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Abstract

The presence of polyfunctional CD4* T cells is often associated with favorable antitumor
immunity. We report here that persistent activation of signal transducer and activator of
transcription 5 (STATS5) in tumor-specific CD4* T cells drives the development of polyfunctional
T cells. We showed that ectopic expression of a constitutively active form of murine STAT5A
(CASTATS5) enabled tumor-specific CD4* T cells to undergo robust expansion, infiltrate tumors

“Corresponding Authors: Zhi-Chun Ding, Huidong Shi and Gang Zhou GZHOU@augusta.edu.

Lead Contact: Gang Zhou, Ph.D., Georgia Cancer Center, Augusta University, 1120 15t Street, CN-4140, Augusta, GA 30912, Tel:
706-721-4472, FAX: 706-721-1670

Author Contributions: Z-C.D. performed research, analyzed data and wrote the paper; N.S.A., K.F. and L.P. performed experiments;
H.X.,E-J.P., Z.L. and J.L. performed data analysis; R.A.M., G.A.P,, B.R.B. and D.H.M. provided critical reagents and edited the paper;
H.S. prepared samples for NGS, performed bioinformatics analyses and wrote the paper; G.Z. conceived the study, provided funding,
designed research, analyzed data and wrote the paper.

Competing interests: B.R.B. receives remuneration as an advisor to Kamon Pharmaceuticals, Inc, Five Prime Therapeutics Inc,
Regeneron Pharmaceuticals, Magenta Therapeutics and BlueRock Therapeutics; research support from Fate Therapeutics, RXi
Pharmaceuticals, Alpine Immune Sciences, Inc, Abbvie Inc., BlueRock Therapeutics, Leukemia and Lymphoma Society, Children’s
Cancer Research Fund, KidsFirst Fund and is a co-founder of Tmunity. G.Z. is the inventor on a patent application (63/061,339) held/
submitted by Augusta University Research Institute, Inc that covers “Chimeric Antigen Receptor T Cells And Methods Of Use
Thereof.” All other authors declare no competing interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ding et al. Page 2

vigorously and elicit antitumor CD8* T cell responses in a CD4* T-cell adoptive transfer model
system. Integrated epigenomic and transcriptomic analysis revealed that CASTATS5 induced
genome-wide chromatin remodeling in CD4* T cells and established a distinct epigenetic and
transcriptional landscape. Single-cell RNA sequencing analysis further identified a subset of
CASTATS5-transduced CD4™ T cells with a molecular signature indicative of progenitor
polyfunctional T cells. The therapeutic significance of CASTAT5 came from our finding that
adoptive transfer of T cells engineered to co-express CD19-targeting chimeric antigen receptor
(CAR) and CASTATS5 gave rise to polyfunctional CD4* CAR T cells in a mouse B-cell lymphoma
model. Notably, the optimal therapeutic outcome was obtained when both CD4* and CD8" CAR T
cells were transduced with CASTATS, indicating that CASTATS facilitates productive CD4 help to
CDS8™* T cells. Furthermore, we provide evidence that CASTATS is functional in primary human
CD4* T cells, underscoring its potential clinical relevance. Our results implicate STAT5 as a valid
candidate for T cell engineering to generate polyfunctional, exhaustion-resistant, and tumor-tropic
antitumor CD4* T cells to potentiate adoptive T-cell therapy for cancer.

One sentence summary:

Persistent STATS5 activation endows antitumor CD4" T cells with desirable functional features that
optimize adoptive T cell therapy.

Introduction

Recent advances in adoptive T-cell therapy (ACT), especially CD19-targeting chimeric
antigen receptor (CAR) T-cell therapy (CD19CART), have highlighted the potential of
immunotherapy to achieve durable and curative patient outcomes(1, 2. However, even for the
well-developed CD19CART, many patients failed to respond to the treatment, or succumbed
to late relapse after initial response(3). Moreover, by far ACT in general has not been
effective in treating most solid tumors. The major barriers to effective ACT include
deficiencies in donor T cell expansion, persistence and tumor-infiltration, as well as loss of
effector functions in the immunosuppressive tumor microenvironment (TME)(4-6). There is
increasing demand for further strategies that can overcome these barriers so as to improve
the efficacy of ACT.

The infusion products of ACT usually contain both CD8* and CD4™ T lymphocytes, and
CD8* T cells are considered as the major effector population that mediates the tumor-killing
effects. Recent studies demonstrate that tumor-specific CD8* T cells are susceptible to
functional exhaustion in the TME, a process characterized by progressive loss of effector
functions, which may contribute to failed tumor growth control(7, 8). CD4* T cells are
regarded as helper cells that act to enhance CD8* T cell responses(9-12). With relevance to
CD19CAR T cell therapy, the co-presence of CD4* and CD8* T cells in the infusion
products was found to correlate with favorable patient outcomes(13), although the
mechanism of CD4*-CD8* T cell cooperation awaits to be elucidated. A likely possibility is
that CD4" helper T cells can prevent CD8* T cell exhaustion in the TME, as it has been
demonstrated in the setting of chronic viral infection(14). Apart from their role as helpers,
CD4* T cells can act as the driver of antitumor immune responses in ACT. Case report
studies showed that adoptive transfer of ex vivo expanded tumor-specific CD4™ T cell clones
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can lead to tumor regression in patients with metastatic tumors(15, 16). A recent clinical
study demonstrated the safety and efficacy of administering CD4* T cells genetically
engineered to express tumor-specific T cell receptors (TCRs)(17). CD4™ T cell-based CAR
T cell therapy also showed robust antitumor effects in some preclinical models(18, 19).
Whether CD4* T cells are used as helpers or “stand-alone” effectors in ACT, their functional
status appears to be a key determinant of the therapy outcome. The presence of CD4* T cells
with a polyfunctional phenotype, characterized by concomitant production of multiple
inflammatory cytokines, has been associated with favorable immunological events, including
dendritic cell activation, antigen epitope spreading, immunostimulatory cytokine milieu,
CDS8™* T cell activation, and ultimately, improved antitumor effects in tumor-bearing mice or
cancer patients(15, 16, 20-25). However, CD4" T cells are not immune to tumor-induced
dysfunction or exhaustion(26), and exhausted CD4* T cells may exacerbate CD8* T cell
dysfunction(27). Thus, finding ways to generate exhaustion-resistant, polyfunctional CD4*
T cells may have important implications for ACT.

We previously reported that CD4™ T cells exposed to interleukin 7 (IL-7) during antigenic
stimulation /n vitro can acquire polyfunctionality in a STAT5-dependent manner(28).
However, inducing CD4 polyfunctionality with IL-7 may encounter some limitations in
clinical settings. For instance, patient-derived T cells, which presumably contain exhausted
CD4* T cells, may not respond to IL-7 and become polyfunctional. Moreover, it is uncertain
whether IL-7-induced CD4 polyfunctionality, acquired during /n vitro stimulation, can
sustain in the TME after T cell infusion. We hypothesized that the limitations restricting the
efficiency of IL-7 induction of CD4 polyfunctionality can be overcome by genetically
modifying T cells to allow cell-intrinsic, continuous engagement of the IL-7 signaling
pathway through STATS5 activation. In the current study, we reveal the impact of persistent
STATS signaling, transmitted by a constitutively active form of STAT5A (CASTAT5)(29),
on CD4* T cell phenotype and function in the context of ACT. We report that overexpression
of CASTATS induces genome-wide transcriptional and epigenetic remodeling in tumor-
specific CD4* T cells, endowing these cells polyfunctionality, exhaustion-resistance and
tumor-infiltrating capability. Importantly, CASTATS5 can markedly improve the expansion
and persistence of CD19CAR T cells, resulting in high cure rate in mice with advanced
lymphoma. These findings validate persistent activation of STAT5 as a viable strategy to
generate polyfunctional CD4* T cells for the purpose of cancer immunotherapy.

CASTAT5-transduced CD4* T cells undergo robust expansion and acquire a polyfunctional
phenotype upon adoptive transfer

We set out to examine the impact of persistent STATS5 activation, transmitted by CASTAT5,
on T cell expansion, functional status and migration /in vivo in a mouse model of ACT. Mice
with large established HA-expressing B-cell lymphoma A20 tumors (A20HA) received
lymphodepleting chemotherapy (CTX) with cyclophosphamide followed by adoptive
transfer one day later of either CASTAT5-transduced (CASTATS5 CD4) or mock-transduced
(control CD4) HA-specific CD4* T cells derived from 6.5 TCR Tg mice (Fig. 1A). To
evaluate donor T cell expansion /n vivo, tail blood from each mouse was collected weekly
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for flow cytometry analysis. CASTATS CD4" T cells, which exhibited increased levels of
phosphorylated STAT5 (pSTATS) (Fig. 1B), underwent robust and sustained expansion,
reaching a plateau (19+4.6%) about 3 weeks after transfer, whereas control CD4* T cells
only had transient and modest expansion (Fig. 1C). The proliferative advantage of
CASTAT5 CD4* T cells over the control CD4* T cells was also confirmed 7 vitro. Upon
serial repeated stimulations, CASTAT5 CD4" T cells showed increased cell division and
accumulation compared to control CD4* T cells (fig. SIA-C), suggesting enhanced survival
capability.

A cohort of mice were sacrificed 10 days after T cell transfer and donor T cells in the
spleens were assessed for cytokine production by intracellular cytokine staining (ICS). Fig.
1D shows that CASTATS5 CD4* T cells had somewhat mixed changes in Th1 cytokine
productions compared to the control CD4* T cells, for example, slight reduction in IFN-y
but modest gain in TNF-a; notably, CASTAT5 CD4* T cells had markedly elevated
productions of cytokines characteristic of the Th2 (IL-4, IL-13), Th9 (IL-9) and Thgnm (GM-
CSF, also known as Csf2) lineages, in addition to cytolytic molecule granzyme B (GzmB)
and degranulation marker CD107a (Lamp1), which are hallmarks of cytolytic CD4* T cells
(CTL-CD4). Cytokine co-staining analysis revealed at the single cell level that CASTATS
enabled CD4™" T cells to concurrently express 2 or 3 cytokines characteristic of different Th
lineages, exhibiting a unique polyfunctional phenotype (Fig. 1E).

