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1. INTRODUCTION:

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal cancers for which no effective therapy has been
identified. Our proposed research plan directly addresses the urgent need for novel therapies by developing the next
generation of targeted T cells with chimeric antigen receptors (CARs) for use in therapy of PDAC. CAR-T cells
show activity in a number of pilot clinical trials and they have significant potential for therapy of many cancers that
are currently incurable however, are largely ineffective in PDAC due to T cell exhaustion. Our overarching premise
is that CAR-T cell exhaustion, which limits function in PDAC, is regulated by specific changes in gene expression,
and that those changes can be prevented by modulating the transcription factors that drive the changes First, we will
identify and validate transcriptional “master” regulators” of CAR-T cell exhaustion. Our preliminary computational
analyses identified genetic signature of over 700 genes specifically regulated in exhausted T cells, including 50
transcription factors (TFs), 13 of which show significant correlation with biomarkers of exhaustion. We will test the
identified TFs by modulating their expression in CAR-T cells and analysis of cancer killing properties. Next, we will
decipher the function of the identified TFs in driving the specific CAR-T cell exhaustion phenotype. Analysis of
hallmarks of exhaustion and RNA-seq to determine the effect of our modifications on expression of exhaustion
signature genes will be used to define potentially non-overlapping and/or synergistic functions of each identified TF.
Finally, we will rigorously evaluate the potency, safety and limitations of synthetically enhanced CAR-T cells in pre-
clinical mouse models of PDAC. Based on our experience and preliminary data we are confident that the proposed
research will yield significantly improved CAR-T cells that could be rapidly translated to the clinic. Together, these

experiments will identify molecular mechanisms that currently limit the use of CAR-T cells for PDAC therapy.
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Several genes that were
highly expressed in
pancreatic cancer have been
proposed as immunological
targets for PDAC. By
immunostainings, we initially
selected Mesothelin (MSLN)
as the most universally and
strongly expressed in PDAC
and cancer cell lines but
absent in normal pancreas.
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Figure 1. Expression of common CAR T targets in human pancreatic cancer patients (single-

This observation was further

confirmed by reanalyzing single-cell RNA-seq dataset of human PDAC patients (Fig. 1). MSLN
was the only gene that was highly enriched in malignant epithelial cells but not any other cell types.

Specific Aim 1 -- To test the
effect of TF genetic modification
on CAR-T efficacy

Major Task 1 — Generate and
validate mouse and human
chimeric antigen receptor
expressing  T-cells  targeting
human  and  mouse  MSLN
expressing cancer cells.

We’ve successfully generated a
CAR-T  construct that is
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Figure 2. Live-cell imaging of pancreatic cancer killing mediated by MSLN-CAR-T cells.

composed of an anti-mesothelin (MSLN) scfv, 4-1BB costimulatory domain and CD3z signaling
domain. This CAR can recognize both human and mouse mesothelin even when the antigen is low,

owing to its high affinity. When

Non-transduced T CD19 CAR mMSLN CAR

transduced into primary T cells, the

CAR could lyse MLSN-positive
pancreatic cells (Fig. 2). The fact that  mitezs

a control CAR recognizing CD19 did

not lead to cancer cell killing,

Non-transduced T CD19 CAR mMSLN CAR

together with the observation that the
MSLN-CAR-T cells didn’t target

B KPC2124

effectiveness and specificity of our

MSLN-CAR design (Fig. 3).

Figure 3. Validation of the specificity of MSLN-CAR-T cells using MSLN-
knockout pancreatic cancer cells.



Major Task 2 — Generation of CAR T cells with overexpression or downregulation of the identified
TFs.
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Figure 5. Efficient IRF8 knock down in human primary CAR T cells

Specific Aim 2 — To test the effect of TF genetic modification on CAR-T exhaustion phenotype

To test the performance of TF genetic modification on CAR-T exhaustion phenotype in a human
primary T cell setting, we established an ex vivo CAR-T exhaustion model similarly as reported
previously (Nature, 2019). In brief, a GD2-CAR that induces tonic signaling was introduced into
human primary T cells, separately with a control CD19-CAR (without tonic signaling). The tonic
signaling mimics repeated

stimulation that leads to T cell Po-1 tAG-3 m-3 €039
exhaustion. Compared with
CDI19-CAR-T cells, GD2-

CAR-T  cells  developed A A N A
. . : A - AN \
exhaustion features including j | ’
elevated expression of immune Y
Checkpoints PD-I, LAG-3 and Figure 6. GD2-CAR-T cells shows signs of T cell exhaustion.

TIM-3 (Fig. 6).



