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Adoptive T cell therapies have shown limited efficacy against solid tumors due in part
to immunosuppressive cues such as from TGF-p and insufficient survival/proliferative
signals within the tumor microenvironment (TME). We engineered chimeric immuno-
modulatory fusion proteins (IFPs) that convert immunosuppressive TGF-f signals into
proliferative/survival Interleukin 2 (IL-2) signals in T cells. Chimeric TGF-pR/IL-2R
IFPs were constructed by fusing extracellular domains of the TGF-f receptor chains
with intracellular domains of IL-2Rf and IL-2Ry to enable TGF-f binding to trigger
STAT5 phosphorylation and activate the downstream IL-2 pathway. In human pri-
mary CD8" T cells, select IFP designs robustly induced p-STAT5 upon exposure to
TGF-p1, and simultaneously reduced canonical SMAD2/3 signaling. IFP-expressing
T cells proliferated and displayed enhanced viability in response to TGF-f1, effectively
leveraging TGF-f-rich conditions to outcompete nontransduced cells. Transcriptomic
analyses revealed that IFP signaling promoted T cell activation and allowed mainte-
nance of stemness during culture with TGF-p. Functionally, coexpressing IFPs with a
mesothelin-specific T cell receptor improved tumor killing and promoted T cell expan-
sion in the presence of TGF-f1, highlighting both neutralization of TGF-p-mediated
suppression and enhanced proliferation. TGF-PR/IL-2R IFPs appear promising for
reprogramming the signals T cells receive in the TME and improving efficacy of adoptive
T cell therapy in solid tumors.

cancer immunotherapy | adoptive T cell therapy | T cell engineering |
T cell receptor (TCR) T cell therapy

Adoptive T cell therapies with engineered T cells have achieved remarkable success in
hematologic malignancies (1), but face persistent challenges in solid tumors due in part
to hostile tumor microenvironments (TME) dominated by immunosuppressive factors
and a scarcity of prosurvival/proliferative cytokine signals such as from Interleukin 2 (IL-2)
(2, 3). TME suppression of infiltrating CD8" T cells is mediated through multiple mech-
anisms including TGF-p-mediated suppression of effector functions and limited access
to IL-2, a cytokine critical for T cell survival and proliferation, particularly for T cell
receptor (TCR)-engineered CD8" T cells which lack the “built-in” costimulatory signals
present in CAR-T cell constructs (4, 5). TGF-f directly attenuates CD8" T cell cytotoxicity
in part by downregulating the transcription factor T-bet (6), while simultaneously pro-
moting differentiation of endogenous CD4" T cells within the TME toward an immu-
nosuppressive regulatory T cell (Treg) phenotype (5). Concurrently, the effects of
insufficient IL-2 within the TME are exacerbated by elevated levels of TGF-f, which
further downregulate IL-2 production and signaling in T cells, impairing sustained acti-
vation and expansion of antitumor T cells and undermining effector functions and mem-
ory responses (4).

Approaches to circumvent TME-mediated immunosuppression have often been limited
by off-cumor toxicity due to lack of selectivity at the tumor site, as with systemic TGF-f
neutralization or high-dose IL-2 administration. Systemic TGF-f blockade risks toxicity
to normal tissues such as cardiac function/injury (7), reflecting the cytokine’s pleiotropic
and beneficial roles in tissue homeostasis (8). Similarly, systemic delivery of exogenous
IL-2 is not selective for the infused target cells, and can both expand immunosuppressive
Treg cells and induce morbidity from toxicities such as capillary leak syndrome (9). A
dominant-negative TGF-f receptor II (dnTGF-BRII) has been explored as a strategy to
sequester TGF-P ligands without triggering downstream signaling- however, the
dnTGF-BRII alone failed to sustain CAR-T cell expansion or persistence, as it does not
provide adequate proliferative or prosurvival signals to the engineered T cells (10). Such
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prosurvival and proliferative signals can be crucial for therapeutic
benefit by TCR-engineered T cells in solid tumors which require
a persistent response (11).

In response to these and related obstacles, emerging approaches
have explored synthetic fusion proteins that can be used to repro-
gram immune signals selectively in only the engineered trans-
ferred T cells (12), which, because they specifically recognize
tumor cells, will be enriched and activated mainly in the TME.
This approach has the potential to avoid systemic toxicity while
addressing impediments such as immunosuppressive factors that
impact survival and function of T cells in the TME. For example,
a Fas-4-1BB IFP that fuses the extracellular domain of Fas to
the intracellular domain of 4-1BB converts FasL-induced apop-
tosis into prosurvival and proliferative signals via NF-kB and
PI3K pathways, and has been demonstrated to enhance antitu-
mor activity in pancreatic and leukemia models (13). A
CD200R-CD28 IFP that redirects the inhibitory signal from
CD200R into CD28 costimulation can promote T cell prolif-
eration and has been shown to improve leukemia clearance while
bypassing dependency on exogenous IL-2 (14). Similarly, a
PD-1-CD28 IFP that replaces the immunosuppressive tail of
PD-1 with the CD28 cytoplasmic tail can rescue T cells from
PD-L1-mediated exhaustion (15).

Building on these strategies, we have evaluated TGF-pR/IL-2R
immunomodulatory fusion proteins (IFP) with the goal of con-
verting immunosuppressive TGF- signals into IL-2-mediated
activation signals. By simultaneously neutralizing a key immuno-
suppressive signal and delivering prosurvival and proliferative cues,
this strategy has the potential to reprogram TME signals to
enhance rather than diminish the efficacy of adoptive T cell ther-
apy in solid tumors.