CASTATS enhances CD4* T cell tumor infiltration and retention

We next examined how CASTATS affects the tumor-infiltrating capacity of tumor-specific
CD4* T cells. To track and quantify tumor-infiltrating donor T cells, T cells were engineered
to express luciferase (luci) so that they can be visualized by bioluminescence imaging (BLI).
As shown in Fig. 1F schema, tumor-specific CD4* T cells, transduced with the luci-carrying
viral vector alone as control (Ctl CD4.luci) or co-transduced with luci and CASTAT5-
carrying viral vectors (CASTAT5 CD4.luci), were transferred into CTX-conditioned tumor-
bearing mice. The control and CASTAT5 CD4* T cells showed comparable photon
intensities before transfer, indicating similar transduction efficiency of the luciferase gene
(Fig. 1G left panel). Notably, the bioluminescent photon signals from CASTAT5 CD4* T
cells were readily detectable in tumors on day 5 and intensified on day 9, whereas the BLI
signals from intratumoral control CD4* T cells were modest on both time points (Fig. 1G
BLI imaging and summary graph). To confirm the imaging results, we conducted a separate
experiment to enumerate the number of tumor-infiltrating donor T cells on day 7. As shown
in Fig. 1H, CASTATS5 CD4™" T cells showed enhanced accumulation in tumors, reflected by
their increased frequencies and absolute numbers, compared to the control CD4™ T cells.
The results suggest that CASTATS5 enhances CD4* T cell tumor infiltration and retention.

CASTATS CD4* T cells eradicate advanced tumors through eliciting antitumor CD8* T cell

responses

The antitumor efficacy of ACT was evaluated by monitoring tumor growth. Fig. 2A shows
that CTX conditioning alone transiently delayed tumor growth compared to untreated mice;
although adoptive transfer of control CD4" T cells after CTX resulted in further delay in
tumor growth, all mice later succumbed to tumor relapse. In sharp contrast, adoptive transfer
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of CASTATS5 CD4 T cells after CTX led to complete regression of large well-vascularized
tumors in all treated mice (Fig. 2A-B). CD4" T cells can activate a multitude of immune
cells, especially cytotoxic CD8* T cells, to mediate tumor rejection(12). To investigate the
role of endogenous CD8" T cells in the curative effect of CASTAT5 CD4* T cells, mice
were injected with depleting antibody to remove CD8* T cells after receiving CASTATS
CD4* T cell infusion. Fig. 2C shows that CD8* T cell depletion abolished the curative effect
of CASTATS CD4* T cells, indicating that the host CD8" T cells were a critical component
of CASTATS CD4* T cell-induced antitumor immunity. The result implied that the
endogenous CD8* T cells might be primed against tumor-associated antigens. To examine
CD8* T cell reactivity toward tumors, host CD8* T cells were isolated from mice 21 days
after receiving control or CASTATS5 CD4* T cell infusion, at which time mice in the former
group started to have relapse while mice in the latter group had complete tumor regression
(Fig. 2A). Purified host CD8* T cells were labeled with violet dye and co-cultured with
irradiated tumor cells (Fig. 2D schema). 6 days after culture, CD8* T cells were evaluated
for cell division (violet dye dilution) and activation markers (CD25 and CD44). Fig. 2D
shows that host CD8* T cells from the mice receiving control CD4* T cells barely divided
(1.4+0.3%) in response to A20HA, the original tumor inoculants; in contrast, a significant
fraction (40.7+3.1%) of CD8* T cells from the mice receiving CASTATS5 CD4* T cells
underwent multiple rounds of cell division and expressed high levels of CD25 and CD44 in
response to A20HA. The results imply that a sizable fraction of endogenous CD8* T cells
were primed against A20HA cells /in vivoin the presence of CASTATS CD4* T cells.
Moreover, a smaller but noticeable fraction of host CD8* T cells (10.5+3.2%) from the mice
receiving CASTATS5 CD4* T cells responded to A20WT cells (the parental wild-type A20
cells that don’t express HA), whereas the fraction of A20WT-reactive CD8* T cells from the
mice receiving control CD4" T cells was marginal (4.2+2.3%). Of note, host CD8* T cells
from neither group were reactive to MOPC315 cells, a plasmacytoma cell line unrelated to
A20 cells. The results suggest that the endogenous CD8* T cells were primed against not
only HA, the antigen targeted by CASTAT5 CD4™ T cells, but also other A20-derived tumor-
associated antigens, indicating the occurrence of epitope spreading in the presence of
CASTAT5 CD4* T cells. It has been well-established that CD8aCD11¢*CD103* dendritic
cells can effectively activate CD8* T cells through cross-priming(30, 31). Indeed, this DC
subset increased significantly in both tumor draining lymph nodes (dLNs) and spleens in
mice receiving CASTAT5 CD4* T cells (Fig. 2E), suggesting the involvement of DCs in
bridging the crosstalk between the donor CASTAT5 CD4* T cells and the endogenous CD8*
T cells.

Aberrant activation of STAT5 has been associated with leukemic transformation(32-37),
raising the question whether CASTAT5-transduced T cells would become leukemic. To
address this, we examined whether CASTAT5-transduced T cells become immortal /n vitro.
We found that CASTAT5 CD4* T cells died out when cultured in the absence of antigenic
stimulation or growth factors, though in a delayed pace compared to control CD4* T cells,
(fig. S1D). We further evaluated the leukemic potential of CASTAT5-transduced T cells /n
vivo. Splenocytes isolated from mice (CD45.2*/*) that became tumor-free after receiving
CASTATS CD4* T cells were adoptively transferred into naive CD45.1*/* recipients (fig.
S1E). No gross abnormality was observed in the recipient mice 60 days after splenocyte
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infusion, and the percentage of CASTAT5 CD4* T cells in the CD4* T cell population of the
input splenocytes remained unchanged (fig. SIF-G), arguing against leukemia development
of CASTATS5-transduced CD4* T cells within the experiment timeframe. Together, these
data suggest that CASTATS transduction by itself may not be sufficient to make primary T
cells immortal or leukemic.

CASTATS drives genome-wide transcriptional and epigenetic remodeling in CD4* T cells

To understand at the molecular level the biological impact of CASTAT5 on CD4* T cells, we
performed bulk RNA sequencing (RNAseq) and assay for transposase-accessible chromatin
using sequencing (ATACseq) on FACS-sorted donor CD4* T cells (Fig. 3A). RNAseq
analysis demonstrates a clear separation of CASTAT5 CD4™" T cells from control CD4* T
cells (fig. S2A-B). Using absolute log2 fold change (log2FC) = 1 and adjusted p-value
<0.05 as cutoff values, we identified 1695 up-regulated and 643 down-regulated genes in
CASTAT5 CD4* T cells as compared to control CD4* T cells, respectively (fig. S2C and
Supplementary Table 1). Heatmap indicates the markedly different gene expression patterns
between control CD4* and CASTATS5 CD4™ T cells (fig. S2D). Similarly, ATACseq analysis
identified 9438 and 4913 peaks with increased or decreased chromatin accessibility in
CASTAT5 CD4* T cells as compared to control CD4* T cells (absolute log2FC =1 and
adjusted p-value <0.05), respectively (fig. S3A-B) and reveals clear epigenetic differences
as shown in the heatmap (fig. S3C). A majority (about 60%) of the differential ATACseq
peaks are located in the non-coding regions of the genome (fig. S3D). Gene set enrichment
analysis (GSEA) plots show that genes associated with more accessible chromatin had more
overlaps with up-regulated genes than down-regulated genes, and vice versa (Fig. 3B),
suggesting that gene expression changes are highly correlated with chromatin changes. We
compared the genome-wide alterations in chromatin accessibility landscape with the
corresponding gene expression changes. As illustrated in Fig. 3C, the increases in read
densities seen in CASTATS5 as compared to control CD4* T cells are positively correlated
with increases in gene expression and vice versa. Furthermore, ingenuity pathway analysis
(IPA) of RNAseq data and ATACseq data results in highly consistent pathway identification
(Fig. 3D).

We examined the chromatin accessibility of genes related to T cell polyfunctionality.
Notably, cytokines that showed significantly increased productions in CASTATS5 CD4* T
cells, including //4, 1113, 119, Csf2and GzmB, all had markedly increased chromatin
accessibility in the corresponding gene loci (Fig. 3E). The /fng gene locus showed reduced
chromatin accessibility in CASTATS5 CD4* T cells, in line with the slight reduction in Ifng
expression in these cells detected by ICS. No obvious chromatin structure changes were
observed in the 7nfgene locus, although modest gain in TNF-a. expression was detected by
ICS in CASTATS5 CD4™" T cells. In contrast, genes associated with T cell dysfunction, such
as Pdcdl and Ctla4, showed reduced chromatin accessibility in CASTAT5 CD4* T cells,
indicating a widespread yet selective remodeling of the epigenetic landscape by CASTATS.

We further analyzed our RNAseq and ATACseq datasets to establish the concordance
between gene transcription profile and chromatin accessibility status. A selection of genes
(n=90) distributed across multiple important functional categories demonstrate highly
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correlative RNAseq and ATACseq data (fig. S4A). We performed additional flow cytometry
analysis for CASTATS5 and control CD4* T cells to confirm the differential expressions, as
predicted by ATACseq and RNAseq data, of a panel of molecules at the protein level (fig.
S4B-C). Altogether, our data indicate that CASTATS CD4* T cells have acquired a distinct
epigenetic landscape that is in concordance with gene transcription and protein expression
profiles.

