFP in 24-well cell culture plates, at five different
effector-to-target (E:T) ratios: 1t0 2.5, 1t0 5, 1t0 7.5, Tt0 10,and 1t0 12.5.To
set up the assay, a master mix is made for each E:T, with a fixed concentration of
CART cells of 1 x 10%/mL (normalized for CAR transduction %) across all E:Tand
a final concentration of either 2.5 x 10,5 x 10°,7.5 x 10°, 1 x 10°, 1.25 x
10°/mLNALM6. Each master mix is then dispensed into a 24-well plate with TmL
per well. To count tumor cells and T cells, 5 uL of a well-mixed cell suspension
is transferred into a compatible 96-well clear-bottomed plate containing 95 ul
PBS. Next, 100 uL of 2 uM calcein AM violet (Thermo) in PBS is added to each
well (200 pl total: 5 ul cell suspension + 95 uL PBS + 100 uL 2 uM calcein AM
violet), mixed, and then incubated at room temperature for 25 min protected
from light. Following incubation, the 96-well clear-bottomed plate is spun for
1 min at 100 g and then each well is imaged and quantitated using a Celigo
Image Cytometer using brightfield, alongside the blue and green channels to
image all live cells and tumor cells, respectively. Live T cell counts are determined
by subtracting the number of GFP+ cells from the total number of live cells. For
each condition, two replicate measurements are made. Following day 3 sampling,
600 pl of pre-warmed R10 is added to each well.

B-ALL Xenograft Model. The University of Pennsylvania Institutional Animal
Care and Use Committee (IACUC) approved all animal experiments and all
animal procedures were performed in the animal facility at the University of
Pennsylvania in accordance with all Federal and Institutional requirements.
Six- to eight-week-old male NOD/scid/IL2rg—/— (NSG) mice bred in the vivar-
ium at the University of Pennsylvania and maintained under pathogen-free
conditions, were used for all in vivo experiments. For assessment of CART cells
generated from healthy normal donors, mice were injected via tail vein with
1 x 10° NALM6 cells engineered to express luciferase in 200 ul PBS. Seven
days after tumor injection, mice were randomized based on tumor burden
and then injected via tail vein with 1 x 10° CAR-expressing T cells (CAR+)
or with an equivalent number of non-transduced T cells in 200 pL PBS. For
assessment of CAR T cells generated from CLL patient samples, mice were
injected via tail vein with 1 x 10° NALM®6 cells (luciferase positive). Four days
aftertumor injection, mice were randomized based on tumor burden and then
injected via tail vein with 1.5 x 10° CAR-expressing T cells (CAR+) in 200 pL
PBS or with 200 pL PBS alone, as sample limitations preventing the use of a
non-transduced control group. Tumor burden was measured through weekly
bioluminescent imaging, with imaging data analyzed using Living Image
version 4.4 (Caliper LifeSciences, PerkinElmer). For peripheral blood human
T cell counts, retro-orbital bleeds were performed to collect 50 pL of blood for
staining and lysis in Trucount™ tubes (BD). Throughout the study, mice were

1. M.Kalos et al., T cells with chimeric antigen receptors have potent antitumor effects and can
establish memory in patients with advanced leukemia. Sci. Transl. Med. 3, 95ra73 (2011).

2. S.L.Maude et al., Chimeric antigen receptor T cells for sustained remissions in leukemia. N. Engl. J.
Med. 371,1507-1517 (2014).

3. J.J.Melenhorst et al., Decade-long leukaemia remissions with persistence of CD4+ CART cells.
Nature 602, 503-509 (2022).
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observed for indications of graft-versus-host disease (GVHD) and any signs
of overt toxicity, such as body weight loss exceeding 20%, fur loss, diarrhea,
conjunctivitis, and hind limb paralysis. Mice were euthanized once total flux
exceeded 1 x 10" photons per second, with one set of exceptions: due to the
use of a high starting tumor burden prior to CART cell injection, several mice in
the ND451 and ND512 experiments were above the 1 x 10° cutoff at the first
time point following CAR injection (D12). Rather than euthanize in accordance
with the requirements of the Animal Welfare Act and Regulations, all affected
mice following the first tumor measurement, an exception was made to raise
the cutoff to 2 x 10'°, such thatan additional 7 mice were kept alive for ND451
(3inthe A133-CAR group; 4 in the WT CAR group) and an additional 8 mice for
ND512 (all 8 mice were in the WT CAR group). No other exceptions were made.

Bulk RNA-seq. Cell pellets were collected following CAR isolation and snap
frozen on dry ice, with all subsequent steps performed by Azenta Life Sciences.
Purity and integrity of extracted RNA was determined using Nanodrop 2000
and TapeStation. RNA libraries were prepared by isolating polyA-tailed mRNA
from total RNA, with ERCC RNA spike-ins added to serve as internal controls.
Sequencing was performed on an lllumina HiSeq 2500 with 150-bp paired-end
reads. Differential gene expression between A133-and WT-CARs was evaluated
using DESeq2, with p-values calculated using the Wald test. Adjusted P-values
were determined using the Benjamini-Hochberg method.

Seahorse Extracellular Flux Analysis. CAR T cell oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) were measured using a Seahorse
XF96 Extracellular Flux Analyzer according to the manufacturer's instructions.
CART cells were collected following Nalmé coculture, checked for purity, washed,
and resuspended in Seahorse EF medium (Agilent) ata concentration of 1 x 10°
live CART cells/mL, with 175 uL of cell suspension added to each well. OCR and
ECAR were measured under basal conditions, followed by sequential injections
of oligomycin (1 uM), fluoro-carbonylcyanidephenylhydrazone (FCCP, 1 uM), and
rotenone/antimycin A (500 nM), per manufacturer instructions.

Statistical Analysis and Figure Illustrations. Statistical analysis and graphing
were performed with Prism version 10 (Graphpad Software). The statistical tests
used for each analysis are listed in the corresponding figure legends. Illustrations
in Figs. 24, 3A, and 4G were created with BioRender.com.

Data, Materials, and Software Availability. RNA-seq data were deposited
onto Gene Expression Omnibus (GEO) accession number GSE248382 (61). Al
other data are included in the manuscript and/or S/ Appendix.
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