Major Task 3- Measure levels of effector cytokines secretion

We next took advantage of the human GD2-CAR-T exhaustion model to study the effect of
transcription factor editing in human primary T cells. T cell exhaustion is characterized by
diminished or  markedly
_ . decreased cytokines
e o “ | production after stimulation.

. We examined the ability to
# “1 secrete interferon gamma
: 7 : | (IFNg) and IL-2 in control or

DN-PRDMI-bearing GD2-
CAR-T cells. As expected,
GD-CAR-T cells showed
deficiencies in the production
of both IFNg and IL-2, compared with the control CD19-CAR-T cells. DN-PRDM1 effectively
rescued IFNg and IL-2 production in GD2-CAR-T cells (Fig. 7), suggesting a reversal of T cell
exhaustion. Using a similar
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Figure 7. DN-PRDM1 restores cytokines secretion in human CAR T cells
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featured by the COmpI‘Ol’nised Figure 8. IRF8 knockdown attenuates cytokines diminishing during CAR T exhaustion
self-renew capacity, we also

monitored cell growth changes between CAR T cells carrying control (shGFP) or IRF8 (shCtrl)
shRNAs. We noticed that the CAR-positive fraction elevated gradually when IRF8 got
knockdown, while knocking down an irrelevant protein (GFP) caused minimal effects. Notably,
when challenged with tumor cells, only IRF8-knockdown cells showed a sustained ability to
proliferate, suggesting a superior anti-tumor capacity (Fig. 9).
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Figure 9. IRF8 knockdown attenuates cytokines diminishing during CAR T



Major Task 4-
Quantify expression of
inhibitory immune
checkpoint receptors in
modified CAR T cells

We further profiled A\ /\\ | /\ /\/\

CAR-T cells carrying e e T R TR i e
DN-PRDM1 or shIRFS8 Figure 10. DN-PRDM1 reduces immune checkpoints expression in CAR-T cells

PD-1 LAG-3 TIM-3 CD39

CD19 CAR

by immune checkpoint

receptor staining using flow cytometry. Compared with control GD2-CAR-T cells, DN-PRDM -
GD2-CAR-T cells and shIRF8-GD2-CAR-T cells exhibited drastically reduced expression of PD-
1, LAG-3, TIM-3 and CD39, demonstrating action of exhaustion-prevention by DN-PRDM1 (Figs.
10 and 11).
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exhaustion by indirect mechanism,
such as affecting the CAR
expression level, we introduced a
protein degradation system (dTAG) to conduct targeted DN-PRDM1 degradation. After adding
the dTAG ligand, the dTAG-DN-PRDM1 protein underwent quick degradation in human T cells
(Fig. 12). Degradation of DN-PRDM1 did not change the expression level of the GD2 CAR, while
it led to much higher expression of immune checkpoints compared with CAR-T cells carrying
persistent DN-PRDM1, providing direct evidence that DN-PRDM1 could directly inhibit T cell
exhaustion (Fig. 13).
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Figure 12. Rapid turnover of dTAG-DN-PRDM1 in CAR-T cells when administrated with dTAG ligand.
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Figure 13. The dTAG system enables fair comparison between DN-PRDM1-ON and DN-PRDM1-OFF CAR-T cells, further supporting the

exhaustion-prevention role of DN-PRDM1.

Major Task 6 - Evaluate global gene expression in modified CAR T cell by RNA-seq

To assess genome-wide transcriptional changes between PRDMI1-deficient and control cells,
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Figure 14. Schematics of single-cell RNA-seq of DN-PRDM1-ON/OFF CAR T cells
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Figure 15. Schematics of single-cell RNA-seq of DN-PRDM1-ON/OFF CAR T cells
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single-cell RNA-seq
was performed on
GD2-CAR T cells
carrying the dTAG-
DN-PRDMI,
treated with  or
without the dTAG
ligand (Fig. 14),
which enables direct
comparison of the
transcriptomes  in
the presence or
absence of DN-
PRDMI. Gene set
enrichment
analysis (GSEA)
revealed
enrichment of
naive/memory-
associated genes
and
downregulation
effector-related
genes when DN-
PRDM1 was
present in the

CAR T cells (Fig. 15). These data strongly suggest that DN-PRDM1 was associated with a less

differentiated T cell state.
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Figure 16. Transcriptome-based UMAP clustering of single-cell expression profiles (left) and the
Scissor predicted response (right).