It is known that STATS5 can bind directly to gene regulatory regions to mediate gene
expression(38, 39). By comparing with a published STAT5A ChlPseq dataset in murine pro-
B cell line Ba/F3 stimulated with or without STATS5 inducer IL3(40), we observed that about
9% of the differential ATACseq peaks in our study directly overlap with STAT5A ChlPseq
peaks and most of them (1164 out of 1328) are associated with gain of chromatin
accessibility in CASTATS CD4" T cells (fig. S5A upper panel). More importantly, by
aligning our RNAseq dataset with the same Stat5a ChIP-seq dataset, we found that 763 out
of 1695 (45%) up-regulated genes and also 259 out of 643 (40%) down-regulated genes in
CASTATS5 CD4* T cells, are potential direct targets of Stat5a (fig. S5A bottom panel).
Similar results were obtained when we compared our ATACseq results with another pan-
STAT5 ChlPseq dataset generated in murine CD4* T cells(41) (fig. S5B). These comparative
analyses underscored the impact of CASTAT5 on transcription and chromatin accessibility
of some known STATD5 target genes, such as Bc/2, Junband /a2, in the donor CD4* T cells
(fig. S5C). To test if other transcription factors (TFs) are also involved in epigenetic
reprogramming, we performed TF motif analysis using two most-used MEME-Chip and
HOMER software packages. Analysis of the top 1000 ATACseq peaks (Supplementary
Table 2) with increased chromatin accessibility in CASTAT5 CD4* T cells using MEME-
Chip revealed enrichment for GATA family TFs and STAT5A/B consensus binding motifs,
while analysis of the top 500 less accessible ATACseq peaks (Supplementary Table 2)
revealed enrichment for Runx2 and Thx21 (T-bet) binding motifs (Fig. 3F). Similar results
were obtained using HOMER (fig. S6). One of the advantages of ATACseq is that it allows
us to perform TF footprinting analysis. As shown in Fig. 3G, differential TF footprinting
analysis using Rgt-HINT software package demonstrates significant higher Tn5 cutting site
signals at the TF binding site of STAT5A/B and Gatal, and reduced signals at Runx2 and
Thx21 consensus sites. Additional TFs with increased or decreased activities in CASTATS
CD4* T cells compared to control CD4* T cells were identified (fig. S7). By integrating the
predicted TF binding map and expression changes of these TFs, we constructed an
integrated regulatory network to explore the transcriptional circuitry in CASTAT5 CD4+ T
cells (Fig. 3H). This network identifies augmented activities of Stat5, Gatal, ApIand
decreased activities of Nfat, Runxand Tbx21. STAT5A appears to directly activate Gatal,
Jun, Junb, Fos, Fosl2and EzhZ, while repressing Runx2, 1d2, Nr4aZand Tox. In sum, our
study provides comprehensive information on how persistent STATS5 activation reprograms
CD4* T cell epigenetic and transcriptomic landscapes, leading to the formation of
polyfunctional CD4* T cells.

CASTATS CD4* T cells exhibit similar epigenetic features in spleen and tumor

For the analyses described above, donor T cells from the spleens of mice were used to
ensure collection of sufficient number of donor T cells for downstream experimental
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procedures. It is known that T cells residing in different organs can have different properties.
We asked whether the epigenetic changes seen in spleen-derived donor T cells can be found
in tumor-infiltrating donor T cells. To address this, ATACseq analyses were performed for
CASTAT5 and control CD4* T cells which were either collected right before adoptive
transfer (in vitro), or were FACS-sorted from the spleens or tumors of mice 10 days after T
cell transfer. A pair-wise comparison between CASTATS5 and control CD4* T cells revealed
that CASTATS induced overt changes in chromatin accessibility in both spleen and tumor
samples, although the changes in tumor-infiltrating T cells were less profound (Fig. 4A),
suggesting that the epigenetic landscape of T cells is subjected to regulation by the
microenvironment where the T cells reside. To identify the epigenetic changes unique to
each cell population, we generated a data matrix containing ATACseq peaks identified from
all samples and selected the top 5% peaks with largest variation among them. Then we
selected the genes of interest identified by bulk RNAseq as shown in Fig. 3C to re-plot the
heatmap (Fig. 4B). Notably, the majority of the epigenetic differences between CASTATS
versus control CD4* T cells recovered from the spleen were also found in donor T cells
recovered from the tumor, although to a lesser extent in tumor-infiltrating T cells. In
contrast, the /n vitro cultured CASTATS and control CD4* T cells did not differ in
epigenome. Fig. 4C illustrates the typical pattern of epigenetic changes in donor T cells
recovered from the spleen versus tumor for 3 representative genes.

Single cell RNAseq reveals the heterogeneity of CASTAT5-induced polyfunctional CD4* T

cells

To further understand the heterogeneity of the T cell population and the transcriptome
associated with polyfunctionality, we conducted single-cell RNA sequencing analysis
(scRNAseq) for CASTATS5 and control CD4* T cells using the 10x Genomics platform. As
shown in Fig. 5A, 1,531 CASTATS5 and 1,632 control CD4* T cells from pooled samples can
be clearly separated apart on the t-distributed stochastic neighbor embedding (t-SNE) plot.
Using unsupervised cluster analysis, the 3163 single cells can be further partitioned into 6
clusters based on their transcriptomes. Cells in clusters 1-3 belonged to control CD4* T
cells, whereas cells in clusters 4-6 were mostly CASTAT5 CD4* T cells. Consistent with the
bulk RNAseq data and ICS results, //4, 1113, 119, Csf2, Gzmband Lampl (CD107a)
transcripts were predominantly detected in CASTATS CD4* T cells (clusters 4—6) while /fing
and 7nftranscripts were present in all clusters (Fig. 5B). Based on scRNAseq data, we
computed the frequency of cells expressing one or more of the effector molecules, including
the aforementioned 6 cytokines plus Gzmband Lampl (CD107a) as displayed in Fig. 5B. A
significant increase in the number of cells expressing 2 or more effector molecules was
observed in CASTATS CD4" T cells compared to control CD4* T cells. Particularly, nearly
75% of cells in cluster 6 expressed at least 2 and about 48% of them expressed 3 or more
effector molecules simultaneously (Fig. 5C). Thus cluster 6 represented a unique population
highly enriched for polyfunctional CD4* T cells. The scRNAseq analysis identified the gene
signatures associated with each cluster (Fig. 5D and Supplementary table 3). Notably, the
signature genes defining cluster 6 include genes regulating cell survival (Birc5), proliferation
(Mki67, Pclaf), and chromatin modification (UArf1, Ezh2) (Fig. 5E). Following the same
categorization schema used for bulk RNAseq and ATACseq, we examined the expression
patterns of additional genes at the single-cell level (fig. S8). In general, the SCRNAseq
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results are in congruence with the bulk RNAseq data and ATACseq data. To further identify
modules of co-expressed genes in each cluster, the sScRNAseq data were subjected to co-
expression network analysis and a total of 18 modules were identified (fig. SOA-B). The
gene co-expression network associated with cluster 6 features multiple genes involved in
regulating cell cycle progression, chromosome segregation and spindle checkpoint activity
(Fig. 5F).

We calculated cell cycle phase scores based on the expression patterns of 97 genes involved
in regulating the cell cycle. CASTATS CD4™" T cells displayed a unique cell cycle status with
most cluster 6 cells in G2/M and S phases, while most cells of cluster 4 and cluster 5 were in
G1 phase (Fig. 6A). These distinct cell cycle phase distribution patterns prompted us to
investigate the transcriptional dynamics of CASTAT5 CD4* T cells. We performed RNA
velocity analysis, in which the transcription Kinetics is estimated by distinguishing the
spliced and unspliced mRNA and used to predict the future state of individual cells on the
time scale of hours(42, 43). As shown in Fig. 6B, the cluster 6 cells at the border with
clusters 4 and cluster 5 exhibited long arrows (large RNA velocities) pointing towards
cluster 4 and cluster 5 cells, suggesting that cluster 6 cells have self-renewal capacity and
can differentiate into cluster 4 and cluster 5 cells. On the contrary, most of the cells in cluster
1 and cluster 2, which mostly consisted of control CD4* T cells, showed short or no arrows
(small RNA velocity), suggesting their status as terminally differentiated cells. In line with
the results of RNA velocity analysis, pseudotime trajectory analysis showed that
CASTATS5A CD4* T cells were ordered along a trajectory with cluster 6 cells having the
shortest pseudo-differentiation time (Fig. 6C). Cluster 6 cells were positioned as the
progenitors of cells in other clusters based on the pseudo-time trajectory projection (Fig.
6D). We performed a branch point analysis to identify the critical molecular changes that
may be important to the transition between cell states. As a result, 133 genes were identified
as branch-dependent differentially expressed genes (Fig. 6E). For example, several
transcription factors including Egri, Jun, and Runx2 may play an important role at the first
branchpoint (Fig. 6F). These results support the notion that cluster 6 cells represent a
resource population, or progenitor-like cells, which may give rise to more polarized but less
polyfunctional effector CD4* T cells.

It should be noted that the donor CD4* T cells sorted for NGS may contain both transduced
(CASTATS positive) and untransduced (CASTATS negative) T cells, raising the question to
what extent our data reflected the effects of CASTAT5 on CD4* T cells. We found that the
two specific STAT5A mutations (H299R and S711F), which were introduced during
mutagenesis to create CASTAT5(29), were prevalent (mutant allele frequency = 89%) in
both the bulk and single-cell sequencing reads generated from CASTAT5 CD4* samples,
whereas these mutations were not detected in control CD4* samples (fig. S10). The results
indicate that at the time of analysis, the sorted CASTAT5 CD4* samples contained
predominantly transduced T cells, likely due to better expansion and survival of CASTAT5-
transduced T cells.
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CASTATS potentiates the efficacy of CD19CAR T cell therapy

CD4* T cell polyfunctionality was found to correlate with the clinical outcomes of
CD19CART therapy(25). We postulated that CASTAT5 can be used to enhance the efficacy
of CD19CAR T cells. We tested this using a mouse model of CD19CART therapy for B-cell
lymphoma(44, 45). As shown in Fig. 7A, mice with established subcutaneous A20 tumors
were conditioned with CTX, followed by infusion of T cells transduced to express
CD19CAR aloneg, or co-transduced to express both CD19CAR and CASTATS. Fig. 7B
shows that adoptive transfer of CD19CAR T cells resulted in only transient tumor
regression, simulating an ineffective treatment scenario frequently observed in the clinic; In
contrast, adoptive transfer of CASTAT5 CD19CAR T cells was curative to nearly all mice.
In this model, tumor relapse was not due to the outgrowth of antigen-loss variants because
the relapsed tumors from CD19CAR T cell-treated mice expressed the same levels of CD19
as the tumors from untreated mice (Fig. 7C). Fig. 7D shows that CASTAT5 CD19CAR T
cells caused long-term B cell aplasia, whereas B cells in mice receiving control CD19CAR
T cells began to increase when these mice started to have tumor relapse (>day 20). To
examine the persistence of CD19CAR T cells, bone marrow aspirates were collected from
mice 30 days after T cell infusion and analyzed by a sensitive PCR-based approach.
CD19CAR vector DNA was detected in the bone marrows recovered from mice that had
received CASTATS5 CD19CAR T cells, but not in the bone marrows from untreated naive
mice or mice that had received the control CD19CAR T cells (Fig. 7E). Furthermore, mice
cured by CASTAT5 CD19CAR T cells were resistant to tumor re-challenge (Fig. 7F),
indicating the formation of immune memory. We further tested the usefulness of CASTAT5-
modified CAR in a typical solid tumor model in which CD19-expressing CT26 colon cancer
cells were used for tumor inoculation (fig. S11A). Enhanced donor T cell expansion and
persistence were observed for CASTATS-transduced CD19CAR T cells compared to control
CD19CAR T cells (fig. S11B). CASTAT5-transduced CD19CAR T cells also led to
significantly improved antitumor effects (fig. S11C), although curative outcome was not
achieved due to the outgrowth of CT26 tumors that lost CD19 expression (fig. S11D).

Concurrent expression of CASTAT5S in CD4* and CD8* CD19CAR T cells leads to optimal
therapeutic outcomes

Since our CD19CAR T cell infusion products contained both CD4* and CD8* T cells, we
sought to determine how expression of CASTATS in each subset affected CD19CAR T cell
expansion, persistence and efficacy. To this end, splenic CD4* and CD8* T cells, separately
isolated from normal mice, were transduced with CD19CAR only, or co-transduced with
CD19CAR and CASTATS5 (Fig. 8A). As depicted in Fig. 8B, mice with established A20
tumors were grouped and conditioned with CTX, followed by infusion of CD8* CD19CAR
T cells, either CASTATS5-null (Control CD8) or CASTAT5-positive (CASTATS CD8), in the
absence or presence of equal numbers of CD4* CD19CAR T cells that were either
CASTATS-null (Control CD4) or CASTAT5-positive (CASTATS CD4). Longitudinal tail
blood flow cytometry staining analysis revealed that CASTAT5-null CD8* CD19CAR T
cells transferred alone had minimal expansion in recipient mice (Fig. 8C group I), and that
this poor expansion cannot be rescued by co-transfer of CASTAT5-null or CASTAT5-
positive CD4* CD19CAR T cells (Fig. 8C groups 11&I11). When transferred alone,
CASTAT5-positive CD8" CD19CAR T cells expanded initially, reaching the peak (~10% in
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blood) around day 8, but underwent a rapid contraction and returned to the baseline by day
14 (Fig. 8C groups 1V). Co-transfer of CASTATS5-null CD4*" CD19CAR T cells did not
enhance the expansion but slightly slowed down the contraction of CASTAT5 CD8*
CD19CAR T cells (Fig. 8C groups V). Notably, in the presence of CASTAT5-positive CD4*
CD19CAR T cells, CASTAT5 CD8* CD19CAR T cells underwent more robust expansion
(up to 20% in blood), and remained readily detectable (~5% in blood) 40 days after infusion
(Fig. 8C groups VI). B cell aplasia, an on-target off-tumor effect of CD19CAR T cells,
occurred rapidly (=5 days after T cell infusion) in all groups, but persisted only in group VI
in which mice received a mixture of CASTAT5 CD4* and CASTAT5 CD8* CD19CAR T
cells (Fig. 8D). Corresponding to the robust expansion and persistence of donor T cells,
mice in group VI had the best therapeutic outcome, measured by percentage of tumor-free
mice on day 40 (Fig. 8E). A cohort of mice were sacrificed 10 days after T cell transfer and
splenocytes were subject to phenotypic analysis by flow cytometry. Cytokine profile analysis
revealed that CASTAT5 CD19CAR CD4* T cells acquired polyfunctionality as evidenced
by simultaneous production of IFN-y, IL-4, IL-13 and GM-CSF (Fig. 8F). CD8" CD19CAR
T cells transferred alone (group 1) showed high levels of co-inhibitory molecules including
PD-1, Tim3, Tigit and Lag3 (Fig. 8G). These molecules were significantly downregulated in
CASTATS5-transduced CD8" CD19CAR T cells, transferred either alone (group V) or
together with CASTATS5 CD4* CD19CAR T cells (group V1). CASTAT5 CD8* CD19CAR
T cells appeared to express lower levels of exhaustion-associated markers in the presence of
CASTAT5 CD4* CD19CAR T cells, though the differences did not reach statistical
significance. In contrast, CASTAT5 CD8" CD19CAR T cells co-transferred with CASTAT5
CD4* CD19CAR T cells had significantly higher level of granzyme B than those transferred
alone, while the control CD8* CD19CAR T cells showed the lowest granzyme B expression.
Altogether, the results indicate that CASTATS5 expression is required in both CD4* and
CD8*" CD19CAR T cells to achieve optimal synergistic therapeutic effects.

CASTATS is functional in transduced primary human CD4* T cells

The constitutively active STAT5A mutant used in our study was created by random
mutagenesis in murine STAT5A(29). Although naturally occurring equivalent mutations in
human STAT5A have not been reported, it has been shown that the murine origin CASTAT5
was functional in CASTATS5-transduced human hematopoietic stem cells and erythroid
progenitors(46—48). To examine the activity of CASTATS in primary human T cells, total T
cells isolated from the peripheral blood mononuclear cells (PBMC) of a healthy donor were
mock-transduced (control) or CASTAT5S-transduced (CASTATS), and adoptively transferred
to immunodeficient NOD-Scid IL-2Ry-null mice (NSG). Two weeks later, the mutant
murine STAT5A, reflected by Thy1.1, was still detectable in a fraction of CASTATS5-
transduced human CD4" T cells recovered from the spleens of mice (fig. S12A).
Interestingly, the level of human BCL2, a known downstream target of STAT5A, was
significantly higher in the fraction of human CD4* T cells expressing murine CASTAT5
(Thy1.1%) compared to the CASTAT5-negative fraction (Thy1.1") or mock-transduced T
cells (fig. S12B). In addition, CASTAT5-transduced human CD4* T cells exhibited a
polyfunctional cytokine profile compared to mock-transduced T cells (fig. S12C). The
results suggest the potential of using CASTATS5 to engineer polyfunctional human CD4* T
cells.
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Discussion

The molecular mechanisms governing CD8" T cell exhaustion have been extensively studied
in recently years(49, 50). These studies provide a plethora of information on the
transcriptional and epigenetic programs controlling the phenotype and function of exhausted
murine and human CD8* T cells induced in the setting of chronic viral infections or cancer.
A number of transcription factors, including NFAT, TOX and NR4AL, are found to play
critical roles in inducing and maintaining CD8" T cell exhaustion(51-58). The overarching
consensus is that the exhaustion initiation transcription factor NFATZ, in the absence of it
partner AP-1 (Fos/Jun), induces and interacts with NR4A1 and TOX to drive a
transcriptional program leading to exhaustion(51, 58, 59). Exhausted CD8" T cells are a
heterogeneous population containing subsets of progenitor exhausted and terminally
exhausted cells that can be distinguished by varied expression levels of a panel of genes
including 7cf7, Tox21, Eomes and S/amif6(60-63). As the knowledge on exhausted CD8* T
cells rapidly accumulates, our understanding of exhaustion in CD4* T cells is relatively
limited. Transcriptomic profiling of virus-specific CD4* T cells during chronic viral
infections revealed that exhausted CD4* T cells exhibit a molecular profile distinct from
exhausted CD8* T cells, though some common features of CD4* and CD8* T cell
exhaustion exist(26). Our study sheds light on the molecular mechanisms dictating whether
tumor-specific CD4* T cells become polyfunctional or exhausted. In the absence of
CASTAT5, tumor-specific CD4* T cells had limited cytokine production, reduced
proliferative capacity, high levels of Pdcdl and Ctla4, and failed to eradicate tumors in mice.
In addition, these CD4" T cells expressed both Nfatc1 and Nfatc2, but were in paucity of
Fos and Jun. These CD4* T cells also expressed Tox and Slamf6, molecules associated with
CDS8™ T cell exhaustion. These features implicate a population of CD4* T cells destined to
exhaustion. Our data indicate that CASTAT5-induced transcriptional reprogramming can
divert the fate of CD4* T cells from exhaustion to polyfunctionality. Notably, CASTAT5
upregulated the levels of Fosand Jun but repressed the expressions of 7ox, Pdcdl, Ctla4,
Haver2 (Tim3), Lag3, Tigitand Slamf6, suggesting that CASTATS enables T cells to acquire
resistance to exhaustion. Interestingly, we did not find prominent level of Nr4al, a key
regulator of exhaustion in CD8" T cells(51, 52, 57), in exhausted tumor-specific CD4* T
cells; instead, CASTAT5 markedly upregulated Ar4a but reduced Nr4a2in polyfunctional
CD4* T cells (fig. S8H). Moreover, some other TFs used to distinguish exhausted virus-
specific CD4* T cells from their memory counterparts, including Batf, Eomes, Bcl6 and
Prdm1 (Blimp)(26), did not show the expected patterns between exhausted tumor-specific
CD4* T cells and polyfunctional CD4* T cells as revealed by scRNAseq. The cause and
biological implication of these discrepancies warrant further investigation.

Numerous studies have shown that CD4 help to CD8* T cells is essential to the success of
cancer immunotherapy(9-12). Emerging evidence indicates that the efficacy of CD19CART
therapy benefits from the co-presence of CD4* and CD8* T cells in the infusion
products(13, 64). A recent study reported that in patients with non-Hodgkin lymphoma
(NHL) treated with CD19CAR infusion products, the clinical outcomes were associated
with CD19CAR T-cell polyfunctionality, and that the correlation was greater with the
polyfunctionality of CD4* CAR T cells compared to that of CD8* CAR T cells(25, 65).
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Although in the current study we focused on the impact of CASTAT5 on CD4* T cells,
CASTATS5-transduced CD8" CD19CAR T cells alone appeared to expand better and express
reduced levels of multiple co-inhibitory molecules than control CD8* CD19CAR T cells,
suggesting that CASTATS can benefit CD8* T cells as well. Importantly, our study provides
clear evidence that CASTATS5 not only enables CD4* CD19CAR T cells to be superior
helpers, but also renders CD8* CD19CAR T cells more responsive to CD4 help. Some
recent studies showed CD4 help via IL-21 production or relayed by activated CD70-
expressing DCs(66, 67). We did not observe increased IL-21 transcription in CASTAT CD4*
T cells, instead our data suggest that CD4 help may involve CD8a*CD103* DCs. The exact
molecular mechanisms underlying the productive communications between DCs, CD4" and
CD8* CAR T cells await further investigation.

It has been reported that CAR T cells made to secrete IL-7, or respond to exogenous IL-7,
exhibited improved expansion, persistence and antitumor activities in preclinical models(68—
71). Shum et al recently reported that CAR T cells engineered to express a constitutively
active IL-7Ra,, which subsequently activated STAT5, exhibited enhanced antitumor efficacy
in preclinical models. Our study further underscores the importance of the STATS5 signaling
pathway in generating and maintaining T cells with the desirable functional features and
provides a potential strategy to manipulate this pathway in T cells for therapeutic benefits.
Importantly, our data not only demonstrate the critical contribution of polyfunctional CD4*
T cells to effective antitumor immunity, but also reveal the gene regulatory network induced
by CASTATS to drive CD4 polyfunctionality. The results may lead to better utilization of
tumor-reactive CD4" T cells in cancer immunotherapy. One safety concern associated with
persistent STATS5 activation is the leukemic potential of CASTATS-transduced T cells(32-
37). We did not observe development of leukemia in mice cured long after (3 months)
receiving CASTAT5-transduced CD19CAR T cells. It should be noted that leukemogenesis
is often driven by mutations in signaling pathways acting upstream of STAT5, such as Janus
kinases, FLT3 and BCR/ABL, which result in abnormal STATS5 activation in hematopoietic
precursor cells(72—74). Moreover, mutations in STAT5B, but not STAT5A, have been
frequently found in human leukemia(75-77), likely due to more prevalent expression of the
former isoform(41), although transgenic mice expressing a constitutively active form of
STATS5B did not report development of T cell leukemia(78). Our data suggest that persistent
STATS activation (CASTAT5) per se may not be sufficient to drive T cells into leukemic
cells. For adoptive T cell therapy using the CASTATS5 strategy, the safety concern can be
further addressed by incorporating additional safety measures such as inducible CAR T cell
suicide system(79).

In summary, our study sheds light on the heterogeneity of polyfunctional CD4* T cells and
reveals the transcriptomic and epigenomic programs that dictate CD4* T cell
polyfunctionality. Our results imply that persistent activation of STAT5 in CD4™ T cells
represents a promising strategy to potentiate the efficacy of ACT including CAR T cell
therapy.
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Materials and Methods

Study Design

Mice

The objective of this study was to investigate the functional fate and therapeutic
effectiveness of tumor-specific CD4* T cells expressing a constitutively active form of
Stat5a (CASTAT5) via retroviral transduction. To achieve this goal, we designed a CD4" T-
cell adoptive transfer model system using a murine B-cell lymphoma model and performed
ATACseq and bulk RNAseq to interrogate how CASTATS reshaped CD4* T cell phenotypic
and functional features using FACS-sorted tumor-specific CD4* T cells recovered from the
spleens and tumors of mice. Our datasets revealed that CASTATS induced genome-wide
transcriptional and epigenetic remodeling in tumor-specific CD4* T cells. Subsequent
single-cell RNAseq analysis revealed the heterogeneity of CASTAT5-transduced CD4* T
cells and identified a subset of cells bearing a gene signature indicative of progenitor
polyfunctional cells. We validated the beneficial effects of CASTATS-transduced CD4* T
cells in CD19CAR T cell therapy mouse tumor models. We demonstrated that CASTATS
was also functional in transduced primary human T cells. Mice with established tumors were
randomly grouped before receiving the indicated treatment. Sample sizes for the in vivo
experiments were determined based on previous studies performed in our lab, and the
suitability for statistical analysis and independent repeats. Information regarding the sample
size and number of replicates for each experiment is provided in the relevant figure legend.

BALB/c mice (Thy1.2) of 4 to 6 weeks of age were purchased from Charles River. 6.5 TCR-
Tg mice on a BALB/c (Thy1.1) background expressing an apTCR specific for amino acids
110-120 from influenza HA presented by MHC class |1 molecule 1-E9 were described
previously(22). The CD45.1 mice on a BALB/c background and immunocompromised
NOD-Scid IL-2Ry-null mice (NSG) mice were purchased from Jackson Laboratory. All
mice were housed under specific pathogen-free (SPF) conditions by Laboratory Animal
Services of the Augusta University. All animal experiments were approved by the
Institutional Animal Care and Use Committee (IACUC) of Augusta University.

Antibodies and reagents

The following anti-mouse antibodies, including CD4 (GK1.5), CD3 (17A2), CD90.1
(OX-7), PD-1 (RMP1-14), CD127 (A7R34), CD45R/B220 (RA3-6B2), CD19 (6D5), CD44
(IM7), CD62L (MEL-14), IL-33Ra (ST2), CD39 (Duha59), ICOS (15F9), CCR4 (2G12),
CXCR3 (CXCR3-173), OX40 (OX-86), CD103 (2E7), I-A/l-E (M5/114.15.2), CD11C
(N418), CD45.1 (A20), anti-IL-2 (JES6-5H4), anti- TNF-a. (MP6-XT22), anti-IFN-y
(XMG1.2), anti-IL-4 (11B11), anti-IL-9 (RM9AA4), anti-GM-CSF (MP1-22E9), anti-
Granzyme B (GB11), anti-GATA3 (16E10A23) and anti-STAT5 Phospho (Tyr694)
(A17016B), and anti-human antibodies, including CD4 (OKT4), CD8a (HIT8a) and Bcl2
(100), were purchased from Biolegend. Anti-mouse CD25 (PC61), EZH2 (11/EZH2) and
Ki-67 antibodies were purchased from BD Biosciences. Anti-mouse antibodies 1L-13
(eBiol3A), FOXP3 (FJK-16s), T-bet (eBio4B10), CD107a (eBiolD4B) and Bcl-2
(Bcl2/100) were purchased from eBioscience. Anti-PPAR~y (81B8) antibody was purchased
from Cell Signaling Technology. Alexa Fluor 488-conjugated goat anti-rabbit 1gG antibody
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was purchased from Thermo Fisher Scientific. FITC-conjugated polyclonal mouse anti-rat
F(ab’), antibodies and FITC-conjugated polyclonal mouse 1gG antibodies were purchased
from Jackson ImmunoResearch. CD8 depletion antibody (2.43,) was purchased from Bio X
Cell. Intracellular fixation and permeabilization solution kit was purchased from BD.
Dynabeads mouse T-activator, Dynabeads human T-activator, transcription factor staining
buffer set and violet cell proliferation kit were purchased from Thermo Fisher Scientific.
Cyclophosphamide monohydrate used for CTX was purchased from Tokyo Chemical
Industry. Retronectin was from Takara. D-luciferin monosodium salt was purchased from
Thermo Scientific Pierce. Lipofectamine 2000 was purchased from Invitrogen.

Cell preparation and flow cytometry analysis

Cell lines

Peripheral blood was collected via tail vein bleeding. Spleen and tumor samples were
digested and gently dissociated into single-cell suspensions. Red blood cells were lysed by
ACK lysing buffer. For surface molecule detection, cells were stained with fluorochrome-
conjugated antibodies for 10 minutes at room temperature in the dark. To detect intranuclear
molecules (Foxp3, EZH2, Thet, GATA3, Ki67 and PPARY), transcription factor staining
buffer set (eBioscience) was used following manufacturer’s instruction. For intracellular
cytokine staining, donor T cells in splenocytes were stimulated with 10 pg/ml cognate HA
peptide or PMA/ionomycin in the presence of GolgiStop for 4 hours at 37°C. When tumor
cells were used as antigen-presenting cells, donor T cells were cultured with irradiated
tumor cells at 1:1 ratio for 24 hours with GolgiStop being added 3 hours before harvest.
Cells were harvested and surface stained, followed by cytokine staining with intracellular
fixation and permeabilization kit (BD Biosciences). For detection of CD19CAR expression
in transduced T cells, polyclonal mouse anti-rat-F(ab’)2 antibody was used to detect 1D3
scFv with normal polyclonal mouse 1gG antibody as isotype control. To detect
phosphorylated STAT5 (pSTATS) in T cells, cells were fixed in 2% formaldehyde followed
by permeabilization with ice-cold methanol. After wash with PBS, cells were stained with
pSTATS antibody at room temperature for 20 minutes before wash and flow cytometry
analysis. All FACS data were acquired on a LSRII instrument (BD Biosciences) and
analyzed using FlowJo software (Tree Star).

B-cell lymphoma cell line A20 and murine colorectal cancer cell line CT26 were obtained
from American Type Culture Collection (ATCC). HA-expression A20 tumor cell line
(A20HA) was generated as described previously(22). CD26-CD19 cells were generated by
transfecting cells with a vector encoding murine CD19 (pCMV3-mCD19, SinoBiological
Inc.) using Lipofectamine 2000. CD19* tumor cells were FACS-sorted, expanded and
cryopreserved. Plasmacytoma cell line MOPC315.GFP was described previously(80).
Tumor cells were cultured in RPMI 1640 (HyClone Laboratories) supplemented with 10%
fetal bovine serum albumin (FBS), 1% penicillin/streptomycin (HyClone Laboratories), 1%
non-essential amino acids and 1% glutamine (Corning) at 37 °C in a 5% CO2 incubator.

Mouse and human T cell retroviral transduction

The murine stem cell virus (MSCV) retroviral vector containing CASTATS and Thy1.1
marker interspaced by IRES was a gift from Dr. Susan Kaech. The retroviral vector
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MSGV-1D3-28Z.1-3 (anti-CD19CAR), in which the 15t and 3 ITAMs of the CD3-(
molecule are inactivated to reduce apoptosis, was provided by Dr. James N.
Kochenderfer(81). Retroviral vector MSCV-luciferase-IRES-Thy1.1 was generated as
described previously(28). To produce retroviral supernatants, 293FT cells were infected with
retroviral vector and pcLEco packaging plasmid using Lipofectamine 2000. Mouse T cell
retroviral transduction was done as described previously(28). Briefly, T cells were purified
from mouse splenocytes and stimulated with mouse CD3/CD28 activation Dynabeads in the
presence of 30 U/ml hlL-2 overnight. Cells were harvested and transduced twice in two
consecutive days with retroviral supernatant using retronectin. 24 hours after the second
transduction, anti-CD3/CD28 magnetic beads were removed, and cells were washed with
PBS before infusion to mice via tail vein. To detect the presence of CD19CAR vectors in
mouse tissues by PCR, genomic DNA used as template was isolated from bone marrow
aspirates using Qiagen Blood and Tissue Kit. PCR was carried out on an Eppendorf cycler
with the primers specific to the CD19CAR vector (forward primer: 5°-
ATCCATGGAGATCTATGAAGTGGCC-3’, and reverse primer: 5’-
ATGTCGACGTTAACTCATCTGGGG-3’).

For retroviral transduction of human T cells, Phoenix Amphotropic (Phoenix-AMPHO) cells
were transfected with CASTATDS retroviral vector using Lipofectamine 2000 to produce viral
supernatant. Human T cells were isolated from the buffy coat of healthy donors using
EasySep human T cells isolation kit (Stemcell Technology). Purified T cells were activated
by human CD3/CD28 activation Dynabeads in the presence of 30 U/ml hiL-2 for 48 h.
Activated T cells were spin-infected twice in two consecutive days with CASTATS5 retroviral
supernatant using retronectin. Anti-CD3/CD28 Dynabeads beads were removed 24 h after
the 2" transduction. T cells were further expanded for 7 days in the presence of 100 U/ml
hIL-2 before adoptive transfer.

Mice tumor inoculation and treatment

Tumor cells were subcutaneously injected to the right flank of mice (5 x 108 tumor cells/
mouse in 100 pl PBS). The tumor size was monitored by caliper every other day, and
expressed as the product of two perpendicular diameters in square millimeters. When tumor
sizes reached the desired sizes, mice were randomly assigned into groups to receive the
specified treatments. CTX was dissolved in PBS and i.p. injected to mice at a dose of 150
mg/kg one day before T cell transfer. For adoptive T-cell transfer, in vitro cultured T cells
were harvested, wash twice with PBS and injected into each recipient via tail vein. To
deplete host CD8* T cells, CD8a depleting antibodies were injected via i.p. (200 g per
injection) once a week for 5 weeks with the first injection right after T cell transfer.

Cell preparations for next-generation sequencing

10 days after T cell transfer, spleen and tumor samples from mice were collected and
processed into single cell suspensions. Cells were stained with anti-CD4 and anti-Thy1.1
Abs and subjected to cell sorting on a FACSAria sorter. The purity of sorted donor CD4* T
cells was normally greater than 98%. For bulk RNAseq and ATACseq analyses using spleen
samples, donor CD4* T cells derived from three individual mice under each treatment
condition were used as biological replicates. For single-cell RNAseq, 1.7 x10° CD4* T cells
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sorted from three individual mice were admixed as pooled sample for each treatment
condition. Pooled samples were also used for ATACseq analysis designed to compare the
chromatin accessibility status in donor CD4* T cells collected before adoptive transfer
versus those recovered from the spleen and tumor 10 days post transfer.

RNAseq library preparation, sequencing and analysis

Total RNA was isolated from FACS-sorted donor CD4* T cells using TRIzol reagent
(Thermo Fisher). 100 ng of total RNA was used for RNAseq library preparation by
following the lllumina TruSeq stranded mMRNA sample preparation guide. The RNAseq
libraries were subjected to quantification process, pooled for cBot amplification, and
subsequently sequenced on a HiSeq3000 (Illumina) sequencer with 50bp single-end cycling.
Demultiplexing with Bcl2fastq2 was employed to generate the fastq file for each sample.
23-32 million single-end reads were obtained for each sample, respectively. The RNAseq
analysis was performed on Galaxy main server (https://usegalaxy.org). The raw reads were
mapped to mouse genome mm10 using HISTAT2 (Galaxy Version 2.1.0) with default
settings. Reads mapped to annotated features were counted using featureCounts (Galaxy
v1.6.3). The DEseq2 (Galaxy Version 2.11.40.6) was used to normalize the raw accounts
and identify differentially expressed genes. The PCA plot was generated using plotPCA
function within DESeq?2 package. Volcano plots and heatmaps were generated using
EnhancedVolcano v1.2.0 and ComplexHeatmap v2.0.0 in R3.6.0, respectively.

ATACseq profiling

The ATACseq libraries were prepared based on the Omni-ATACseq protocols with some
minor modifications(82). Briefly, 60,000 FACS-sorted CD4* T cells were used to prepare
nuclei. The transposition reaction was performed by incubating nuclei with Nextera Tn5
transposase (Illumina) at 37 °C for 1hr. The transposition mixture was purified using a Zymo
DNA Clean and Concentrator kit. The ATAC libraries were amplified for 11-13 cycles using
NEBNext 2X MasterMix and Nextera Index primers. The amplified libraries were size-
selected using AMPure beads to remove the large fragment of DNA and then purified using
Zymo DNA Clean and Concentrator kit. Six ATAC libraries were pooled and sequenced on a
NextSeq500 instrument in a pair-end 75 cycle run. 60-100 million read pairs were obtained
for each sample.

ATACseq and ChIPseq analysis

The ATACseq analysis was performed on the Galaxy server. Adaptor and quality trimming
was performed using Trim Glore! Modules (Galaxy v0.4.3.1). Trimmed reads were mapped
to mouse genome mm10 using Bowtie2 (Galaxy v2.3.4.3) using default settings. Reads
mapped to the mitochondria genome were removed using Filter SAM or BAM function
under the samtools module (Galaxy v1.8), and PCR duplicates were removed using
MarkDuplicates from Picard tool v2.20.2. The mapped reads overlapping with ENCODE
blacklist regions (version 2) were filtered before calling peaks. ATACseq peak calling was
performed using MACS2 v2.1.2 with the following command “-p 0.01 --nomodel --shift
--100 --extsize 200 -B --SPMR --keep-dup all --call -summits”. BigWig files were generated
by bedGraphtoBigwig and visualized in the Integrated genome viewer (IGV) v2.5.2. The
Bed file contains common peaks among three biological replicates that were generated using
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bedTools Multiple Intersect function for CASTATS and control samples, respectively. The
two bed files were combined using bedtools MergeBED function (Galaxy v1.2.0) to
generate a single bed file that contains all peaks identified in both CASTAS and control
samples. Finally, the number of paired fragments that overlap with the intervals identified
featureCounts (Galaxy v1.6.3) for each of six ATACseq samples, respectively. DEseq2
(Galaxy Version 2.11.40.6) was used to call differential peaks(83), and ChlPseeker v1.20.0.
was used to annotate the differential peaks(84). DiffBind (Galaxy v. 2.6.6.4)(85) was used to
identify differential peaks with a fixed window length of 400bp (summit £ 200bp), which
were used for motif analysis by MEME-ChIP v5.05 and HOMER v4.9. The Stat5a and pan-
stats ChlPseq data sets were downloaded from the NCBI short read archive (SRA)
according to the corresponding GEO accession number (GSE79518 and GSE77656,
respectively). The raw sequencing reads in the fastq format were mapped to the mouse
reference genome (mmZ10) using the same pipeline as described above. MACS2 was used for
peak calling, and ChiPseeker v1.20.0. was used to annotate the Stat5a and Stat5-bound
peaks.

Integration of RNAseq, ATACseq, and ChlPseq data

The integration of RNAseq with ATACseq or Stat5 ChlPseq data was carried out by
matching gene names. The overlapping regions between ATACseq and Stat5 ChlPseq peaks
were identified using the findOverlaps function in GenomicRanges 1.38.0 package. Venn
diagram was used to show the number of overlapped genes or peaks. For generating
integrated heatmaps between ATACseq and RNAseq data, we first matched the differential
ATACseq peaks with their nearest differentially expressed genes by matching gene names.
Then, we selected those differential peaks positively correlated with the differential
expression status of their nearest genes. For genes associated with multiple differential
ATACseq peaks, only the peaks with the highest log2FC values compared to the control
group were used for plotting heatmaps. For plotting the extensive heatmaps in Fig. 3C and
4B, we first identified the matched ATACseq peak data and RNAseq expression value as
described above. Then we identified the center of each peak (summit) and created a 2000bp
(summit+1000bp) window. The ATACseq signals within each 2000bp window were
collected from the narrowpeak file generated by MACS2 and plotted side-by-side with
matched RNAseq expression data. For samples with biological replicates, the merged
ATACseq data was used to plot the heatmap. For plotting the heatmap of a panel of
candidate genes in Fig.S4A, we sorted the ATACseq peaks associated with each candidate
gene by log2FC values from largest to smallest. Then we only selected the ATACseq peak
with the largest log2FC value for each gene so that each row corresponds to a unique peak
and associated with only one unique gene in the heatmap.

Single cell RNA sequencing (scRNAseq)

FACS-sorted donor CD4* T cells were processed for scRNAseq libraries using the
Chromium Controller (10X Genomics). sScRNAseq libraries were generated for
approximately 2,000 cells per sample using 10X 3’ single cell mRNAseq V3 reagents. The
scRNAseq libraries were sequenced using lllumina NextSeq500 sequencer to collect
approximately 80k reads per cell. Each cell was tagged with a 16bp barcode sequence,
which represents the identity of each single cell throughput of the analysis pipeline. The raw
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reads in the fastq format were processed using the 10X genomics cellranger analysis
package. CASTATS5 and control samples were pooled using the cellranger aggr pipeline. The
cellranger pipeline outputs containing gene-by-cell expression data from the aggregated
libraries were imported into R package Seurat 3.1.4 to create a Seurat object(86). Quality
control measures were implemented in Seurat to filter out cells expressing > 6000 genes.
Cells with a higher percentage of mitochondrial genes (percent of mt >0.3) were also
excluded from the subsequent analysis. Normalization and scaling were performed within
Seurat before subsequent analysis such as PCA, umap, tSNE, and clustering analyses.
Visualization of the sScCRNA data was performed using Seurat tSNEplot, Vinplot, Featureplot,
Dotplot, and DoHeatmap functions. Cell cycle analysis was performed using the Seurat cell
cycle scoring function. A cell cycle gene signature containing 97 cell cycle-related genes(87)
were used to derive the G1/S and G2/M scores.

RNA velocity analysis

RNA velocity analysis was performed using R package nlvelo, which employs a modified
dynamical model to relate the dynamics of unspliced pre-mRNA and spliced mature
RNA(42, 43). The bam files generated by the cellranger pipeline were pre-processed using
the velocyto command-line tool (CLI) with default parameters specific for 10X genomics
data. CASTATS5 and control cells from the Seurat objects were selected for the analysis. A
modified dynamic model based on Michaelis-Menten kinetics was used to relate the
abundance of pre-mRNA to the abundance of mature mRNA(42). RNA velocity was
estimated using a gene-relative model with k-nearest neighbor cell pooling (k = 30). Velocity
was visualized on tSNE embedding from the Seurat object using velocity vector fields. The
size of the neighborhood cells used for projecting the velocity was set to 500.

Pseudotime and trajectory analysis

The pseudotemporal and trajectory analysis was performed using Monocle 2 with default
settings. The Seurat object with cluster-1Ds was exported as CellDataSets (CDS) and
directly imported into Monocle 2.14.0 (88). CASTAT5 CD4* T in clusters C4-C6 were
analyzed for pseudotime trajectory inference. The marker genes identified by Seurat
FindAllMarkers function were used in ordering cells along the pseudotime trajectory.
DDRTree method was utilized for dimension reduction and trajectory inference. Branch
analysis was performed using the Monocle2 BEAM function. 133 genes (adjusted p-value <
0.001) with expression patterns that are branch dependent was used to plot branchpoint
heatmaps. 6 gene blocks were chosen according to the distinct patterns of gene expression
change toward the 2 different cell states.

Weighted gene expression network analysis (WGCNA)

We performed WGCNA using R package WGCNA v1.67(89) to identify highly correlated
gene modules and establish the regulatory network in the sScRNAseq data. The power
parameter was determined by the pickSoftThreshold function to allow scale-free topology.
The adjacency matrix was calculated to measure the single cell correlation network
connectivity. Hierarchical clustering was used to group genes with similar expression
profiles into modules based on the dissimilarity of topological overlap matrix (TOM) with a
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minimum number of 30 genes included in each module. Gene correlation network was
visualized using R package igraph v 1.2.4.1.

Transcription factor footprinting analysis

ATACseq footprinting analysis was performed using the Rgt-HINT package(90). The BAM
files from the six ATACseq experiments (three biological replicates each from the CASTAT5
and control CD4" T cells) were merged. The merged two BAM files were used to call peaks
with MACS2, as described above(91). The narrowpeak and BAM files were then analyzed
using rgt-footprinting, followed by rgt-hint differential modules. The transcription factor
footprinting line plots were generated by the analysis. The Mus musculus transcription
factor motifs downloaded from HOmo sapiens COmprehensive MOdel COllection
(HOCOMOCO) v11 were used in the analysis.

Gene regulatory network construction

The transcription factor binding sites overlapping with predicted footprints were identified
by rgt-footprinting as described above. We intersected this map with our RNAseq data and
ATACseq data to identify transcription factor binding sites located in the promoter regions
(-3000 to +3000bp) around the transcription start sites of genes with positively correlated
chromatin accessibility and gene expression changes. Further intersection with ChlP-seq
data (GSE79518) revealed a set of regulatory interactions from 45 transcription factors to
888 genes. Then we used this data to construct our regulatory network models in Cytoscape
3.7.

Pathway analysis

Ingenuity pathway analysis (IPA) was performed using the Ingenuity pathway analysis suite
spring 2019 release (Qiagen). Go-term analysis, Wikipathway and KEGG pathway
enrichment and gene-set enrichment analysis (GSEA) were performed using the R package
clusterProfiler v3.12.0(92).

Statistical analysis

Data were analyzed using Prism 7.0 (GraphPad Software, Inc.). For comparison between
two groups, the statistical significance of the results was determined using unpaired two-
tailed Student’s ¢test. One-way ANOVA was used to determine statistical differences among
three or more groups. For multiple testing correction in sequencing analyses, the false
discovery rate (FDR) method was used. The adjusted p-value described in this manuscript
refers to FDR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CASTAT5-transduced CD4" T cells undergo vigor ous expansion, acquire a polyfunctional
phenotype and robustly infiltrate the tumor upon adoptive transfer.

(A) The schema depicts the timeline of experimental procedures. (B) Detection of pSTAT5S
in donor CD4™ T cells before adoptive transfer. The levels of phosphorylated STAT5
(pSTATS) in mock-transduced (Control) or CASTAT5-transduced HA-specific CD4* T cells
were determined by flow cytometry. Numbers indicate the percent of pSTAT5™ cells in total
CD4* T cells. (C) Kinetics of donor CD4* T cell expansion in peripheral blood. At the
indicated time points, blood was collected from each mouse via tail vein and analyzed for
the frequency of the donor T cells by flow cytometry. Representative dot plots at specific
time points are shown, and the numbers represent the percentages of donor CD4* T cells.
The graph at right summarizes the frequencies of donor T cells against time. The number of
mice in each group is given. (D) Cytokine profiles of donor CD4* T cells. Ten days after T
cell transfer, spleen cells were harvested and subjected to intracellular cytokine staining
(ICS) following a transient stimulation with HA peptide. Representative dot plots shown
depict the cytokine profiles of the donor CD4* T cells. Numbers indicate the percentages of
cytokine-producing cells in total donor CD4" T cells. The results shown as mean + s.d. are
summarized in the bar graph at right. Data are pooled from three independent experiments.
(E) Polyfunctional status of the donor CD4* T cells. Bar graph summarizes the percent of
donor CD4™ T cells co-expressing the indicated cytokines. (F-H) Migration and retention of
donor CD4™ T cells in tumor. (F) The schema depicts the experimental procedures. HA-
specific CD4* T cells were transduced with luci-carrying retrovirus alone (Ctl CD4.Luci) or
co-transduced with luci- and CASTAT5-carrying retrovirus (CASTATS CD4.Luci). Before T
cell transfer, BLI was conducted for T cells in vitro to evaluate the transduction efficiency of
luciferase gene (G, left panel). After T cell transfer, BLI was conducted periodically to
visualize luciferase-expressing donor CD4* T cells in vivo. Representative images of mice
in each group at specific time points are shown (G, middle panel). Results of in vivo T cell
luciferase signal intensity quantified as mean + s.d. of three mice per group are summarized
in graph shown at right. The enhanced infiltration and accumulation of CASTAT5 CD4* T
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cells in tumor compared to control CD4* T cells was confirmed by flow cytometry analysis
and cell counting (H). Following the experimental procedures depicted in (A), tumor masses
were excised and analyzed 7 days after T cell transfer. The frequencies of tumor-infiltrating
donor CD4™* T cells were examined by flow cytometry and summarized in bar graph (H, left
panel). The absolute donor CD4* T cell numbers in tumor are normalized to the weight of
tumor mass (H, right panel). The formula for calculating donor CD4* T cell numbers is:
total cell number x percent of donor CD4* T cells. Data are shown as mean + s.d. of three
mice per group. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2. CASTAT5 CD4" T cell-mediated tumor rejection is dependent on host CD8* T cellsand
associated with antigen epitope spreading and DC activation.

(A) CASTAT5 CD4* T cells mediate complete rejection of advanced tumors. Following the
experimental time line depicted in Fig. 1A, mice with established A20HA tumors were
randomly assigned into four groups to receive the specified treatments. Tumor growth curves
of mice in each group are shown. The number of mice in each group is given. (B)
Representative images of tumors in mice before treatment and at different time points after
treatment. (C) Host CD8* T cells contribute to CASTATS5 CD4* T cell-mediated tumor
rejection. The schema depicts the timeline of experimental procedures. Tumor growth curves
indicate the impact of host CD8* T cells on CASTAT5 CD4* T cell-mediated tumor
rejection. The numbers denote the number of tumor-free mice out of all treated mice. (D)
Host CD8* T cells are reactive to HA and other tumor-associated antigens. Following the
timeline depicted in the schema, purified, violet dye-labeled host CD8* T cells were
incubated with equal number of irradiated A20HA, A20WT or MOPC315 cells. 6 days later,
CD8* T cells were evaluated for cell division (violet dye dilution) and activation (CD25 and
CD44) by flow cytometry. Representative dot plots are shown. The numbers indicate the
percentage of cells in the corresponding quadrant. The frequencies of divided CD8* T cells
under each culture condition are summarized in bar graphs and shown as mean = s.d. of
triplicate cultures. Data shown are representative of two independent experiments. (E)
Frequencies of CD8a*CD103*CD11c* dendritic cells in mice after treatment. Tumor-
bearing mice were treated as described in Fig. 1A. 10 days after T cell transfer, mice were
sacrificed to collect tumor draining lymph nodes (dLNs) and spleens for flow cytometry
analysis. Representative dot plots are shown. The results are summarized in the bar graph
shown as mean +s.d. of three sample per group. Date are representative of two independent
experiments. **p < 0.01, ***p < 0.001.
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Fig. 3. Chromatin accessibility and transcriptome profiling identifies key regulatory molecules.

(A) The schema depic

ts the experimental procedures. (B) GSEA results demonstrating the

correlation between chromatin states and transcription activities. Genes associated with top
1000 ATAC peaks gained and top 500 peaks lost in CASTAS CD4* T cells were used as

separate gene sets and

compared with rank sorted gene expression from matched samples.

(C) The left two heatmaps illustrate differential chromatin accessibility at 2kb windows
centered at the summit of the ATAC peaks (absolute log2FC >2and adjusted p-value <0.05).
The ATACseq data from 3 biological replicates were merged and used to plot the heatmap.
Genes are grouped into 3 clusters with clusters 1 and 2 showing variable degree gain of
peaks while cluster 3 showing loss of peaks, indicative of increased and reduced chromatin
accessibility, respectively, in CASTAT5 CD4* T cells compared to control CD4* T cells.
The line graphs on top of the heatmap demonstrate the average accessibility profiles of each
cluster. The RNAseq data (absolute log2FC =1.5and adjusted p-value <0.05) are used to
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generate the column on the right which shows matched average expression log2FC of 3
replicates, and the results are summarized in the box plot shown on top of the column.
Representative genes with significant changes in both chromatin accessibility and gene
expression are listed beside the heatmap. (D) IPA results from both ATACseq and matched
RNAseq datasets. The genes associated with differential ATACseq peaks (absolute log2FC =
1, adjusted p-value <0.05) and differentially expressed genes (absolute log2FC =1, adjusted
p-value <0.05) are used in the IPA analysis. (E) The chromatin accessibility tracks of genes
related to polyfunctionality. Tracks in red and blue correspond to CASTATS and control
CD4™ T cells, respectively. The green rectangles mark ATAC peaks showing increased signal
intensity in CASTAT5 CD4* T cells compared to control CD4* T cells, while the purple
rectangles mark ATAC peaks that disappeared or reduced in intensity in CASTAT5 CD4* T
cells. Each ATACseq track showing was randomly selected from one of three biological
replicates. (F) The results from MEME-Chip motif analysis identified transcription factor
consensus binding sites significantly enriched in the top 1000 and top 500 ATAC peaks with
gain or loss of chromatin accessibility in CASTAT5 CD4" T cells, respectively. (G) Results
from the transcription factor footprinting analysis using the ATACseq data. The line plot
indicates the normalized chromatin accessibility signals centered at the 200bp window
flanking the indicated transcription factor binding sites. (H) A transcription regulatory
network built on the ATACseq and RNAseq data from this study, as well as a published
Statba ChlP-seq data (GSE79518).
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Fig. 4. Thedifferential chromatin accessibility profiles observed in spleen-derived CASTATS5 and
control CD4* T cellsare detected in tumor-derived samples.

Following the experimental procedures depicted in Fig. 3A, spleen and tumor samples were
collected separately 10 days after T cell transfer. For each group, donor CD4* T cells were
flow cytometry-sorted separately from 3 different mice. Equal numbers of sorted cells from
the 3 biological replicates were pooled together and processed for ATACseq. Control and
CASTAT5 CD4* T cells collected /n vitro before adoptive transfer were also processed for
ATACseq. (A) Scatter plots comparing the ATACseq peak signals between paired CASTATS
and control samples isolated /n7 vitro and from spleen and tumor samples. The numbers in
each panel indicate the number of peaks with gain (red) or loss (blue) of chromatin
accessibility, respectively. (B) Heatmaps that illustrate differential chromatin accessibility at
2kb windows centered at the summit of the ATACseq peaks identified between different
samples. The heatmaps were generated using the same ATACseq peak regions from Fig. 3C
and plotted in the same orders. Line graphs on top of the heatmaps demonstrate the average
accessibility profiles of clusters 1-3, respectively. (C) Chromatin accessibility tracks of
representative genes. Tracks in red and blue correspond to CASTATS5 and control CD4* T
cells, respectively. The green rectangles on spleen and tumor-derived samples mark
ATACseq peaks showing increased signal intensity in CASTAT5 CD4* T cells compared to
control CD4* T cells. The purple rectangles on spleen and tumor-derived samples mark
ATACseq peaks that disappeared or reduced in intensity in CASTAT5 CD4* T cells. These
differential ATACseq peak profiles between CASTATS and control CD4™ T cells are not
observed in /n vitro samples.
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Fig. 5. Heter ogeneity of CASTATS5 and control CD4™ T cellsrevealed by scRNAseq analysis.
The t-SNE plots generated using scRNAseq data show clear separation of CASTAT5 and

control CD4* T cells (A, left panel), and each of them can be further projected into three
sub-clusters based on gene expression profiles (A, right panel). (B) The violin plots show
differential expression of 8 polyfunctionality-related genes among the six clusters of CD4*™ T
cells. (C) The pie charts show the percent of CD4" T cells expressing varied number (0 to
>5) of cytokines and cytolytic molecules in each cluster. The number of cells with positive
expression of each effector molecule was counted based on the presence or absence of raw
sequencing reads mapped to the mRNA sequences of each relevant gene. Cells with at least
1 read mapped to the relevant gene were called as positive for the corresponding gene. (D)
Heatmap of top 10 genes expressed in each cluster. The columns represent cells and the rows
present genes. Cells are grouped by clusters and top 10 most significant markers are shown.
(E) Violin plots of six unique marker genes representing cluster 6. Each dot represents one
cell and the violin shows the distribution of probability density at each value. (F) A gene co-
expression network specific to cells of cluster 6 is identified using WGCNA.
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Fig. 6. Cell cycle, RNA velocity and pseudotimetrajectory analyses reveal dynamic transition of
cell cycleand transcription programming in CASTATS5, but not in control CD4* T cells.

(A) The t-SNE plots of CASTATS5 and control CD4* T cells are constructed with cell cycle
scores calculated using Seurat based on a group of 97 cell cycle genes. The color key
indicates the cell cycle phase. The bar graph at right summarizes the percent of cells in G1,
G2/M and S phase according the cell cycle scores in each cluster as defined in Fig. 5A. (B)
The RNA velocity plot describes the dynamic mRNA transcription states in CASTATS and
control CD4* T cells. The RNA velocity field is projected on the tSNE space in Fig. 5A. The
direction of cell state transition, and RNA velocity are indicated by the vectors (arrows) and
their lengths, respectively. (C) The plot on the left shows the order of CASTATS CD4* T
cells from 3 different clusters along the pseudotime trajectory determined by Monocle. Each
dot represents one cell. The colors indicate the clusters to which the cells belong, as defined
in Fig. 5A. The plot on the right shows the trajectory of CASTATS5 CD4* T cells plotted by
pseudo differentiation time. The trajectory branchpoints are marked by numbered circles.
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(D) Monocle trajectory ordered as a cluster tree. Cells in the left panel are labeled by
monocle cell states, while cells in the right panel are labeled by Seurat clusters as defined in
Fig. 5A. The pie charts within the right panel describe the proportion of cells in the Seurat
clusters distributed among branches of the cluster tree. (E) Heatmap of the branchpoint-
dependent differentially expressed genes (adjusted p-value <0.001) identified by Monocle
showing a trend of gradual changes of gene expression along the pseudotime trajectory at
the first branchpoint. The columns show gene expression levels at each point in pseudotime,
the rows indicate the corresponding genes. The starting point of pseudotime is placed in the
center of the heatmap. The left-half of the heatmap, from center to left, shows the gene
expression trend in pseudotime changing from cell state 1 towards cell state 2. The right-half
of the heatmap, from center to right, shows the gene expression trend in pseudotime
changing from cell state 1 towards cell states 3—7. (F) The expression levels of branchpoint-
dependent genes ordered along the pseudotime trajectory. The gene shown in the left, middle
and right panels are representative genes associated with cell fate determination at the first,
second and third branchpoints, respectively.
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Fig. 7. CASTATS5 potentiates the efficacy of CD19CAR T cell therapy in a murine B-cell
lymphoma model.

The schema depicts the timeline of the experimental procedures. A20WT tumor cells were
subcutaneously inoculated to mice. When tumor sizes reached 170 mm2, mice were
randomly grouped and received either no treatment (No Tx), CTX only, CTX + control
CD19CAR T cells, or CTX + CASTATS CD19CAR T cells. (A) Expression of CAR and
CASTATS in transduced T cells. Total T cells purified from CD45.1 mice were transduced to
express CD19CAR alone or co-express CD19CAR and CASTATS. Representative dot plots
show the levels of CD19CAR and CASTATS in transduced T cells. CD19CAR was
measured by anti-Fab stain and CASTATS was evaluated by Thy1.1 expression. (B) Tumor
growth curves of each mouse under each condition are shown. The numbers indicate the
number of tumor-free mice among treated mice at the end point. (C) Relapsed tumors did
not lose CD19 expression. Mice treated with CD19CAR T cells had initial tumor regression
followed by relapse. Relapsed tumors were resected and processed into single cell
suspension for evaluation of CD19 expression by flow-cytometry. Tumors from untreated
mice were used for comparison. Representative dot plots shown represent the co-stain of
CD19 and B220. (D) Frequencies of host B cells in blood. At the indicated time points, tail
blood was collected and the presence of host B cells in blood was evaluated by CD19 and
B220 co-stain. (E) Detection of CD19CAR viral vector in bone marrow by PCR. 30 days
after T cell transfer, a cohort of mice were killed and bone marrow aspirates were collected.
The presence of CD19CAR T cells was evaluated by PCR detection of the CD19CAR viral
vector. (F) Mice cured by CTX+CASTAT5 CD19CAR T cells were resistant to A20WT re-
challenge. Live A20WT tumor cells were subcutaneously injected to cured mice and a group
of naive mice used as controls. Tumor sizes in mice 3 weeks after tumor inoculation are
shown.
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Fig. 8. Concurrent expression of CASTAT5in CD4" and CD8" CD19CAR T cellsleadsto
optimal therapeutic outcomes.

(A\) Viral transduction efficiency in CD4* and CD8™* T cells. CD4" and CD8* T cells were
separately purified from CD45.1 mice. These cells were transduced to express CD19CAR
alone or co-express CD19CAR and CASTATS. Representative dot plots show the levels of
CD19CAR and CASTATS in transduced T cells. CD19CAR was measured by anti-Fab stain
and CASTATS5 was evaluated by Thy1.1 expression. The numbers in plots indicate the
percentage of cells in the corresponding quadrant. (B) Experimental setup and treatment
conditions. The schema depicts the experimental procedures. The different combinations of
engineered CD4* and CD8* CD19CAR T cells used for adoptive transfer are outlined in the
chart. (C) The frequencies of donor CD8* T cells in recipient mice during the course of
CD19CAR T cell therapy. At the indicated time points, tail blood was collected from mice
and subjected to flow cytometry to detect the donor CD8* T cells (CD45.1*CD8™). The
frequencies of donor CD8* T cells were plotted against time. The frequencies of host B cells
(CD19*B220%) in blood were also evaluated by flow cytometry and summarized in (D). (E)
Tumor growth curves of mice in each group. The numbers indicate the number of tumor-free
mice among treated mice at the end point of experiment. (F and G) Phenotypic
characterization of donor CD4* and CD8* CD19CAR T cells in selected groups. Ten days
after T cell transfer, splenocytes isolated from a cohort of mice from the specified groups (3
mice/group) were subject to flow cytometry analysis. Splenocytes from groups V and VI
were stimulated with PMA/ionomycin or A20 tumor cells for ICS to examine the cytokine
profiles of control CD4* and CASTAT5 CD4* CD19CAR T cells (F). Numbers in
representative dot plots indicate percentage of cells in the corresponding quadrant. Donor
CD8™ T cells from groups I, IV and VI, which expressed CD19CAR alone, or co-expressed
CASTATS5 and CD19CAR in the absence or presence of CASTAT5 CD4* CD19CAR T
cells, respectively, were examined for expression of the specified markers. The frequencies
of cells positive for each of the markers and the mean fluorescence intensity (MFI) of these
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markers are summarized in bar graphs shown as mean + s.d. of five samples per group. (G).
n.s., not significant; *p < 0.05, **p < 0.01, ***p < 0.001.
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