Results

Design of TGF-BR/IL-2R IFPs to Convert TGF-f31 Signaling into
an IL-2 Signal to Enhance T Cell Function. We engineered IFPs
to repurpose TGF-B1 stimulation for delivery of IL-2 activation
signals via inducing STAT5 phosphorylation (p-STATS)
(Fig. 14). TGF-BR/IL-2R IFPs were constructed by fusing the
extracellular ligand-binding domains of TGF-BRI and TGF-pRII
with the intracellular signaling domains of IL-2R} and IL-2Ry,
as a strategy to enable TGF-B1 to engage and trigger the IL-2
receptor signaling cascade. Given the structural complexity of the
TGEF-p and IL-2 receptor families, with the former signaling as
a 4 chain heterodimer of 2 homodimers and the latter being a
3 chain heterotrimer that contains 2 signaling cytoplasmic tails
(16-18), we generated four distinct IFP constructs with varied
pairings of domains and transmembrane regions to determine
whether the specific structure and orientation impacts ligand
binding, signal transduction, assembly, and/or competition with
endogenous chains (Fig. 1B). Each construct was designed with
bicistronic expression elements that incorporate all the required
receptor chain components with a furin cleavage site inserted after
the first chain and before a P2A self-cleaving peptide sequence to
ensure efficient expression and proper posttranslational processing,
and to remove the extraneous P2A sequences from the expressed
protein. By fusing the IL-2R and IL-2Ry cytoplasmic domains
to distinct ligand binding TGF-BRI and TGF-BRII extracellular
domains, we ensured that each tetrameric signaling complex
contained both IL-2 signaling modules. The resulting four-chain
complex should have higher affinity for TGF-f1 compared to
fusing IL-2R chains to only dimeric TGF-BRII or dimeric TGF-
BRI and also mitigates the risk of excessive IL-2 signaling, which
can lead to activation-induced cell death, because the tetrameric
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complex gets endocytosed and degraded, whereas dimeric forms
tend to recycle to the cell surface for continuous signaling (19).

To evaluate the function of these different IFP designs, primary
human CD8" T cells were activated, transduced with the IFP
constructs, and exposed to increasing concentrations of recombi-
nant TGF-P1. IL-2R pathway activation was assessed by measur-
ing with flow cytometry levels of phospho-STAT5 (p-STATYS),
the downstream IL-2R messenger phosphorylated in response to
dimerization of the IL-2Rp and IL-2Ry chains (20). Despite com-
parable transduction efficiency, as measured by expression of the
included transduction marker NGFR (87 Appendix, Fig. S1C), two
of the four IFP constructs, the TGF-PRI ectodomain fused to the
IL-2Rp cytoplasmic tail plus the TGF-BRII ectodomain fused to
the IL-2Ry cytoplasmic tail, denoted 1B2y and with the IL-2
transmembrane (TM) domains, and the TGF-BRII ectodomain
fused to the IL-2Rp cytoplasmic tail plus the TGF-fRI ectodo-
main fused to the IL-2Ry chain, denoted 2f1y and with the
TGF-pR TM domains, demonstrated the highest increase in
p-STATS levels following TGF-B1 exposure, indicating more
effective conversion of TGF-P1 binding into a pro-proliferative
IL-2 signal (Fig. 1C). These two constructs were thus selected as
our focus in subsequent analyses. The observed responses were
consistent across multiple donor-derived T cell populations,
demonstrating reproducibility and efficacy of these IFP constructs
(Fig. 10).

To test whether TGF-P binding to the native TGF-f receptor
was limiting p-STAT'5 activation or function, we used CRISPR-Cas9
to knock out (KO) TGF-BRII in primary human CD8" T cells.
TGEF-BRII forms a homodimer that binds dimeric TGF-f1 and
delivers it to TGF-PRI, which alone has low affinity for TGF-p1
and cannot form a functional signaling complex without TGF-BRII
(16). Successful knockout of TGF-BRII was validated by flow
cytometry, showing a complete loss of TGF-BRII surface expression
(Fig. 1D). TGF-BRII-deficient cells expressing the IFP exhibited
STATS5 phosphorylation following TGF-B1stimulation similar to
cells lacking the TGF-PRII-knockout, suggesting the engineered
IFP receptors effectively signal even in the presence of physiologic
TGF-BRII expression (Fig. 1 Cand E and SI Appendix, Fig. S1).

Analysis of signaling through the natural TGF@R revealed that
stimulation with 0.5 ng/mL of recombinant TGF-f1 induced
minimal signaling in wild type or transduced primary CD8" T
cells, whereas 10 or 50 ng/mL of TGF-P1 increased pPSMAD2/3
levels in untransduced wild type cells but remained near baseline
in cells transduced with the IFP (87 Appendix, Fig. S2), consistent
with the IFP leading to diminution of canonical TGF-fR signa-
ling. The background detection of pPSMAD2/3 in the absence of
exogenous TGF-P1 even in TGF-PR-KO cells suggested either a
persistent low level of phosphorylation, perhaps via nemo-like
kinase (21), or promiscuous binding by the antibody reagent. The
reduction in pSMAD2/3 levels in T cells expressing the IFP
(SI Appendix, Fig. S2) demonstrated that engineered IFP receptors
competitively inhibit endogenous TGF-pR signaling by function-
ing similar to dominant-negative TGFpPR chains and/or binding
and sequestering the TGF-p1 ligand (22). These results collectively
demonstrate TGF-BR/IL-2R IFPs not only rewire TGF-p signa-
ling to promote phosphorylation of STATS in T cells, but should
also mitigate suppressive effects of endogenous TGF-p signaling

mediated via pPSMAD2/3.

TGF-1 Mediates Expansion of cp8’ T Cells Expressing the IFP
and Can Select for Transgene-Expressing Cells. Given that the
TGF-PR/IL-2R IFPs convert TGF-P1 signals into IL-2-p-STAT5
signals whereas wild-type TGF-PR blocks proliferation (23), we
hypothesized the IFPs should also promote selective expansion of
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Fig. 1. TGF-BR/IL-2R IFPs repurpose TGF-p to transmit an IL-2 signal via p-STAT5. (A) Schematic of endogenous TGF-p and IL-2 signaling (Left) and rewired
signaling via TGF-BR/IL-2R IFPs (Right). Left: Endogenously, TGF-g binds TGF-pRII, forming a 2:2:2 receptor-ligand complex with TGF-RI, activating SMAD2/3,
which bind SMAD4 and translocate to the nucleus to suppress T cell proliferation and function; IL-2 binds its trimeric receptor (o, f, y), activating JAK1/3 and
STATS5, promoting transcription of genes driving T cell proliferation, differentiation, and effector function—activities suppressed by TGF-p. Right: Rewiring the
TGF-p signaling pathway to an IL-2 signaling pathway via TGF-BR/IL-2R IFPs. (B) Summary of TGF-BR/IL-2R IFP constructs. Bicistronic constructs were separated
by a furin protease cleavage site to remove the attached distinct 2A sequence tags from the translated protein, a GSG linker, and a P2A self-cleaving peptide
sequence. Since the TGF-pR and IL-2R complexes each have 2 unique receptor signaling chains with distinct transmembrane domains, the possible combinations
of extracellular, intracellular, and transmembrane domains yielded four distinct construct configurations of IFPs for comparative analyses. (C) IFPs convert the
TGF-p signal into an IL-2 signal as indicated by increased p-STAT5 upon TGF-f or IL-2 stimulation. Primary CD8 T cells were activated on Day 0, transduced with
IFP constructs on Day 1, and cultured for 9 more days in the presence of IL-2, IL-7, and IL-15 to achieve stable transgene expression and then harvested and
washed before stimulation with the indicated amounts of recombinant TGF-p or IL-2, followed by fixation/permeabilization and staining with a phospho-specific
(Y694) STATS antibody. The heatmap shows p-STATS levels, quantified as mean fluorescence intensity (MFI) by flow cytometry across different cytokine doses
(rows) for T cells engineered with different IFPs (columns). (D) Primary human CD8 T cells were electroporated with Cas9 RNP targeting TGF-BRII to knock out the
endogenous TGF-pRII as shown by failure to bind an mAb to TGF-pRII relative to the No CRISPR control. (£) IFPs convert the TGF-p signal into an IL-2 signal in T
cells with the TGF-R knocked out, as indicated by increased p-STATS5 upon TGF-p or IL-2 stimulation. Primary CD8 T cells were activated, knocked out for TGF-fR,
transduced with IFP constructs, cultured for 9 more days in the presence of IL-2, IL-7, and IL-15 as in (C), stimulated with the indicated amounts of recombinant
TGF-p1 or IL-2, and then fixed/permeabilized and stained with a phospho-specific (Y694) STATS antibody. The heatmap shows p-STATS levels across different
cytokine doses (rows) for T cells engineered with different IFPs (columns).

transduced T cells in the presence of TGF-p1. To investigate the
impact of TGF-B1 signaling in cell mixtures containing IFP* and
IFP cells, primary human CD8" T cells, transduced with TGF-
BR/IL-2R IFPs in a plasmid backbone that expressed NGEFR as
a transduction marker were cultured in varying concentrations
of recombinant human TGF-f1 or IL-2. There was a significant
enrichment over time of transduced cells, as indicated by an
increased frequency of NGFR" cells in cultures supplemented with
TGF-p1 compared to IL-2 or media-only conditions (Fig. 24).
Notably, following exposure to 25 ng/mL of TGF-p1, nearly
100% of the cells present at day 7 expressed the IFP (Fig. 24),
suggesting TGF-B1 can be used to promote positive selection of
IFP" cells and negative selection of IFP™ cells.

PNAS 2025 Vol.122 No.39 2516951122

To further assess the impact of TGF-B1-mediated signaling on
T cell proliferation, primary CD8" T cells were activated and
transduced with the IFP and control constructs and cultured for
4 d in the presence of IL-2, IL-7, and IL-15, washed and labeled
with CellTrace Violet (CTV), and stimulated with recombinant
TGF-P1 or IL-2 every 48 h. Flow cytometric analysis after 5 d for
CTV dilution from proliferation revealed that IL-2 induced
dose-dependent proliferation of the T cells regardless of expression
of the IFD, whereas TGF-P1 supplementation promoted robust
cell division only in IFP-expressing cells (Fig. 2B). Notably,
TGF-P1 induced proliferation in IFP-expressing cells even at doses
as low as 1.25 ng/mL TGF-p1 that was comparable to prolifera-
tion driven by 5 U/mL of IL-2 in control cells, further supporting
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Fig. 2. Culturing human CD8" T cells expressing the IFP in TGF-g1 drives cell division and selects for transgene expression. (A) Transduced T cells cultured in
TGF-B1 select for transgene expression. Primary human CD8 T cells were activated with Dynabeads, transduced with [TGF-BRI][IL-2BTM][IL-2B]/[TGF-BRIII[IL-2yTM]

[IL-2y] denoted as “1p2y (IL-2 TM)” (Left) or [TGF-BRII[TGF-BRITMI[IL-2]/[TGF-

BRII[TGF-BRITMI[IL-2y] denoted as “2p1y (TGF-BR TM)" (Right), and then cultured in

the indicated amount of recombinant human TGF-1 or IL-2 supplemented every 48 h for up to 7 d. % cells expressing the transgenic construct (as measured
by staining for the transduction marker NGFR) were tracked. (B) TGF-B1 promotes cell division in T cells expressing a TGF-BR/IL-2R IFP. Primary human CD8" T

cells were activated and transduced as above. After 4 d of culture to ensure

stable expression of the IFP transgene, cells were washed, labeled with CTV, and

cultured for an additional 5 d with recombinant human TGF-81 or IL-2 at the indicated concentrations with the cytokine replenished every 48 h. Proliferation
was assessed by CTV dilution via flow cytometry. (C) GSEA for pathways differentially enriched in T cells with each of the IFPs compared to control T cells after
culture with TGF-p. T cells were activated on Day 0, transduced on Day 1, and cultured with TGF-p for 10 d. Cells were sorted on Day 10 for live NGFR" cells for
bulk RNA-seq. Dot size represents adjusted P-value. Color represents normalized enrichment score (NES). A positive (red) NES means the gene set is upregulated

in Ctrl T cells and a negative (blue) NES means the gene set is upregulated in

the function of the chimeric receptors in repurposing TGF-p1
signals into a proliferative IL-2-like response.

To gain insight into the transcriptional programs induced by
IFP-mediated signaling, we performed gene set enrichment anal-
ysis (GSEA) on T cells cultured with TGF-P1 supplementation.
The analysis revealed upregulation in IFP-expressing cells com-
pared to control T cells of pathways associated with an effector T
cell signature, IL-2 signaling, and proliferation, and decreased
TGEF-p downstream signaling (Fig. 2C). Notably, even in such
short-term stimulation conditions, the PD-1 signaling related
signatures were already upregulated in control T cells in compar-
ison with IFP engineered T cells (Fig. 2C). These findings indicate
that TGF-B1 not only supports the survival and expansion of
[FP-engineered T cells but also drives transcriptional programs
that may enhance functional capacity.

TGF-R/IL-2R IFPs Enhance Tumor Killing and T Cell Expansion
in the Presence of Tumor and TGF-f1. To evaluate the functional
impact of TGF-PR/IL-2R IFPs on tumor cell killing, primary
human CD8" T cells transduced to express a mesothelin-specific
TCR (TCRyy,), which we have advanced to clinical trials for
human pancreatic cancer, either alone or in combination with the
IFPs were cocultured for 7 d with PANC-1 tumor cells, which
naturally express mesothelin antigen and were genetically labeled
with NucLight Red. In the presence of 10 ng/mL of exogenous
TGF-P1 added to the cocultures at initiation and then every 48 h,
CD8" T cells expressing the IFP exhibited significantly enhanced
tumor elimination compared to T cells expressing only the TCR.

40f 10 https://doi.org/10.1073/pnas.2516951122

IFP-engineered T cells.

This effect was observed at both high (20:1) and more moderate
(10:1) effector-to-target ratios, with live-cell imaging showing
sustained reduction in live tumor cells over time (as reflected by
the reduced area with a NucLight Red signal) in wells containing
T cells with an IFP (Fig. 3 A and B), whereas there was progressive
expansion of tumor cells in wells containing T cells lacking the IFP.

In addition to improving tumor killing in IFP-expressing T
cells, TGF-P1 also promoted the expansion of T cells expressing
the chimeric constructs. Quantification of the fold-expansion of
T cells by the final time point (168 h) revealed significantly higher
proliferation and survival of T cells expressing both the
mesothelin-specific TCR and an IFP compared to those with the
TCR alone (Fig. 3C). This suggests the engineered IFPs not only
sustain functional T cell responses despite the presence of TGF-f1
but also support T cell persistence and expansion in settings mod-
eling components of the immunosuppressive TME, in particular
persistent tumor antigen and high TGF-p1 levels. Furthermore,
in cocultures supplemented with both TGF-p1 and IL-2, superior
tumor clearance and T cell expansion was again observed in
IFP-expressing cells across multiple effector-to-target ratios
(SI Appendix, Fig. S3). Of note, the level of TGF-B1 supplemen-
tation in these cocultures is lower than levels reported in the serum
of patients with many tumor types (24, 25), and levels in the TME
are presumably even higher—such higher levels would be expected
to not only suppress endogenous IL-2 production but also further
block responsiveness to signaling from the endogenous IL-2R (23,
26). Thus, the IFP, by maintaining both proliferation and tumor
cytotoxicity in this immunosuppressive environment, has the
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Fig. 3. Cells expressing TCRyq, With a TGF-BR/IL-2R IFP mediate enhanced tumor killing and proliferation in the presence of TGF- f compared to cells expressing
only TCRy,. Primary human CD8" T cells expressing TCRy, only or TCRyg, with an IFP were coincubated with NucLight Red® PANC-1 tumor cells at an
effector:target (E:T) of (A) 20:1 or (B) 10:1. Images were acquired every 2 h (9 images/well, n = 4 wells/condition) via the IncuCyte live cell imaging platform from
cocultures exposed to 10 ng/mL human TGF-p1 added every 48 h. The fraction of remaining tumor area/well (normalized to the first image acquired for each
individual well) was plotted as a function of time with SD indicated by vertical bars. (C) T cells expressing TCRyq, with an IFP or TCRy, only were cocultured
with tumor and TGF-p1. T cell fold expansion was determined by dividing the total number of T cells from each well at the final time point (t = 168 h) by the total
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number of T cells at the time of acquiring the first image (t = 0). * indicates P < 0.05.

potential to provide a functional advantage for adoptive therapy
with engineered T cells.

TGF-BR/IL-2R IFP-Expressing T Cells Exhibit Enhanced Function
and Transcriptomic Reprogramming during Prolonged
Exposure to TGF-f and Tumor Antigen. Given the enhanced
tumor control observed in the presence of TGF-B, we next
evaluated the persistence, stemness, effector function, and
transcriptomic landscape of IFP-expressing T cells after long-
term tumor challenge. Specifically, we analyzed these parameters
following 2 wk of chronic coculture with tumor cells in the
presence of TGF-B1 (Materials and Methods). We focused on
the 2p1y construct (with TGF-BR transmembrane domains),
as it was the IFP that not only converted TGF-p signaling into
IL-2/STAT5 activation (Fig. 1 C and E) but appeared most
efficient at downregulating endogenous TGF-f/Smad3 signaling
(SI Appendix, Fig. S2).

After 2 wk of chronic stimulation by tumor in the presence of
TGF-P1 (Materials and Methods), IFP-expressing T cells compared
to T cells expressing only TCR, better maintained expression of
functional effector molecules (including GZMB, TNFa, IFNY),
had higher proliferation as reflected by Ki67 levels, and achieved
higher absolute numbers of more functional T cells (T cells positive
for Granzyme B or positive for both TNFa and IFNY) (Fig. 44 and
SI Appendix, Fig. S4), suggesting sustained activation and function-
ality under immunosuppressive conditions, consistent with the
observed tumor control in the presence of TGF-f (Fig. 3).

To analyze the transcriptional programs associated with such
functional differences in more depth, single-cell RNA sequencing
(scRNA-seq) of T cells was performed at the end of the 14-d
coculture with tumor in the presence of TGF-f. IFP-expressing
T cells displayed enrichment in pathways associated with effector
functions and survival, such as cytolytic potential and IL-2/STAT5
signaling, and downregulation of the exhaustion pathway signa-
ture (Fig. 4B). Notably, IFP-expressing cells exhibited elevated
expression of IL7R and GNLY (Fig. 4C), indicative of an enhanced
memory signature and cytotoxic potential, respectively. Furthermore,
other key genes associated with stemness and self-renewal poten-
tial, including TCF7, LEF1, SELL, and CCR7, were also upreg-
ulated in the IFP-expressing population (Fig. 4C), suggesting
preservation of stemness qualities and self-renewal potential,
which likely contributed to the observed superior persistence and
antitumor activity.

GSEA further confirmed the functional advantages conferred

by the TGF-BR/IL-2R IFP. Pathways related to T cell cytotoxicity,

PNAS 2025 Vol.122 No.39 2516951122

antigen-receptor signaling, and the IL-2/STAT' signaling pathway
were significantly enriched in the IFP-expressing T cells
(SI Appendix, Fig. S5). These findings suggest that engineering T
cells with the TGF-PR/IL-2R IFP not only provides protection
from TGF-B-mediated dysfunction but also promotes a more
functional phenotype with stemness and effector signatures, which
have been associated with sustained therapeutic efficacy in solid
tumors (27, 28).

Discussion

Adoptive therapy with engineered T cells has thus far achieved
limited efficacy against the broad range of solid tumors.
Immunosuppressive factors in the TME such as TGF-p repre-
sent major obstacles, ultimately limiting the persistence, expan-
sion, and effector functions of infused T cells. To address this
challenge, we engineered an IFP that couples the extracellular
TGE-p receptor chains (TGF-BRI and TGF-BRII) with the
intracellular domains of the IL-2 receptor signaling chains (IL-
2Rp and IL-2Ry) (12, 18), enabling tumor-infiltrating T cells
to both disrupt and convert suppressive TGF- signals into
proliferative, prosurvival IL-2-like signals. Our results demon-
strate that this IFP enhances T cell function when coexpressed
with human tumor-specific T cell receptors (TCRs) in the set-
ting of persistent exposure to tumor in a milieu containing
TGEF-p, providing a foundation for a next generation of
armored T cell therapies.

Compared to alternative targeting approaches, this IFP offers
unique advantages for overcoming TGF-p-mediated immuno-
suppression, which is a major barrier in many epithelial cancers,
including pancreatic, colorectal, prostate, and breast tumors (29).
TGF-P exerts multiple immunosuppressive effects by dampening
T cell effector function, promoting regulatory T cell (Treg) expan-
sion, and contributing to a fibrotic and exclusionary TME (30—
32). Previous strategies to mitigate this pathway have included
systemic TGF-p blockade or interfering with downstream signa-
ling from the TGF-BR by T cell expression of a dominant-negative
TGF-pRII (dnTGF-BRII) (22, 33). Both of these strategies have
clear limitations, as a dn'TGF-BRII can abrogate TGF-fR signa-
ling and promote enhanced activity (10) but lacks the ability to
deliver compensatory prosurvival signals essential for sustaining
T cell activity, and systemic blockade of TGF-p not only also fails
to deliver prosurvival signals but often results in significant tox-
icities, including autoimmunity, bleeding, and cardiovascular
complications as a consequence of the critical roles of TGF- in
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Fig. 4. T cells expressing TCRyq, With a TGF-BR/IL-2R IFP (2p-1y) following prolonged coculture with tumor cells and TGF- g1 supplementation exhibit enhanced
functionality and global transcriptomic changes associated with self-renewal capacity compared to cells expressing TCRyg, only. (A and B) Primary CD8* T
cells expressing TCRy,q,, only or TCRyq,, with an IFP were cocultured with NucLight Red” PANC-1 tumor cells. Every 48 h, fresh PANC-1 tumor cells in the same
numbers as initially plated were added to the coculture to sustain persistent interactions with tumor cells. Exogenous TGF-p1 at 10 ng/mL was also added at
coculture initiation and then every 48 h. No exogenous IL-2 was provided. At 2 wk post coculture initiation, T cells were harvested from the wells and analyzed
for expression of selected proteins by flow cytometry (A) and selected gene expression signatures by scRNA-seq (B). Enhanced function was observed in
IFP-expressing cells, as evidenced by increased frequencies or MFI of cells expressing the indicated proteins (Left three panels in A) and ~100 fold increase in
absolute cell numbers of cells expressing those proteins (Right two panels in A). Cell counts were normalized to TCRy,y,-only T cells cocultured with tumor cells
without TGF-p1 supplementation. * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001. (B) Pathway enrichment score for pathways differentially
enriched in T cells with the IFP compared to control T cells at 2 wk post coculture as in panel A. * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001.
(C) Bubble plots of expression of signature genes significantly different (P < 0.05) in CD8" T cells expressing TCRy,, only or TCRy,,, with an IFP from scRNA-seq
data at week 2 following chronic exposure to tumor and TGF-81. Both color and size indicate the effect size. IFP-expressing T cells had higher levels of stemness

6 of 10

and cytotoxic genes.

tissue homeostasis (34). In contrast, the described IFP minimizes
off-target toxicity, as IFP activity is restricted to the engineered T
cells and conditionally activated only in TGF-p rich microenvi-
ronments, thus largely localizing activity to the TME, which
should minimize the potential for toxicity outside the TME.
Moreover, by incorporating the IL-2 receptor intracellular domain,
the IFP also supports proliferation and survival of the engineered
tumor-reactive T cells. While several recent studies have examined
TGF-p signal-converting constructs such as TGF-PR fusions with
intracellular 4-1BB or cytokine receptor domains, or CAR anti-
body ectodomains that directly bind TGF-p (35-38), these syn-
thetic molecules have been pursued largely in CAR-T cells, which
already possess strong built-in costimulatory/survival signals. This
makes it difficult to distinguish the unique contribution of costim-
ulatory or cytokine signaling from the synthetic receptor, as any
added benefit may be masked or enhanced by the robust CAR
costimulatory signaling background. In contrast, our study rigor-
ously designed and evaluated IFPs converting TGF-f signals to
IL-2 signals in TCR-engineered T cells, which lack synthetic
costimulatory signals and are therefore directly dependent on
compensatory signals. Through cellular and molecular analyses,
we unveiled that the IFP provides distinct proliferative and func-
tional advantages in TCR-T cells targeting solid tumors with
characteristically low tumor antigen density in the presence of
TGEF-p. By engineering and screening four structurally distinct
IFPs, we identified two that effectively convert TGF-f signals into
IL-2-like activation, highlighting the importance of domain com-
patibility and the distinct benefit of this approach in the TCR-T

cell context.

https://doi.org/10.1073/pnas.2516951122

This IFP also offers unique advantages compared with alterna-
tive approaches for providing T cells with IL-2 signals, which
promote survival, proliferation, and cytotoxicity. High-dose IL-2
therapy was one of the earliest FDA-approved immunotherapies,
with efficacy as a single agent demonstrated for treatment of met-
astatic melanoma and renal cell carcinoma. High-dose IL-2 is also
often administered in association with cell therapies targeting
other tumors (39), but clinical utility has been hampered by sys-
temic toxicities, including capillary leak syndrome and renal and
cardiovascular complications. Additionally, administered IL-2 has
the propensity to expand immunosuppressive Tregs due to their
natural expression of not only IL-2Rf and IL-2Ry but also IL-2Ra
(CD25), thereby establishing the high-affinity IL-2R leading to
Treg proliferation and survival and further compromising antitu-
mor immunity (40). Moreover, the short serum half-life of IL-2
requires frequent dosing, which increases complexity and can
further exacerbate side effects (40). While strategies such as con-
stitutive expression of IL-2 in CAR-T cells have been explored,
such approaches remain limited by risks of cytokine release syn-
drome, nonspecific expansion of bystander cells, and Treg expan-
sion within the TME. The IFP design addresses these concerns by
providing cellular and spatially restricted, TGF-p-dependent IL-2
intracellular signaling exclusively within engineered T cells,
thereby mitigating risks of systemic IL-2 toxicity, avoiding the
induction of Treg expansion, and preserving IL-2 signaling exclu-
sively within the infused therapeutic T cells. Recent advances in
IL-2 delivery now also include engineered IL-2 variants with
reduced CD25 binding to limit Treg activation, as well as IL-2
fused to anti-CD8 antibodies for targeted delivery to CD8" T cells
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(41-43). While these strategies provide means to enhance IL-2
signaling preferentially in tumor-reactive CD8" T cells, they
require continued administration and the cells may still remain
vulnerable to suppression mediated by TGF-p, including cell cycle
arrest and inhibition of proliferation (26). By converting suppres-
sive TGF-PR signals into IL-2R signals, the IFP offers a distinct
advantage over these recent IL-2 delivery strategies.

Beyond enhancing ACT, the IFP has the potential to synergize
ACT with other immunotherapies such as Immune Checkpoint
Blockade (ICB). ICB has shown efficacy in several solid tumors,
but the mechanisms of reinvigorating progenitor exhausted endog-
enous T cells via systemic inhibition of PD-1 or inducing new
responses by blocking CTLA-4 differ fundamentally from that of
engineered ACT, which provides de novo abundant tumor-specific
effector cells. Only limited success has been achieved with ICB in
solid tumors such as pancreatic cancer (44), potentially in part
because the TME remains hostile due to additional inhibitory
mechanisms such as via TGF-p. By enabling engineered T cells to
resist TGF-p-induced inhibition while simultaneously supporting
survival and persistence, this IFP may unlock new synergistic
effects between ACT and ICB. Such a combination strategy rep-
resents a promising direction for future preclinical and clinical
investigation.

Nonetheless, our approach is not without potential limitations.
The beneficial effects of the TGF-PR/IL-2R IFP may be confined
to tumors with moderate to high TGF-f expression, which is com-
mon in epithelial tumors but does not encompass all malignancies.
Furthermore, intratumoral heterogeneity in TGE-f levels could
result in uneven IFP activation across spatial domains. However,
since TGF-p is a diffusible cytokine and often becomes globally
elevated even in the serum of cancer patients (29), T cells may not
need to be in close proximity to TGF-p—producing cells within the
tumor to achieve effective IFP activation. Moreover, this IFP can
be triggered by TGF-f concentrations as low as 0.5 ng/mL, a level
commonly attained even outside the TME in the peripheral blood
of patients. Evaluating IFP activity throughout the TME warrants
future testing in immunocompetent murine models that recapitu-
late the spatial and cellular complexity of the human TME (45-47).
A second potential limitation is the possibility of tonic IL-2 sig-
naling in TGF-p—abundant contexts, which might lead to pre-
mature T cell exhaustion or apoptosis, although such exhaustion
has not been observed in cells with constitutive expression of
activated STAT5 (48, 49), which rather promoted durable effec-
tor states and resistance to exhaustion. A potential alternative
strategy would be to design the TGF-P1R/IL-2R chain with an
on/off switch (50) while still constitutively expressing the
TGEF-B2R/IL-2R chain, as the latter directly binds TGF-p1 and,
although not capable alone of providing the IL-2R signal, can
continue to function as a dominant-negative receptor. Transcriptomic
profiling of IFP-engineered T cells in vivo will be essential to eval-
uate these alternatives and elucidate the resulting dynamics and
potential obstacles.

In summary, this study establishes a rational approach to
addressing two major barriers in solid tumor ACT: immunosup-
pression and poor expansion/persistence. By engineering a
TGEF-BR/IL-2R IFP that mitigates inhibitory signaling and con-
ditionally activates prosurvival/proliferative signaling, the
approach should provide a targeted, self-sustaining solution for
T cells operating within hostile TMEs. This strategy may not
only advance the next generation of armored engineered T cells
but also provide a foundation for combinatorial immunotherapy
regimens tailored to the spatial and molecular landscapes of
solid tumors.

PNAS 2025 Vol.122 No.39 2516951122

Materials and Methods

Plasmid Design and Construction. All plasmids used in this study were gen-
erated via Gibson Assembly of codon optimized gene fragments purchased from
Twist Bioscience into pRRLSIN, a third-generation self-inactivating lentiviral vec-
tor. Plasmids were sequence verified using Sanger sequencing. The IFP sequences
were designed by obtaining the sequences from wild type human TGF-BR and
IL-2R from the NCBI (TGF-BR1: NP_004603.1, TGF-pR2: NP_001020018.1, IL-
2RB: NP_000869.1, IL-2Ry: NP_000197.1).

Lentivirus Production. 293T cells were cultured in RPMI 1640 media with 5%
FBS (Cytiva), 5% human serum (Bloodworks Northwest), 0.6% MEM Non-Essential
Amino Acids Solution (Thermo Fisher), 4 mM L-glutamine (Gibco), and 100 U/mL
penicillin-streptomycin (Gibco). 293T cells were transfected at 3 million cells/10
cm dish with X-tremegene 9 transfection reagent (Millipore Sigma), according to
the manufacturer'sinstructions, with 1.5 pg of vector DNA (either TCR only or TCR
with IFP), 0.5 pg of pMD2.G (Addgene 12259), 1 pg of pMDLg/pRRE (Addgene
12251),and 1 pg of pRSV-Rev (Addgene 12253) 3rd generation lentiviral pack-
aging and envelope plasmids. One day after transfection, media were changed.
After 1 d, lentiviral supernatant was collected, filtered through a 0.45-pum PVDF
filter,and concentrated 10-fold using Lenti-X Concentrator reagent (Takara Bio).
The resulting lentivirus solution was stored at —80 °C.

Generation of Therapeutic T Cells with and without an IFP. PBMCs from
healthy, HLA-A2" deidentified human donors were thawed and recovered
after overnight culture in X-vivo 15 media with L-glutamine (Lonza) with 5%
CTS Immune Cell Serum Replacement (Thermo Fisher) without cytokines. CD4~
CD62L" cells were then isolated by magnetic separation with CliniMACS CD4
and CD62L selection beads (Miltenyi) on LS columns (Miltenyi) and incubated
for 24 h with TransAct anti-human CD3/CD28 reagent (Miltenyi), IL-2 (100 1U/
mL; Prometheus; obtained via University of Washington Pharmacy, DOH license
#DRRS.FX.60550751), IL-7 (5 ng/mL; Peprotech), IL-15 (5 ng/mL; Peprotech), and
IL-21(10 ng/mL; Peprotech) at 2 million cells/mL. After this activation step, media
was changed to maintain the same concentration of IL-2/7/15 and to remove
IL-21, protamine sulfate added (10 pg/mL; Sigma Aldrich) and cells transduced
with lentivirus generated from the TCR only construct or the constructs containing
both TCR and IFP. 24 h after transduction, cells were transferred from regular
culture vessels to G-Rex gas-permeable 24-well culture vessels (Wilson Wolf).
To continue growth, cytokine and drug replenishment was performed every 2
to 3 d. 5 d after transduction, cells were stained with APC-conjugated tetramer
for TCRyq, CD8:BV421 (Biolegend), and propidium iodide, and sorted for live
Tetramer™ CD8" cells. These cells, at 500,000 sorted cells per condition, were
entered into a rapid expansion protocol in G-Rex 24-well vessels that contained
5 ng/mL OKT3 (Thermo Fisher) and initially doubled concentrations of IL-2, IL-
7,and IL-15. At subsequent time points, medium, cytokine, and drug changes
(including continued IL-2/7/15 were added at the same concentrations as before
rapid expansion) every 2 to 3 d for T wk. At the end of this expansion period,
cells were counted and used to begin coculture with tumor cells or biobanked.

In Vitro Tumor Coculture with and without TGF-g1. HLA-A2 " Panc-1 pancreatic
adenocarcinoma cells transduced with Nuclight Red nuclear fluorescent protein
(Sartorius) were plated 1 d before beginning coculture to allow for full adherence
to the tissue culture vessel. To begin coculture, CD8™ TCRy T cells from the end of
the exvivo cell generation process were plated on top of adherent Panc-1 pancreatic
adenocarcinoma cells at a fixed ratio of T cells to tumor cells. Every 48 h, Panc-1
tumor cells were added to the coculture in the same numbers as initially plated to
maintain persistent interactions with tumor antigen. Exogenous TGF-p1at0, 1,10,
or 25 ng/mL was added throughout the cocultures starting at initiation and then
every 2 d. IL-2 was also added as noted in some of the coculture conditions. Every
7 d after the start of the coculture, wells were gently rinsed for collection of the T
cells from each coculture well while allowing the adherent Panc-1 cells to remain
in each well. The resulting T cells were counted, and returned to a coculture with
newly plated, adherent Panc-1 cells at the initial T cell:tumor cell ratio. The remaining
viableT cells were biobanked. At each harvest timepoint, remaining T cells that were
not needed for continuing coculture were biobanked.

For the experiments in Fig. 3 and S/ Appendix, Figs. S3 and S4, we performed
cocultures simultaneously in 96-well plates with 5,000 tumor cells per well at
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effector:target (E:T) ratios of A) 20:1 or B) 10:1. Exogenous TGF-B1 and/or IL-2
was added throughout the coculture period beginning atinitiation and then every
2 d. Images were acquired every 2 h (9 images/well, n = 4 wells/condition) via
the IncuCyte live cell imaging platform and cell numbers at 168 h of coculture
were counted.

For the experiments in Fig. 4, cocultures were established simultaneously
in six-well plates with 80,000 tumor cells per well at effector:target (E:T) ratios
of 10:1. Every 2 d, fresh Panc-1 tumor cells were added to the coculture in the
same numbers as initially plated to maintain persistent interactions with tumor
cells. Exogenous TGF-B1 at 0, 1, 10, or 25 ng/mL was added at initiation of the
cocultures and then every 2 d. No exogenous IL-2 was provided throughout the
coculture. At day 7, nonadherent T cells were gently collected by rinsing each
well, leaving the adherent Panc-1 cells undisturbed. T cells were counted, and
the appropriate number of cells needed to maintain a 10:1T cell-to-tumor cell
ratio was transferred onto freshly plated Panc-1 cells to initiate a new round of
coculture. T cells were harvested on day 14 for downstream analyses by flow
cytometry and scRNA-seq. T cell numbers for IFNy* TNFo™ or Granzyme B* T
cells were calculated by multiplying the total number of recovered T cells by the
frequency of each subset as measured by flow cytometry, and normalizing to the
initial input cell number. When only a fraction of T cells was used during weekly
population reset, total expansion was extrapolated based on the proportion of
cells transferred.

IncuCyte Assay. The IncuCyte Nuclight Red Lentivirus Reagent (Essen
Biosciences, 4625) was used to transduce Panc-1 cells according to the company's
standard infection protocol. Transduced cells were purified and purity confirmed
on a BD FACS Aria Il flow cytometry instrument. For Panc-1 coculture experiments,
5,000 tumor cells were plated in 96-well plates and allowed to adhere overnight.
T cells were added the following day at a 20:1 or 10:1 T cell to tumor cell ratio.
Exogenous TGF-B1 or IL-2 were supplemented every 48 h.Tumor cell killing was
monitored in the IncuCyte ZOOM or S3 and quantified by the loss of red signal
(Total Red Object Integrated Intensity [red calibrated unit/micrometer/image]).
At 7 d after the start of the coculture, we gently rinsed and collected T cells from
each coculture well, allowing the adherent Panc-1 cells to stay in each well. The
resulting T cells were counted, diluted to a volume required fora 10:1Tcell:tumor
cell ratio, and returned to coculture wells with newly plated, adherent Panc1 cells.
We repeated the coculture and rechallenge processes several times until the final
harvesttime point. For Fig. 3Cand S/ Appendix, Fig. S3C, T cell fold-expansion was
determined by dividing the total number of T cells quantified from each well at
the final time point (t = 168 h) divided by the total number of T cells at the time
the firstimage was acquired (t = 0).

Flow Cytometry of T Cells. For analysis of phospho-Stat5 and phospho-Smad3,
primary CD8 T cells were washed twice with X-VIVO media to remove serum and
rested overnight in the absence of serum (200,000 cells/well in 12-well plates
with 2 mL of X-VIVO media). Cells were stimulated with the indicated amounts
of recombinant TGF-B or IL-2 for 15 min at 37 °C, followed by fixation/permea-
bilization and staining with a phospho-specific (Y694) STATS antibody (clone 47,
BD Biosciences 612599) or with a phospho-specific SMAD2 (S465/S467)/SMAD3
(S423/5425) antibody (clone 072-670, BD Biosciences 562586).

For p-STAT5 staining, cells were fixed by adding 18.75% v/v 16% PFA directly to
the stimulation media and incubating at room temperature for 10 min. Cells were
then centrifuged at 1,350 rpm for 4 min to remove media and washed once with
FACS buffer. Cells were permeabilized by slowly resuspending cell pellets in 50
ul/well ice-cold Phosflow Perm Buffer Il (BD Biosciences, 558050) and incubated
on ice for 20 min. Cells were washed twice in FACS buffer before staining with
p-STAT5 antibody resuspended in FACS buffer 1:30 at 4 °C for 45 min.

For pSMAD2/pSMAD3 staining, cells were fixed and permeabilized using 50
ul/well Cytofix/Cytoperm buffer (BD Biosciences, 554714) for 20 min at room
temperature. Cells were then washed with 100 pl/well perm/wash buffer and
stained with pSMAD2/pSMAD3 antibody resuspended in perm/wash buffer 1:50
at4 °Cfor 45 min. Cells were then washed with FACS buffer and resuspended in
FACS buffer for analysis via flow cytometry.

For phenotypic analysis, T cells were harvested at the end of chronic tumor
coculture stimulation and stained for surface markers with anti-CD8:BUV395
(Biolegend) antibodies. Cells were fixed and permeabilized using the eBioSci-
ence Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher). Afterward,
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intracellular/intranuclear targets were labeled with anti-Ki67:PE-Cy7 (BD)
antibodies.

To test for cell polyfunctionality, the harvested cells were restimulated by incu-
bation with eBioscience Cell Stimulation Cocktail at 1x concentration (Thermo
Fisher) for 3 to 4 h at 37 °C. Afterward, the cells were stained with Fixable Aqua
Dead Cell Stain Kit (Thermo Fisher), and then for surface markers using anti-
CD8:PerCP-Cy5.5 antibody (Biolegend). Following cell surface staining, the cells
were fixed and permeabilized cells using the BD CytoFix/CytoPerm Fixation/
Permeabilization Kit (BD Biosciences), and then stained for intracellular markers
using IFNy:APC, TNFo::BV786, and Granzyme B:BV421 antibodies (Biolegend).

To test for cell proliferation in response to stimulation, primary human CD8"
T cells were activated overnight with anti-CD3/CD28 Dynabeads on day 0 and
transduced with control or IFP constructs on day 1. After 4 d of continued culture
in presence of IL-2, IL-7, IL-15 to allow for transgene expression (transduction
marker NGFR alone for control, NGFR + IFP for the IFP condition), cells were
washed and labeled with CTV (Thermo Fisher) for 20 min in the dark at room
temperature and stimulated with recombinant human TGF-B1 or IL-2 at the
indicated concentrations every 48 h. After 5 d, transgene expressing (NGFR")
cell proliferation (as reflected by dilution of CTV label via flow cytometry) was
measured by quantifying CTV signal per cell.

Bulk and Single-Cell RNA-seq. For bulk RNA-seq, T cells were activated on Day
0, transduced on Day 1, and cultured with TGF- for 10 d. Cells were then sorted
on Day 10 for live, transduction marker-positive populations.The cells were spun
into cell pellets, snap-frozen, and stored at —80 °C. From these cell pellets, RNA
for bulk RNA-seq was extracted using the AllPrep Micro-DNA/RNA extraction kit
(Qiagen).The resulting RNA samples were sequenced using low-input bulk RNA-
seq workflows by BGI.

For single cell RNA-seq, T cells were harvested at day 14 of chronic tumor
coculture with 10 ng/mL TGF-B1 supplemented throughout the coculture ini-
tially for staining with CD8:BV421 (Biolegend) and propidium iodide. The cells
were then sorted to obtain a live CD8™ T cell population. The resulting sorted
cells were processed using Chromium Next GEM Single Cell 3' Kit v3.1 (10
Genomics), pooled together, and sequenced on an Illumina NovaSeq flow cell
(paired end read; read 1 depth: 28 cycles; read 2 depth: 90 cycles) following the
manufacturer's instructions.

Bulk RNA-seq Analysis. Raw read counts were extracted and then normalized by
their library size factors, reads, and gene lengths, which was then used to calculate
differentially expressed genes. Detailed information on trimming, alignment,
and quantification are similar to what we previously reported (51-54). GSEA(55)
was performed with GSEA (v4.1.0); log2 fold changes were calculated with a +1
pseudocount to account for zero-count genes and avoid infinite values.

single-Cell RNA-seq Analysis. Single-cell RNA-seq analysis was performed as
previously described (56-58). Briefly, sequence reads were demultiplexed and
processed using Cellranger pipeline version 7.1.0 with alignment to the refer-
ence human genome hg38. Aligned single cell read data were further processed
using custom code based around the Scanpy package (59) in Python 3. In brief,
cells from each sample were combined into a concatenated object. Cells were
then filtered with =500 genes and =1,000 counts, then filtered based on: 1)
<10* counts per cell (library size); 2) <4,000 detected genes per cell; and 3) the
proportion of mitochondrial gene counts (mitochondrial gene UMIs/total UMIs)
<10%. Doublets were removed by Scrublet. After QC-based filtering, Scanpy was
used to normalize cells via CPM normalization (UMI count per cell was set to 10°)
and log1p transformation (natural log of CPM plus one). Principal component
analysis (PCA) was performed. Gene set enrichment was done via GSEA (v4.1.0) for
rank-based metrics. Mann-Whitney U tests were utilized for statistics, P-values,
unless otherwise specified in the legend or on the plot.

statistical Analyses. All the data are shown as the means + SEM except for
Incucyte assays, which are shown as mean = SD. Data comparisons between
two samples were tested by Student's ¢ test, and those among multiple samples
were tested by ANOVA. The significance level was set at o = 0.05.This means that
a difference was significant when the P value was less than 0.05. The P values
are generally represented as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.
GraphPad Prism was used to generate the graphs and perform the statistical
analyses.

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2516951122#supplementary-materials

Downloaded from https://www.pnas.org by 24.152.170.7 on August 19, 2026 from |P address 24.152.170.7.

Data, Materials, and Software Availability. All data, code, and materials
used in the analysis are available for purposes of reproducing or extending the
analysis. Cell lines and constructs will be shared after execution of applicable
materials transfer agreements (MTAs). Processed bulk and single-cell RNA-seq
data were deposited onto Mendeley data (https://data.mendeley.com/preview/
hdzwy6cdmz?a=e2554239-ea65-47d4-a5a9-302a213d5ch1) (60). All other
data are included in the manuscript.
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