DN-PRDM1-ON
Background
No-Response

Response
0.00 0.25 0.50 0.75 1.00

Figure 17. The proportion of CAR T cells associated with the Scissor-predicted clinical response

UMAP  dimensional
reduction followed by

unsupervised
clustering revealed that
cells representing DN-

PRDM1 ON/OFF
modalities  clustered
into 6 distinct

transcriptome profiles.
Next, to associate the
ex vivo CAR T cell
transcriptional  states
with clinical outcomes,
we applied a recently
developed
computational
algorithm Scissor (Nat.
Biotechnol, 2021) and
tumor-infiltrating
lymphocytes ~ (TILs)
scRNA-seq dataset
from melanoma
patients treated with
PD-1 checkpoint
therapy (Cell, 2018) as

validated clinical benchmarks. Different cell clusters showed a diverse distribution of responding
and non-responding potentials (Fig. 16). In line with the previous findings, When DN-PRDM1
was on, more responding and fewer non-responding cells were observed (Fig. 17). All the results
imply that applying DN-PRDM!1 could mimic a functional “PRDM1-low” status and may improve

the efficacy of T cell therapy in cancer patients.



Specific Aim 3 — To test the effect of TF genetic modification on CAR-T exhaustion and potency

in pre- clinical models of PDAC

Major Task 7 — Quantify markers of exhaustion in modified CAR-T infiltrating PDAC tumors

BFP-MSLN-CAR + GFP-DN-PRDM1-MSLN-CAR

1:1 mixture
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% of Max

&
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Figure 18. Competition in vivo between control MSLN-CAR and DN-

PRDM1-MSLN-CAR show superior expansion of MSLN-CAR-T cells
and reduced expression of immune checkpoint PD-1.

To enable a head-to-head comparison of
control and DN-PRDM1 CAR-T cells in vivo,
we designed a competition assay by
introducing a BFP and a GFP into these two
CAR-T groups. The transduced cells were
mixed at 1:1 ratio and injected into NSG mice
carrying of
pancreatic cancer cells. TILs isolated from the

subcutaneous  xenografts
tumors were subjected to flow cytometry. A
higher fraction of GFP" DN-PRDM1-CAR-T
cells compared with BFP-CAR-T cells was
observed. The GFP" cells also exhibited a
lower expression level of PD-1, implying the
DN-PRDM1 CAR-T
exhausted in vivo (Fig. 18).

cells were less

Major Task 8 — Quantify PDAC tumor killing and survival benefit of modified CAR-T

NSG mice carrying human PDAC tumors were treated with conventional MSLN-CAR-T cells or

DN-PRDM1-MSLN-CAR-T cells.
suppression and survival extension (Fig. 19).

CAR-T cells with DN-PRDMI1 led to significant tumor
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Figure 19. DN-PRDM1-CAR-T cells suppress tumor growth and improves survival in a subcutaneous xenograft model of



The strong beneficial phenotype of CAR T cells by
inhibiting PRDM1 also promoted us to seek alternative
methods to manipulate the expression of PRDMI. As
reported previously BRD4 (an epigenetic regulator)
occupies the super-enhancer region of PRDM1 (Cell,
2013). We therefore tested if BRD4 inhibitor JQ1 could
suppress the expression of PRDMI1 in human CAR T
cells. CAR T cells treated with control or JQI were
subjected to single-cell RNA-seq. Notably, CAR T cells
treated with JQ1 had lower expression of PRDMI and
higher expression of immune checkpoints (PDCDI,
LAG3, HAVCR2, ENTPDI, TIGIT, CTLA4) than the
mock-treated groups (Fig. 20). The results highlighted the
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Figure 20. Expression analysis of PRDM1 and immune
checkpoint molecules in CAR T cells treated with JQ1.
Percentage of cells expressing indicated genes and
relative levels of expression are shown.

potential of using small molecules to target exhaustion-related transcription factors for enhancing

CAR T performance.

In summary, we established anti-mesothelin CAR T platforms to study transcription control of T

cell exhaustion programs in PDAC. Computational and experimental analyses identified PRDM1

and IRF8 as Key transcription factors promoting T-cell exhaustion. Deletion of these TFs,

either by overexpression of inhibitory dominant-negative domains, or by introducing shRNAs,

endowed CAR T cells with improved resistance to exhaustion and superior anti-tumor efficacy.
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RO1 CA236949

Mazur (PI)

04/01/2019 — 03/31/2024

Role of SETDS in chromatin regulation and tumorigenesis

RO1 CA266280

Wang/Mazur (co-PI)

10/01/2022 — 09/30/2027

Tumor cell lineage state diversity and composition in gastric cancer progression and therapy resistance

CPRIT RP220391

Mazur (PI)

06/01/2022 — 05/30/2025

Identification of oncogenic mechanisms driving lung squamous cell carcinoma

Describe partner organizations

Nothing to Report




. SPECIAL REPORTING REQUIREMENTS

COLLABORATIVE AWARDS:
QUAD CHARTS:

. APPENDICES:





