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In brief

In this study, Zheng et al. report that
rewiring TGF-B signaling with anti-TGF-8
CAR can promote T cell expansion,
augment T cell infiltration, and prevent

T cell exhaustion and thus is a promising
strategy for an improved efficacy of CD4*
T cells in eradicating solid tumors.
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SUMMARY

Transforming growth factor (TGF)-B1 restricts the expansion, survival, and function of CD4" T cells. Here, we
demonstrate that CD4" but not CD8* anti-TGF-B CAR T cells (T28zT2 T cells) can suppress tumor growth
partly through secreting Granzyme B and interferon (IFN)-y. TGF-B1-treated CD4" T28zT2 T cells persist
well in peripheral blood and tumors, maintain their mitochondrial form and function, and do not cause in vivo
toxicity. They also improve the expansion and persistence of untransduced CD8" T cells in vivo. Tumor-infil-
trating CD4* T28zT2 T cells are enriched with TCF-1*IL7R" memory-like T cells, express NKG2D, and down-
regulate T cell exhaustion markers, including PD-1 and LAG3. Importantly, a combination of CD4" T28zT2
T cells and CD8* anti-glypican-3 (GPC3) or anti-mesothelin (MSLN) CAR T cells exhibits augmented antitumor
effects in xenografts. These findings suggest that rewiring TGF-p signaling with T28zT2 in CD4" T cells is a
promising strategy for eradicating solid tumors.

INTRODUCTION forming growth factor (TGF)-p1° and are regulated by mito-

chondrial dynamics.'®

CD4" T cells are antitumor effectors via coordinating innate
and antigen-specific immune responses and killing cancer
cells.”® CD4* T cells cooperate with macrophages and mono-
cytes to induce inflammatory cell death of tumors in the
absence of CD8" T cells.® Cytotoxic CD4* T cells, a subtype
of CD4* T cells expressing granzymes, granulysin (GNLY)
and perforin, are detected in tumors.”° Recent studies report
that CD4* chimeric antigen receptor (CAR) T cells directly kill
cancer cells by producing interferon (IFN)-y® and enhance the
persistence and efficacy of CD8* CAR T cells.” However, the
antitumor effects and helper functions of CD4* T cells can be
suppressed by external factors such as PD-L1° and trans-

TGF-p1 is important for development and homeostasis."’
TGF-B1 activation results in phosphorylation of TGF-pR1."?
Pathological TGF-p signaling promotes metastasis and evasion
of immune surveillance.'® TGF-B1 represses the antitumor ef-
fects of T cells by inducing PD-1 expression.'* It also promotes
the differentiation and proliferation of T regulatory cells (Tregs)'®
and cancer-associated fibroblasts (CAFs).'" Thus, TGF-p
signaling is an attractive target for cancer treatment.

There are multiple strategies to inhibit TGF-p signaling in im-
munotherapies, including anti-TGF-p1 antibody treatment,'®
overexpression of the dominant-negative TGF-f type Il receptor
(DNTR),"” and ablation of TGF-BRIL.'®2° Another strategy is
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Figure 1. Anti-TGF-B CAR T cells reduced tumor growth and promoted T cell expansion in vivo

(A) Anti-TGF-B CAR vector (T28zT2), anti-GPC3 CAR vector (G28zT2), and anti-CD19 CAR vector (1928zT2) based on an anti-TGF- scFv (US20140127230A1),
anti-GPC3 scFv (GC33), or anti-CD19 scFv (FMC63), respectively. All contained expression cassettes encoding a human CD8 leader signal peptide, CD28, CD3(,
and TLR2 signaling domain along with eGFP using 2A self-cleaving peptide (2A). The eGFP expression was used to monitor CAR-transduced cells.

(B) The percentage of Huh7 cells with 1928zT2, G282T2, or T28zT2 T cell-induced lysis after 72 h; data are the mean percentage of tumor cell-specific lysis + SEM
values; n = 3 independent experiments; two-way ANOVA with Tukey’s multiple comparisons test; “***p < 0.0001.

(legend continued on next page)
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rewiring of immune-suppressive TGF-B-SMAD signaling into
T cell activation signaling via an anti-TGF- CAR, which pro-
motes T cell expansion and cytokine production.?’ Nevertheless,
it remains unclear which compartment of anti-TGF- CAR T cells
mainly contributes to antitumor effects and how this compart-
ment inhibits tumor growth.

Here, we characterized the antitumor activity of anti-TGF-8
CAR T cells and found that their CD4" but not CD8"* compart-
ment induced the death of cancer cells in vitro and robustly sup-
pressed the growth of various tumor models. These CD4* cells
were protected from the mitochondrial fission of TGF-B1 treat-
ment and showed no in vivo toxicity. We then combined CD4*
anti-TGF-B CAR T cells with CD8" anti-mesothelin (MSLN) or
anti-GPC3 CAR T cells to treat solid tumors and finally investi-
gated the effects of CD4" anti-TGF-B CAR T cells on conven-
tional CD8* CAR T cells in xenografts.

RESULTS

Anti-TGF-p CAR T cells suppress tumor growth and
promote T cell expansion in vivo

We established third-generation CAR vectors containing an anti-
TGF-B single-chain variable fragment (scFv), a human CD28
transmembrane domain (CD28TM) and an endodomain, a hu-
man CD3¢ signaling domain, and an enhanced GFP (eGFP)
used as a CAR™ cell tag with (T282T2) or without (T28z) an intra-
cellular domain of human Toll-like receptor (TLR)2 that improve
antitumor activity of CAR T cells®*° (Figures 1A and S1A).
Compared with TLR2-lacking T28z T cells, these T28zT2
T cells produced higher amounts of interleukin (IL)-2 and IFN-vy
upon TGF-B1 treatment (Figures S1B and S1C), suggesting
that incorporation of the TLR2 domain improved cytolytic cyto-
kine production of anti-TGF- CAR T cells. We then generated
an anti-TGF-B CAR vector without a human CD3{ signaling
domain (T28T2). Unlike these T28T2 Jurkat cells, T28zT2 Jurkat
cells increased CD69 expression upon TGF-B1 treatment (Fig-
ure S1D), suggesting that a CD3¢ signaling domain is required
for the responsiveness to TGF-B1 treatment. Therefore, we
used the T28zT2 vector for further investigation.
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Upon TGF-B1 treatment, the phosphorylation of SMAD2/3,
which are induced when TGF-B1 binds to TGF-BR1,"? was in-
hibited in T28zT2 T cells compared to 1928zT2 T cells (Fig-
ure S1E). T28zT2 T cells also upregulated CD25 and CD69
expression upon TGF-B1 treatment, compared to that of
1928zT2 T cells (Figure S1F). TGF-B1 is highly expressed in
Huh7, a hepatocellular carcinoma (HCC) cell line (Figure S1G).
We generated T28zT2 T cells, 1928zT2 T cells as a negative con-
trol, and anti-GPC3 (G28zT2) T cells targeting GPC3, which is
highly expressed in HCC,® as a positive control (Figure 1A).
There were no significant differences on the lysing capacity of
T28zT2 T cells and 1928zT2 T cells against Huh7-GL cells that
expressed GPC3, eGFP, and luciferase, with or without
TGF-B1 treatment after 24 h, though T28zT2 T cells increased
IFN-y and Granzyme B secretion upon TGF-B1 treatment
(Figures STH-S1J). In contrast, G28zT2 T cells efficiently lysed
Huh7-GL cells, but their lysing capacity was reduced upon
TGF-B1 treatment (Figure S1H). IFN-y and Granzyme B produc-
tion from G28zT2 T cells also decreased sharply upon TGF-$1
treatment (Figures S1l and S1J). Notably, T28zT2 T cells could
lyse Huh7-GL cells after coculture for 72 h (Figure 1B). Further-
more, at this time point, TGF-B1 treatment increased lysing
(Figures 1C and 1D) and IFN-y and Granzyme B production
(Figures 1E and 1F) capacities of T28zT2 T cells but decreased
those of G28zT2 T cells, suggesting that T28zT2 T cells require
a longer duration to effectively suppress Huh7 expansion.

We next compared the antitumor effects of T28zT2 T cells in
Huh7 xenografts, which were established in immunodeficient
non-obese diabetic (NOD)-severe combined immunodeficiency
(SCID)-IL-2Rg™~ (NSI) mice that lack T, B, and natural killer
(NK) cells.?” T28zT2 and G28zT2 T cells, but not 1928zT2
T cells, suppressed the growth of Huh7 cells (Figure 1G). The
CD4/CD8 human T cell ratios collected from peripheral blood
samples of xenograft-bearing mice in the T28zT2 group were
increased compared to those in the 1928zT2 and G28zT2 groups
(Figures S1K-S1N). Remarkably, the percentages of CD4",
CD8"*, and CAR*CD4" T cells from murine peripheral blood
(Figures 1H-1J), spleen (Figures S10 and S1P), and tumor
(Figures 1K-1P) samples of the T28zT2 group were significantly

(C-F) A total of 4 x 10° 1928212, T282T2, or G28zT2 T cells were treated with PBS or TGF-B1 (10 ng/mL) for 15 min. These T cells were then cocultured
with 1 x 10° Huh7 cells for 72 h at a 4:1 effector (E):target (T) ratio in 12-well round bottom plates for 72 h. Supernatants were harvested and analyzed with
a multiplex immunoassay to determine the concentrations of the indicated cytokines. (C) Representative crystal violet images of Huh7 cells with 1928zT2,
T28zT2, or G28zT2 T cells-induced lysis after 72 h. Quantification of residual tumor cells (D) and summary of IFN-y (E) and Granzyme B (F) released by
CAR T cells (from 4 independent experiments); data are the mean + SEM values; one-way ANOVA with Tukey’s multiple comparisons test; **p < 0.01,
**p < 0.001, ™*p < 0.0001.

(G) Eight-week-old male NSI mice were inoculated subcutaneously with 2 x 10° Huh7 cells into the right flanks. A total of 5 x 10° CAR T cells or PBS was injected
peritumorally when the xenograft volume was ~50 mm?® (day 0). The majority of mice exhibited severe graft-versus-host disease (GVHD) symptoms, halting
animal experiments on day 27. Growth curves of Huh7 tumors in NSI mice post-infusion of T282T2, G28zT2, and 1928zT2 T cells or PBS treatment (n = 8 mice/
group); data are the mean = SD values; two-way ANOVA with Tukey’s multiple comparisons test; “**p < 0.0001.

(H-J) The percentages of CD4* (H), CD8" (I), CAR*(GFP*) CD4"* (square, J), and CAR*CD8" (triangle, J) T cells (n = 8 mice/group) of all nucleated cells in murine
peripheral blood (PB) were determined by flow cytometry for the T28zT2, G28zT2, and 1928zT2 groups on day 27; data are the mean + SD values; one-way
ANOVA with Tukey’s multiple comparisons test; ***p < 0.0001.

(K-M) The percentages of CD4" (K), CD8" (L), and CAR* (M) T cells in all nucleated cells from Huh7 tumors in the 19282T2, T282T2, and G28zT2 groups on day 27
determined by flow cytometry (n = 3 mice per group). Data are shown as the mean + SD values; one-way ANOVA with Tukey’s multiple comparisons test; ***p < 0.001,
***p < 0.0001.

(N-P) Representative images of CD4™ (N, top) and CD8* (N, bottom) T cells (brown) in Huh7 tumors from the T28zT2, G282T2, and 1928zT2 groups on day 27. The
frequencies of CD4* (O) and CD8* T cells (P) were calculated by ImageJ software (n = 4 mice per group). Scale bar, 20 um. Data are shown as the mean + SD
values; one-way ANOVA with Tukey’s multiple comparisons test; **p < 0.01, ***p < 0.0001.

See also in Figures S1 and S2.
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Figure 2. CD4" anti-TGF-B CAR T cells exhibit memory-like T cell phenotypes in xenografts

(A) 2D projection of the sample distribution (left) and subclusters (right) of purified splenic CAR*(GFP*) CD4* T cells from the T282T2 group (blue) and G28zT2 (red)
group using t-SNE. T28zT2 clusters contain clusters 8-15, defined as IL7R*PD-1"LAG3™ T cell subsets; G28zT2 clusters contain clusters 1-6, defined as
IL7R™PD-1*LAG3* T cell subsets or IL7R~PD-1"LAG3™ T cell subsets.

(B) PhenoGraph cluster distribution comparing CAR*CD4* T cells between the T28zT2 group (blue) and G28zT2 (green) group.

(C) Differences in gene expression between the T28zT2 and G28zT2 groups of individual purified splenic CAR*(GFP*) CD4" T cells in the t-SNE projection,
including CD4, IL7R (CD127), TCF-1, CXCRS3, PD-1, and LAG3.

(D) Volcano plot of DEGs showing upregulated (red) and downregulated (blue) DEGs and non-DEGs (gray) identified by RNA-seq in T28zT2 CAR*CD4* T cells
compared to G28zT2 cells. Adjustment for the false discovery rate (FDR) results in an adjusted p value called the g value. The y axis shows the significance value
after —log4o transformation of the FDR (—Log+o(FDR)). The x axis shows the fold difference threshold between the T28zT2 and G28zT2 groups (Log,(T28zT2/
G282T2)).

(legend continued on next page)
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higher than those of the G28zT2 and 1928zT2 groups. Of inter-
est, there were also more CAR™ tumor-infiltrating T cells that ex-
pressed GFP and more apoptotic cells that were cleaved-cas-
pase-3 (CC3)-positive in tumors from the T28zT2 group than in
tumors from the G28zT2 and 1928zT2 groups (Figures S1Q-
S1S). A previous study suggested that TGF-B1 induces the dif-
ferentiation of alpha-smooth muscle actin (@SMA)-positive
CAFs,?® which promote tumor metastasis®® and immune
evasion.®” Indeed, the percentages of aSMA* CAFs in tumors
from the T28zT2 group were significantly lower than those from
the 1928zT2 and G28zT2 groups (Figures S1T and S1U).
Possibly, T28zT2 T cells blocked CAF differentiation indirectly
by depriving them of TGF-B1 in tumors. T28zT2 T cells also
demonstrated effective suppression of tumor growth in two
HCC patient-derived xenograft (PDX) models (Figures S2A and
S2B), and both T28zT2 T cells and anti-MSLN CAR T cells
(M28zT2 T cells) effectively inhibited tumor progression in
Hela xenografts (Figures S2C and S2D). These results collec-
tively demonstrate that anti-TGF-B CAR T cells efficiently sup-
pressed the growth of multiple types of tumors and promote
T cell expansion in vivo.

T cells expressing the DNTR exhibit antitumor effects.'®*° We
thus compared their efficacies in vivo. T cells expressing T28zT2,
DNTR, or 1928zT2 were infused into immunodeficient NSI mice
bearing Huh7 cells (Figures S2E and S2F). Of note, T28zT2
T cells displayed a better antitumor effect in Huh7 models (Fig-
ure S2G) than DNTR T cells that did not express the specific
CAR. In addition, the percentages of peripheral blood-derived
T cells in the T28zT2 and DNTR groups were significantly higher
than those of the 1928zT2 group (Figure S2H). These results sug-
gest that T28zT2 T cells were more effective than DNTR T cells at
in vivo tumor killing, possibly as T28zT2 T cells rewired TGF-$
signaling further into CAR signaling, promoting their effector
function, compared with DNTR T cells.

CD4* anti-TGF-B CAR T cells exhibit memory T cell
phenotypes and prevent T cell exhaustion in vivo
To characterize the effects of T282T2 on CD4* T cells, CAR*CD4*
T cells from the spleen of Huh7-xenografted mice in the T282T2
and G28zT2 groups were purified and subjected to cytometry
by time-of-flight (CyTOF) analysis. Based on t-distributed sto-
chastic neighbor embedding (t-SNE), CAR"CD4* T28zT2 T cells
were classified into 8 clusters (clusters 8-15) and separated
from CAR*CD4"* G28zT2 T cells, which localized in clusters 1-6
(Figures 2A and 2B). Some T cells in clusters 8 and 12 expressed
TCF-1 and IL7R (Figures 2A and 2C), markers of memory
T cells.*"° In contrast, the T cells in clusters 1 and 4-6
exhibited very low expression of these markers but high levels
of exhausted T cell markers such as PD-1 and LAG3 (Figure 2C).
We then investigated the transcriptomes of CAR*CD4* T282T2
T cells in the spleen of Huh7 xenografts using bulk RNA
sequencing (RNA-seq). Compared to CAR*CD4* G28zT2
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T cells, CAR*CD4* T28zT2 T cells exhibited 717 differentially ex-
pressed genes (DEGs) (Figure 2D; Tables S1 and S2). Gene set
enrichment analysis (GSEA) further showed the enrichment of
Whnt signaling-related genes, which promote memory T cell forma-
tion,*?in CAR*CD4* T282T2 T cells (Figure 2E). Furthermore, heat-
map analysis revealed that, compared to CAR*CD4* G28zT2
T cells, Wnt signaling-related genes, such as WNT10A, WNT7A,
TCF7, and LEF1, were upregulated (Figure 2F), whereas
LAG3, TIGIT, and PDCD1 were downregulated (Figure 2F) in
CAR*CD4" T28zT2 T cells. Interestingly, the expression of Th17-
and Th22-related cytokines, including IL17C, IL17RE,*® 1L22,%"
and /L23A,%® was increased in CAR*CD4* T282zT2 T cells (Fig-
ure 2F), while the expression of Treg-associated genes, including
FOXP3,°“% IL10, and JAG1,*" and the expression of CD38, a
nicotinamide adenine dinucleotidehydrolase (NADase) that in-
hibits oxidative phosphorylation (OXPHOS),** were decreased
compared to CAR*CD4" G28zT2 T cells (Figure 2F). Therefore,
CAR*CD4* T28zT2 T cells exhibit memory-like T cell phenotypes
in vivo.

To further dissect the subsets of tumor-infiltrating lympho-
cytes (TILs) in T28zT2 and G28zT2 groups, we purified CD3*
cells from tumor single-cell suspensions in the T28zT2 and
G28zT2 groups and performed CyTOF analysis. Based on
t-SNE, these CD3* cells from the two groups were classified
into 8 clusters (Figure S3A). Clusters 1, 2, and 4 were mainly
composed of CD3" cells from the T28zT2 group, while most cells
in clusters 3, 6, 7, and 8 were from the G28zT2 group (Fig-
ure S3B). Similar to spleen-derived T28zT2 T cells (Figure 2C),
CD3" cells from the T28zT2 group expressed a high level of
CXCR3 (Figure S3C), which is suppressed by TGF-p1*® and
positively correlated with elevated intratumoral T cell infiltration**
and the efficacy of anti-PD-1 therapies.*® G28zT2 CD3* cells
lacked this high CXCR3 expression but expressed PD-1, T-cell
immunoreceptor with Ig and ITIM domains (TIGIT), and TIM-3
at higher levels than those from the T28zT2 group (Figure S3C).
However, T282T2 CD3" cells did not increase IL7R expression
(Figure S3C), compared with those from the G28zT2 group.
The IL7R expression differences in spleen-derived T cells (Fig-
ure 2C) and tumor-infiltrating CD3* cells (Figure S3C) were prob-
ably due to different original microenvironments. We also per-
formed RNA-seq analysis on these purified tumor-infiltrating
CD3* cells and found that those from the T28zT2 group exhibited
upregulation of genes related to pathways involved in T cell re-
ceptor (TCR) signaling, NK cell-mediated cytotoxicity, IFN-
v-mediated signaling, and the regulation of T cell proliferation
(Figures S3D-S3G; Tables S3 and S4). In addition, cytotoxic
genes (ICOS, IFNG, LCK, NKG2D, TRAIL, FASLG, TNFSFS8,
NCR3, etc.) and memory T cell-related genes, such as TCF7
and IL7R, were upregulated in CD3* cells from the T28zT2 group
compared to CD3" cells from the G28zT2 group (Figure S3H).

We then purified CAR*CD4* T282T2 and CAR*CD4" G28zT2
T cells from Huh7 xenograft tumors and evaluated their cytokine

(E) GSEA of the Wnt signaling pathway (o = 0.016) in CAR*CD4* T cells. From left to right, the genes in the rank-ordered list are enriched in the T28zT2 and G28zT2

groups.

(F) Heatmap of DEGs involved in T cell differentiation, exhaustion, and activation in CAR*CD4" cells identified in comparisons between the T28zT2 and G28zT2

groups. Cutoff: absolute log2 (fold change) > 1; adjusted p value < 0.05.
See also in Figure S3.
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Figure 3. CD4" but not CD8" T28zT2 T cells are effective for tumor growth inhibition

(A) CD4" and CD8* T cell compartments were sorted, and CD8* T28zT2 T cells and CD4* T28zT2 cells were generated. We also mixed the CD4* and CD8* T282T2
Tcells ataratio of 1:1 to obtain CD3* T282T2 T cells. We then infused a total of 5 x 10° of the three types of T282T2 T cells, CD3* 19282T2 T cells, or CD3* M282T2
T cells peritumorally into subcutaneous xenografts of NSI mice inoculated with 1 x 10° AsPc-1 cells (day 0). Tumor volumes were monitored on the indicated days

(legend continued on next page)
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production, cytotoxicity, and proliferation upon TCR activation.
CAR"CD4* T28zT2 T cells lysed Huh7 cells more efficiently (Fig-
ure S3I), secreted higher levels of IFN-y (Figure S3J) but lower
levels of Granzyme B (Figure S3K), and exhibited more robust
expansion (Figure S3L) than CAR*CD4* G28zT2 T cells. Collec-
tively, these results demonstrate that the T28zT2 CAR molecule
prevents T cell exhaustion in tumors.

CD4* but not CD8" T28zT2 T cells are effective for tumor
growth inhibition

As CD4* but not CD8* T28zT2 T cells persisted in murine periph-
eral blood and xenografted tumors (Figures 1J and 1M), we as-
sessed whether the CD4" or CD8* compartment contributed to
antitumor effects of T28zT2 T cells. It was easier for CD4*
T28zT2 T cells than CD8" T28zT2 T cells to be fully activated
by soluble TGF-B1 (Figure S4A). CD4* T28zT2 T cells and
CD4* G28zT2 T cells both lysed Huh7 cells, compared with
CD4* 19282T2 T cells (Figure S4B). Conversely, CD8* T282T2
T cells did not lyse Huh7 cells as efficiently as CD8" G28zT2
T cells or exhibited superior lysing capacity compared to CD8*
19282zT2 T cells (Figure S4C). CD4* T28zT2 T cells secreted
more Granzyme B, IFN-v, perforin (Figures S4D-S4F), and IL-2
than CD4* 1928zT2 T cells (Figure S4G), while CD8* T28zT2
T cells produced minimal amounts of Granzyme B and IFN-v,
compared to CD8" G28zT2 T cells (Figures S4H and S4l).

In xenografts, CD3" T28zT2 T cells, CD4* T28zT2 T cells, and
CD3*M28zT2T cells significantly inhibited the growth of AsPc-1,
a pancreatic cancer cell line characterized by high TGF-B1 and
MSLN expression (Figures S4J and S4K), compared to CD8*
T28zT2 T cells, CD3* 19282T2 T, cells or PBS treatment, none
of which exhibited antitumor effects (Figure 3A). Moreover, we
found that tumor-infiltrating CAR*CD4" T28zT2 cells but not
CAR*CD4* 1928zT2 cells upregulated NKG2D expression
(Figures S4L-S40). Additionally, AsPc-1 cells expressed
NKG2D ligands such as MICA/B and ULBP2/5/6 (Figures S4P
and S4Q), suggesting that CD4* T28zT2 cells recognized
AsPc-1 cells via NKG2D within tumors.

The viability of Huh7 cells in cocultures with CD4* T28zT2
T cells with Granzyme B or IFN-vy ablation (Figures 3B and 3C)
was significantly increased upon ablation of Granzyme B or
IFN-y (Figure 3D). Moreover, in vivo, the antitumor effects of
sgGZMB-transduced and sg/FNG-transduced CD4* T28zT2
T cells were compromised in Huh7 xenografts, compared to
sgctrl-transduced CD4* T28zT2 T cells (Figure 3E). Taken
together, these results suggest that CD4* T28zT2 T cells elimi-
nated cancer cells mainly through secreting Granzyme B and
IFN-vy.
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Anti-TGF- CAR T cells did not cause toxicity in vivo

We next evaluated the safety of T28zT2 T cells in vivo by injection
of a high number of T28zT2 T cells into tumor-free NSI mice.
T28zT2 T cells did not cause any damage to the lung, liver,
and kidneys of NSI mice on day 7 or 14 after infusion, similar
to 1928zT2 T cells (Figures S5A-S5C).

We also assessed the toxicity of autologous anti-TGF-B CAR
T cells in immunocompetent C57BL/6 mice. Increase of in vitro
CD69 expression and IL-2 production in T28zT2-transduced Ju-
rkat cells after murine TGF-B1 treatment (Figures S5D and S5E)
suggested that murine TGF-B1 could activate T28zT2. Therefore,
we generated a murine version of the anti-TGF-8 CAR vector
(mu-T28zT2), containing an anti-TGF-B scFv, the murine CD28
transmembrane and intracellular domains, the murine CD3(¢
signaling domain, and the murine TLR2 domain (Figures S5F
and S5G). A murine version of the anti-murine CD19 CAR vector
(mu-m1928zT2) was used as a control (Figures S5F and S5G).
C57BL/6 mice were transferred with either mu-T28zT2 or mu-
m1928zT2 T cells on day 0 and monitored for 12 weeks. All the
mice from both groups survived and did not exhibit any adverse
effects (Figure S5H) or T cell infiltration into any examined tissues
(Figure S5I).

We further evaluated the toxicity of T28zT2 T cells in AsPc-1
xenografts by infusing T28zT2 T cells or 1928zT2 T cells at a
high dose on day 0 and examining the morphology of their para-
cancerous tissues, livers, and kidneys at multiple time points
(Figure S5J). T28zT2 T cells impeded AsPc-1 growth (Figure S5K)
and prolonged the survival of xenografts, compared to 1928212
T cells (Figure S5L). Of note, no T cell toxicity was detected in the
collected tissues from the T28zT2 group (Figures S5M-S5R).
Taken together, these results indicate that T28zT2 T cells did
not result in severe toxicity in vivo.

A combination of CD4* anti-TGF- CAR T cells and CD8*
anti-GPC3 or anti-MSLN CAR T cells exhibits augmented
antitumor effects

As CD4* rather than CD8" compartments of T28zT2 T cells ex-
hibited antitumor activity, we evaluated the efficacy of a combi-
nation of CD4* T28zT2 T cells and CD8"* conventional CAR
T cells, such as M28zT2 or G28zT2 T cells (Figure 4A). The com-
bination of CD4* T28zT2 T cells and CD8" M28zT2 T cells
(T4M828zT2) eliminated AsPc-1 cells as potently as a conven-
tional mixture of CD4* and CD8"* M28zT2 T cells, compared to
a conventional mixture of CD4* and CD8* 1928zT2 T cells (Fig-
ure 4B). Strikingly, in xenografts, T4M828zT2 T cells were more
effective than CD3* M28zT2 T cells or CD4* T282T2 T cells alone
for suppressing AsPc-1 growth (Figures 4C and 4D). Moreover,

(n =8 mice/T282T2 CD3, T282T2 CD4, and T28zT2 CD8 groups; n = 6 mice/1928zT2 CD3, M28zT2 CD3 and PBS groups); data are the mean + SD values; two-
way ANOVA with Tukey’s multiple comparisons test; *p < 0.01, ***p < 0.0001.

(B-D) CRISPR-Cas9-RNP knockout of GZMB or IFNG expression in CD4* T28zT2 T cells. A total of 4 x 10° T28zT2 CD4 control single guide RNA (sgctrl), T282T2
CD4 single guide RNA targeting granzyme B (sgGZMB), T28zT2 CD4 single guide RNA targeting interferon-gamma (sg/FNG), G28zT2 CD4 sgctrl, or 1928zT2 CD4
sgctrl T cells were cocultured with 1 x 10° Huh7 cells for 72 h. Shown are the levels of IFN-y (B) and Granzyme B (C) (from 4 independent experiments) detected by
ELISA assay; (D) the relative viability of Huh7 cells (from 4 independent experiments); data are the mean + SEM values; one-way ANOVA with Tukey’s multiple

comparisons test; *p < 0.05, **p < 0.001, ***p < 0.0001.

(E) Curves showing variations in the volume of Huh7 tumors in NSI mice post-infusion of T28zT2 CD4 sgctrl, T28zT2 CD4 sgIFNG, T282T2 CD4 sgGZMB, G28zT2 CD4
sgctrl, or 1928zT2 CD4 sgctrl T cells (n = 5 mice/group); data are the mean + SD values; two-way ANOVA with Tukey’s multiple comparisons test; ***p < 0.0001.

See also in Figures S4 and S5.
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the percentages of CAR*CD4* T cells in murine peripheral blood
from the CD4* T28zT2 and T4M828zT2 group were significantly
higher than those from the M28zT2 or 1928zT2 group (Figure 4E).
Additionally, the frequencies of exhausted T cells (PD-1*LAG3™)
in the CD4*CAR* or CD8*CAR* compartments from the
T4M828zT2 group were significantly lower than those from the
M28zT2 group (Figures 4F-4H). To further assess the persis-
tence of these CAR T cells (Figure 4C), we isolated them from
the spleen of AsPc-1 xenografts animals and infused them into
another group of AsPc-1 xenografts. Secondary transplanted
T4M28zT2 T cells inhibited tumor growth better than CD3*
M28zT2, CD4* T28zT2, or CD3* 1928zT2 T cells alone
(Figure 41).

We next assessed the efficacy of this combination of CD4*
T28zT2 T cells and CD8* G28zT2 T cells (T4G8282T2) in Huh7
xenografts. Huh7 cells grew slower in the T4G828zT2 group,
compared to the groups that were infused with conventional
CD3* G28zT2 T cells or CD3* 1928zT2 T cells (Figure S6A).
Furthermore, the frequencies of exhausted T cells (PD-
1*LAG3*) in the CD4*CAR* and CD8*CAR* compartments
from the T4G828zT2 group were significantly lower than those
from the G28zT2 group (Figures S6B-S6D).

Finally, we evaluated the efficacy of T4M828zT2 T cells in non-
small cell lung cancer (NSCLC) PDX models.”® T4M8282T2
T cells were also more effective than CD3* M28zT2 T cells or
CD4* T28zT2 T cells alone at suppressing the growth of
NSCLC primary tumors (Figure 5A). Additionally, PD-1 expres-
sion in tumor-infiltrating CAR*CD4* or CAR*CD8* T cells in the
T4M828zT2 group was lower than that in the M28zT2 group
(Figures 5B-5D). We then purified CAR*CD8* T cells from tumors
of these NSCLC PDX models and performed functional assays
upon TCR activation (Figure 5E). Tumor-infiltrating CAR*CD8*
T cells from the T4AM828zT2 group lysed AsPc-1 cells more effi-
ciently (Figures 5F and 5G), produced more IFN-y and Granzyme
B (Figures 5H and 5l), and expanded faster (Figure 5J) than those
from the M28zT2 or 1928zT2 groups. We also assessed the effi-
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cacy of T4G828zT2 T cells in an HCC PDX model and found thar
the tumor sizes of the T4G828zT2 group were smaller than those
of mice that were infused with CD3* G28zT2 T cells or CD4*
T28zT2 T cells (Figure S6E). Taken together, these results
demonstrate that the combination of CD4* T28zT2 T cells and
CD8" CAR T cells was a more effective antitumor treatment
than the conventional mixture of CD4* and CD8* CAR T cells.

CD4* anti-TGF-B CAR T cells maintained mitochondrial
fusion upon TGF-$1 treatment

T cell fate is affected by their metabolism and mitochondrial dy-
namics,'**” which are regulated by OPA1, MFN1/2, DRP1, and
mitochondrial fission factor (MFF).'>*4°% We treated purified
CD4* and CD8* single-positive T cells with TGF-B1 and
observed that, while TGF-B1-treated CD4* T cells exhibited pre-
dominantly punctate mitochondria, mitochondria in untreated
CD4* T cells formed elongated tubules (Figure 6A). This signifi-
cant mitochondrial length reduction in TGF-B1-treated cells
was specific to CD4* T cells and not observed in CD8" T cells
(Figures 6A and 6B). TGF-B1 also reduced the mitochondrial
membrane potential evaluated by tetramethylrhodamine methyl
ester (TMRM) staining in CD4* T cells, but not in CD8" T cells
(Figure S6F). Additionally, TGF-B1 reduced the baseline oxygen
consumption rate (OCR) (Figures S6G annd S6H), the adenosine
triphosphate (ATP)-coupled OCR (Figure S6l), and spare respira-
tory capacity (SRC) (Figure S6J) in CD4" T cells; showing that
TGF-B1 decreased the respiratory capacity of CD4* T cells.
Conversely, TGF-B1 did not affect the basal OCR, ATP-coupled
OCR, or SRC in CD8" T cells (Figures S6K-S6N).

We then measured the protein levels of pPSMAD2/3, OPA1,
MFF, DRP1, and pDRP1%6'® in TGF-B1-treated CD4* and
CD8" T cells and found that the phosphorylation of SMAD2
was augmented upon TGF-B1 treatment (Figure 6C). In TGF-
B1-treated CD4* T cells, OPA1 expression was decreased while
the MFF and pDRP15%"® protein levels were increased
(Figures 6C and 6D). However, interestingly, after TGF-B1

Figure 4. A combination of CD4" anti-TGF-B CAR T cells and CD8" anti-MSLN CAR T cells exhibits augmented antitumor effects in AsPc-1
tumor models

(A) Mixed CAR T cells consisted of CD4" T28zT2 T cells and CD8* M28zT2 T cells, designated T4M828zT2 T cells. Graphics were created with BioRender.com
(agreement number VP27TZMIXE).

(B) The percentage of AsPc-1-GL cells with 19282T2, M282T2, T28zT2 CD4, or T4M828zT2 T cell-induced lysis overnight; data are the mean percentage of tumor
cell-specific lysis + SEM values; n = 3 independent experiments; two-way ANOVA with Tukey’s multiple comparisons test; “***p < 0.0001.

(C) A schematic diagram of the experimental design. 8-week-old male NSI mice were inoculated subcutaneously with 2 x 10° AsPc-1 tumor cells into the right
flank. A total of 5 x 108 T4AM8282zT2 T, M282zT2 T, and 19282T2 T cells were injected peritumorally (day 0). At each endpoint, the splenic CAR T cells were sorted by
fluorescence-activated cell sorting (FACS) and cryopreserved. Graphics were created with BioRender.com (agreement number GX26UUJLAJ).

(D) Tumor volumes were monitored on the indicated days (n = 11 mice/1928zT2 and M28zT2 group, n = 10 mice/T28zT2 CD4 group, n = 15 mice/T4M8282T2
group). The majority of mice in all groups exhibited serious symptoms of GVHD, halting animal experiments on day 35 post-injection. Data are shown for 2 in-
dependent experiments; displayed as the mean + SEM values; a repeat measures ANOVA with Tukey’s multiple comparisons test; ***p < 0.0001 (T4M28zT2
T cells vs. 1928zT2 T cells on day 35, T4AM28zT2 T cells vs. M28zT2 T cells on day 35, and T4M28zT2 T cells vsT28zT2 CD4 T cells on day 35).

(E) The percentages of CAR*(GFP*) CD4* T cells in murine peripheral blood (PB) populations of mice from the T4M828zT2 and M28zT2 groups on day 35
were determined by flow cytometry. n = 6 mice/group; data are the mean + SD values; one-way ANOVA with Tukey’s multiple comparisons test; *p < 0.05;
***p < 0.0001.

(F-H) The percentages of PD-1*LAG3* expression among CAR*CD4*(F and G) and CAR*CD8" (F and H) T cells in murine peripheral blood (PB) of mice from the
T4M828zT2 and M28zT2 groups on day 35 were determined by flow cytometry. n = 6 mice/group; (G and H) data are the mean + SD values; unpaired two-tailed
t test; **p < 0.01, **p < 0.001.

(1) 8-week-old male NSI mice were inoculated subcutaneously with 2 x 10° AsPc-1 tumor cells into the right flank. A total of 5 x 10° T4M8282T2 T, T282T2 CD4,
M28zT2 T, or 1928zT2 splenic T cells were injected peritumorally. Tumor volumes were monitored on the indicated days (n = 5 mice/group); data are shown as the
mean + SD values; **p < 0.001, **p < 0.0001.

See also in Figure S6.
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Figure 5. A combination of CD4" anti-TGF-p CAR T cells and CD8* anti-MSLN CAR T cells exhibits augmented antitumor effects in NSCLC
PDX

(A) NSCLC PDX tumors were diced into ~30 mm? pieces, and tissue were inoculated subcutaneously into the right flanks of 8-week-old male NSI mice. 5 x 10°
T4M8282zT2, T28zT2 CD4, M28zT2, or 1928zT2 T cells were injected peritumorally (day 0). Tumor volumes were monitored on the indicated days (n = 6 mice/
group); data are the mean + SD values; two-way ANOVA with Tukey’s multiple comparisons test; **p < 0.01, ***p < 0.0001.

(B-D) The mean fluorescence intensity (MFI) of PD-1 among tumor-infiltrating CAR*CD4* (B, left) and CAR*CD8" (B, right) T cells from the T4M828zT2 and
M28zT2 groups on day 21 determined by flow cytometry (n = 4 mice/group). (C and D) Data are shown as the mean + SD values; unpaired two-tailed t test;
*p < 0.05, “*p < 0.01.

(E) A schematic diagram of the experimental design. Tumor tissue from 1928272, M28zT2, or T4M828zT2 groups was obtained from NSCLC PDX models at the
endpoint (day 21). Tumor tissues were prepared into single-cell suspension. Tumor-infiltrating CAR*(GFP*) CD8* T cells from the M28zT2 and T4M828zT2 groups
and tumor-infiltrating CD8" T cells from the 1928zT2 group were sorted by FACS. These tumor-infiltrating T cells were then stimulated with CD3/CD28 monoclonal
antibodies (mAbs) and subjected to functional experiments. Finally, the cytotoxicity, cytokine production, and T cell expansion of tumor-infiltrating CD8"* T cells
from the 1928212, M28zT2, and T4M828zT2 groups were evaluated. Graphics were created with BioRender.com (agreement number QW27PPO9DF).

(legend continued on next page)
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treatment of CD8* T cells, the levels of OPA1, MFF, or
pDRP158%® were not altered (Figures 6C and 6D). Surprisingly,
co-immunoprecipitation assays revealed that MFF physically in-
teracted with SMAD4 in CD4* T cells (Figure 6E). In contrast,
TCR activation rather than TGF-B treatment induces SMAD4
translocation in CD8" T cells.®" These differences may contribute
to the distinct effects of TGF-B on CD4* and CD8* T cells.

To examine whether T28zT2 molecules can prevent this TGF-
B1-induced mitochondrial fission in human CD4* T cells, we co-
cultured T28zT2 CD4* T cells or G28zT2 CD4* T cells with Huh7
cells in the presence of TGF-B1. Confocal micrographs revealed
that the mitochondrial length did not change in CAR*CD4*
T28zT2 T cells cocultured with Huh7 cells in the presence of
TGF-B1 (Figures 6F and 6G). In contrast, the mitochondrial
length was decreased significantly in untransduced CD4*
T cells and in CAR*CD4" G28zT2 cells under the same condi-
tions (Figures 6F and 6G). Upon TGF-B1 activation, the ATP-
coupled OCR was elevated and the SRC remained unchanged
in CAR*CD4* T28zT2 T cells (Figures 6H-6J), whereas the
ATP-coupled OCR and SRC were decreased in CAR*CD4*
G28zT2 T cells (Figures 6K-6M). Therefore, T28zT2 molecules
prevented TGF-B1-induced mitochondrial fission in CD4* T cells.

DISCUSSION

In this study, we demonstrated that anti-TGF-B CAR T cells
exhibit antitumor effects in xenografts of multiple cancers.
Particularly, CD4* but not CD8" T28zT2 T cells expanded
robustly and inhibited tumor growth in vivo. This observation is
in line with previous studies that the inhibition of tumor growth
caused by TGF-BRII-deficient T cells is dependent on Th2 immu-
nity involving murine CD4* T cells, rather than murine CD8*
T cells.>®®® The different dynamics and efficacies of the CD4*
and CD8* compartments of T28zT2 T cells are possibly due to
distinct sensitivity to TGF-B1 in these cells. TGF-B1 efficiently
suppresses type 1 and type 2 immunity and IFN-y production
in CD4* T cells,”®** while CD8" T cell function modulation is
more dependent on TCR signaling than TGF-p signaling.””
Mechanistically, our findings show that TGF-B1 specifically
induced mitochondrial fission and suppressed the mitochondria
potential in CD4* T cells, but not in CD8* T cells.
Tumor-infiltrating CD4* T28zT2 T cells exhibited phenotypes
of memory-like T cells with high CXCR3 expression. Recent
studies show that CXCR3, repressed by TGF-p1,*® is positively
correlated with improved intratumoral T cell infiltration** and
good prognosis in anti-PD-1 therapies.”® CD4* T28zT2 T cells
upregulated NKG2D within tumors and suppressed tumor
growth by producing IFN-y and Granzyme B. Previous studies
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consistently report that TGF-B1 suppresses the expression of
NKG2D in T cells and NK cells.®*™’ It is possible that CD4*
T28zT2 T cells recognized cancer cells via NKG2D, formed
immunological synapses, and delivered IFN-y and Granzyme B
specifically to cancer cells through the immunological synapses.
This may explain why CD4* T28zT2 T cells did not cause severe
toxicity in tumor-free mice and xenografts.

The combination of CD4* anti-TGF- CAR T cells and conven-
tional CD8* CAR T cells exhibited synergistic and augmented
antitumor effects. We hypothesize this is because CD4" anti-
TGF-B CAR T cells lysed cancer cells, prevented exhaustion of
CD8" conventional CART cells, and improved the CD8" conven-
tional CAR T cells’ efficacy. Consistently, CD4* T cells enhance
the effector function of CD8" T cells by downregulating their
expression of coinhibitory receptors.*® Based on our preclinical
findings, we initiated a phase 1 clinical investigation to assess
the antitumor efficacy of T4G828zT2 or T4M828zT2 T cells for
treating relapsed and refractory HCC or pancreatic cancer (Clin-
icalTrials.gov: NCT03198052).

In conclusion, our findings indicate that rewiring the TGF-
signaling pathway of CD4* T cells using an anti-TGF-$ CAR led
to anticancer immunity of anti-GPC3 CAR or anti-MSLN CAR
CD8 T cells, rendered T cells resistant to exhaustion, and thus
provides a strategy for TGF-p1"GPC3"* or TGF-B1"MSLN™ solid
tumor patients.

Limitations of the study

The hypothesis that the lack of toxicity is due to T28zT2 T cells
forming an immunological synapse with tumor cells via NKG2D
is indicated on the observation that CD4* T28zT2 T cells upregu-
lated NKG2D in tumors and is speculative. The existing data
have not fully elucidated why CD4" T28zT2 T cells are able to
achieve such robust efficacy without any toxicity given the pro-
posed mechanism of action, which is non-antigen specific.
Further experiments are warranted to evaluate the hypothesis
in the future.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will
be fulfilled by the lead contact, Peng Li (li_peng@gibh.ac.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o The original data of the bulk RNA-seq have been deposited at the
Genome Sequence Archive for Human (GSA for Human) (https://ngdc.
cncb.ac.cn/gsa-human/browse/HRA001397) and are publicly available

(F—I) Tumor-infiltrating CD8* 19282T2, CAR*CD8* M28zT2, or CAR*CD8* T4M828zT2 cells were incubated with AsPc-1 cells at a 2:1 effector (E):target (T) ratio for
72 h. (F) Representative images of 0.1% crystal violet staining of AsPc-1 cells cocultured with CD8* 1928zT2, CAR*CD8* M28zT2, or CAR*CD8* T4M8282T2
tumor-infiltrating T cells ex vitro. (G) The relative viability of AsPc-1 cells with 19282T2, M28zT2, or TAM828zT2 T-cell induced lysis after 72 h n = 4 mice/group.
(H and 1) Supernatants were harvested and analyzed with a multiplex immunoassay to determine the concentrations of the indicated cytokines. n = 4 mice/group.
The concentrations of IFN-y (H) and Granzyme B (I) were measured by ELISA assay; data are the mean + SD values; one-way ANOVA with Tukey’s multiple

comparisons test; **p < 0.001, ***p < 0.0001.

(J) The expansion of tumor-infiltrating CD8" 19282T2, CAR*CD8* M28zT2, and CAR*CD8* T4M828zT2 cells was detected by flow cytometry on day 0, 3 and 7;
data are the mean + SD values; n = 4 mice/group; two-way ANOVA with Tukey’s multiple comparisons test; ***p < 0.0001.

See also in Figure S6.
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Figure 6. TGF-B1 suppressed OXPHOS activity in CD4* human T cells

(A-D) CD4* and CD8" T cells (1 x 10° were activated with CD3/CD28 mAbs for 24 h, followed by PBS or TGF-B1 (10 ng/mL) treatment for 16 h. (A) Mitochondrial
morphology of CD4* and CD8" T cells upon PBS or TGF-B1 (10 ng/mL) treatment, as determined by spinning disk confocal microscopy. Mitochondria are green
(MitoTracker Green), and nuclei are blue (DAPI). Scale bar, 5 um. (B) Relative lengths of mitochondria, as analyzed by ImageJ software, in CD4* and CD8* T cells
(2 independent experiments). Each dot represents the mean relative length of the mitochondria in a sample. Data are shown as the mean + SEM values; paired
two-tailed t test; ***p < 0.0001. (C) Immunoblot analysis of cellular protein extracts probed with antibodies against pSMAD2546%467 (top)/pSMAD3S423/425

(legend continued on next page)
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as of the date of publication. Accession number (HRA001397) is listed in
the key resources table.

o Original western blot data have been deposited at Mendeley
data (https://data.mendeley.com/drafts/n7htzcxmw4/1) and are
publicly available as of the date of publication. Accession number
(https://doi.org/10.17632/n7htzcxmw4.1) is listed in the key resources
table. Microscopy data reported in this paper will be shared by the
lead contact upon request.

e This paper does not report original code.

e Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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RRID: AB_2193323

a-Smooth Muscle Actin (D4K9N) XP® Cell Signaling Technology Cat# 19245
Rabbit mAb RRID: AB_2734735
Cleaved Caspase-3 (Asp175) (5A1E) Cell Signaling Technology Cat# 9664
Rabbit mAb RRID: 10828837
CD8ua. (C8/144B) Mouse mAb Cell Signaling Technology Cat# 70306
RRID: AB_2799781
Anti-CD4 antibody Abcam Cat# ab133616
RRID: AB_2750883
Goat Anti-Rabbit IgG H&L (Alexa Fluor® Abcam Cat# ab175471
568) RRID: AB_2576207
Goat Anti-Mouse IgG H&L (Alexa Fluor® Abcam Cat# ab150115
647) RRID: AB_2687948
Biological samples
Patient-derived xenografts (PDX) Jiang. et al.,”® Qin. et al.*® N/A
Heathy PBMCs Guangzhou Tianhe Noah Biological NA

Engineering Co., LTD

Chemicals, peptides, and recombinant proteins

TGF beta 1 Protein, Human, Rhesus,

SinoBiological

CAS number: 10804-HNAC

Cynomolgus,

Canine, Recombinant

TMRM MedChemExpress Cat# HY-D0984
MitoTracker Green Yeasen Cat# 40742ES50
MitoTracker Deep Red Yeasen Cat# 40743ES50
GenCRISPR™ Cas9 v1.2 GenScript Cat# Z03702-1
Seahorse XF Cell Mito Stress Test Kit Agilent Cat# 103010-100
Critical commercial assays

Human Granzyme B Precoated ELISA Kit DAKEWE Cat# 1118503
Human IFN-y Precoated ELISA Kit DAKEWE Cat# 1110003
Human IL-2 Precoated ELISA Kit DAKEWE Cat# 1110203
Human TGFB1 Precoated ELISA Kit DAKEWE Cat# 1117102
Human PRF1 Precoated ELISA Kit Bioswamp Cat# HM10300

MACS Pan T cell Isolation Kit
MACS GMP T cell TransAct

Miltenyi Biotec
Miltenyi Biotec

Cat# 130-096-535
Cat# 170-076-156

Deposited data

Original data of the bulk RNAseq This paper GSA-human: HRA001397

Original western blot images This paper https://doi.org/10.17632/n7htzcxmw4.1
Links: https://data.mendeley.com/drafts/
n7htzcxmw4/1

Experimental models: Cell lines

Huh7 Procell Cat# CL-0120

HepG2 Procell Cat# CL-0103

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
SK-Hep-1 Procell Cat# CL-0212
AsPc-1 Procell Cat# CL-0027
Hela Procell Cat# CL-0292
Jukrat Procell Cat# CL-0315

Experimental models: Organisms/strains

Mouse: NSI, NOD-SCID; IL2rg—/— Guangzhou Institutes of Biomedicine and N/A
Health, Chinese Academy of Sciences,
Guangzhou, China

Oligonucleotides

GZMB target gRNA: GenScript Cat# C080C988G0
5'-TGTCTGCCCTGGCTTCACCT-3

IFNG target gRNA: GenScript Cat# C5095GJ130
5 -AAAGAGTGTGGAGACCATCA -3

ctrl target gRNA: GenScript Cat# C2639HE050

5'-CCGGGTCTTCGAGAAGACCT-3-3
Recombinant DNA

Anti-TGFB scFv-CD28 CD3z-2A-eGFP This paper N/A

Anti-TGFB scFv-CD28 CD3z-TLR2-2A- This paper N/A

eGFP

Anti-CD19 scFv-CD28 CD3z-TLR2-2A- This paper N/A

eGFP

Anti-GPC3 scFv-CD28 CD3z-TLR2-2A- This paper N/A

eGFP

Anti-MSLN scFv-CD28 CD3z-TLR2-2A- This paper N/A

eGFP

DnTGFBRII-2A-eGFP This paper N/A

Anti-TGFB scFv-mCD28-mCD3z-mTLR2- This paper N/A

2A-eGFP

Anti-CD19 scFv-mCD28-mCD3z-mTLR2- This paper N/A

2A-eGFP

Software and algorithms

FlowdJo v10 TreeStar https://www.flowjo.com/solutions/flowjo/
downloads

Prism 9.0 GraphPad https://www.graphpad.com/
scientificsoftware/prism/

ImagedJ National Institutes of Health https://imagej.en.softonic.com

BioRender BioRender https://www.biorender.com/

BGI Dr. Tom BGl https://biosys.bgi.com/

iDEP iDEP http://bioinformatics.sdstate.edu/idep/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Primary human T lymphocytes

Healthy PBMC donors provided informed consent for using their samples for research purposes, and all procedures were approved
by the Research Ethics Board of the Guangzhou Institutes of Biomedicine and Health, Chinese Academy of Sciences (GIBH, CAS).
T cells from eight donors were used in this study; donor 1 is a 54-year-old male; donor 2 is a 45-year-old female; donor 3 is a 52-year-
old female; donor 4 is a 29-year-old male; donor 5 is a 37-year-old female; donor 6 is a 50-year-old male; donor 7 is a 50-year-old
female; donor 8 is a 50-year-old female.

Cell lines

Cell lines, including Huh7, HepG2 and SK-Hep-1 (human HCC cell lines), AsPc-1 (a human pancreatic cancer cell line), HelLa (a hu-
man cervical cancer cell line), and HEK-293T (a human kidney cell line), were maintained in Dulbecco’s modified Eagle’s medium
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(DMEM) (Gibco, Grand Island, NY, USA). Jurkat cells (a human acute T cell leukemia cell line) were maintained in RPMI-1640 medium.
Media were supplemented with 10% heat-inactivated FBS (Gibco, Grand Island, NY, USA), 10 mM HEPES, 2 mM glutamine (Gibco,
Grand Island, NY, USA) and 1% penicillin/streptomycin (Gibco, Grand Island, NY, USA). All cells were cultured at 37°C in an atmo-
sphere of 5% carbon dioxide. Cell line identities were confirmed by STR sequencing.

Xenograft models and in vivo assessment

Animal experiments were performed in the Laboratory Animal Center of GIBH, and all animal procedures were approved by the An-
imal Welfare Committee of GIBH. All protocols were approved by the relevant Institutional Animal Care and Use Committee (IACUC).
NSI mice®” were maintained in specific pathogen-free (SPF)-grade cages and were provided autoclaved food and water. Direct in-
jection of 2 x 10 indicated tumor cells in 100 pL of PBS was performed to establish subcutaneous (flank) tumors. When the tumor
volume was approximately 1.0 cm?, tumors were diced into 20-50 mm? pieces. These tissues were inoculated subcutaneously into
the right flank of 8-week-old male NSI mice. When the tumor volume was approximately 50-100 mm?, the xenografted mice were
divided into different groups randomly and then labeled with indicated number. Then, 5 x 10° of the indicated CAR T cells in
100 pL of PBS were adoptively transferred into the tumor-bearing mice systemically by subcutaneous injection. Murine peripheral
blood was obtained by retro-orbital bleeding. The xenografted mice were randomized into different groups. The group sample
size for all mouse experiments was n > 4. Tumors were measured every 3 days with a caliper. Tumor volume was calculated using
the following equation: (length x width?)/2. We collected murine peripheral blood from the eye vein of tumor models after ensuring the
mice were completely anesthetized. Subsequently, we processed the murine peripheral blood to remove erythrocytes and increase
the proportion of T cells. Flow cytometry was used to monitor the proportion of CAR T cells in murine peripheral blood once per week.

METHOD DETAILS

Isolation, transduction, and expansion of primary human T lymphocytes

For all preclinical experiments in this study, PBMCs were isolated from healthy adult donors using Lymphoprep (Catalog#07851, Stem
Cell Technologies, Vancouver, Canada). T cells were negatively selected from PBMCs using EasySep Human Naive Pan T cell Isolation
Kit (Catalog#17961 130-096-535, Stem Cell Technologies, Vancouver, Canada) and activated with 10 uL MACS T cell TransAct (130-
111-160, Miltenyi Biotec, Bergisch Gladbach, Germany) at a bead-to- cell ratio of 1:1 and a density of 1 x 10° cells/ml for one day in
T551-H3 (Takara, Japan) medium supplemented with 5% heat-inactivated fetal bovine serum (FBS), 500 U/ml recombinant human
IL-2, 10 mM HEPES, 2 mM glutamine and 1% penicillin/streptomycin. CD3" CAR T cells were transduced with the CAR-expressing
lentiviral vectors for 24 h without ablating endogenous TGFBRIL.

The generation of CD4* and CD8* CAR T cells

Firstly, CD3* T cells were negatively selected from PBMCs using EasySep Human Naive Pan T cell Isolation Kit (Catalog#17961 130-
096-535, Stem Cell Technologies, Vancouver, Canada). Then CD4* T cells or CD8* T cells were positively selected from CD3* T cells
using Human CD4* T cell isolation kit (130-096-533, Miltenyi Biotec, Bergisch Gladbach, Germany) or Human CD8" T cell isolation kit
(130-096-495, Miltenyi Biotec, Bergisch Gladbach, Germany). These T cells were activated with 10 L MACS T cell TransAct (130-
111-160, Miltenyi Biotec, Bergisch Gladbach, Germany) at a bead-to-cell ratio of 1:1 and a density of 1 x 10° cells/ml for one day in
T551-H3 (Takara, Japan) medium supplemented with 5% heat-inactivated fetal bovine serum (FBS), 500 U/ml recombinant human
IL-2, 10 MM HEPES, 2 mM glutamine and 1% penicillin/streptomycin. CD4" and CD8* CAR T cells were transduced with the CAR-
expressing lentiviral vectors for 24 h. We also mixed the CD4* and CD8* CAR T cells a ratio of 1:1 to obtain CD3* CAR T cells before
injecting them into tumor models.

Flow cytometry and cell sorting

Flow cytometric analysis was performed on a FACS Canton Il or FACS Fortessa (BD, USA). Fluorescence-activated cell sorting
(FACS) was performed on a FACS Aria Il platform (BD, USA) or MoFlo Astrios (Beckman, USA). Surface staining for flow cytometry
and cell sorting was performed by pelleting cells and resuspending them in 50 uL of FACS buffer (2% FBS in PBS) with antibodies for
30 min at 4°C in the dark. Cells were washed once in FACS buffer before resuspension. PD-1, LAG-3, CD3, CD4, CD8, CD25, NKG2D
and CD69 antibodies were purchased from Biolegend (CA, USA). The antibodies used in this research are listed in key resources
table.

Protein isolation and immunoblotting

SMAD2/3 (clone D7G7) rabbit mAb, phospho-SMAD2 (S465/467)/SMAD3 (S423/425) (clone D27F4) (pSMAD2/3) rabbit mAb,
SMAD4 (clone D3R4N) rabbit mAb, DRP1 (clone D6C7) rabbit mAb, phospho-DRP1(Ser616) (pDRP15%') rabbit mAb (clone
D9A1), phospho-DRP1586 rabbit polyclonal antibody (#3455), OPA1 (D7C1A) rabbit mAb and MFF (E5W4M) XP rabbit mAb were
purchased from Cell Signaling Technology (Boston, USA). SMAD4 polyclonal antibody (Cat No. 10231-1-AP) and B-actin mAb
(Cat No. 66009-1-1g) were purchased from Proteintech Group (Chicago, USA). Cells were lysed with RIPA buffer containing protease
inhibitors (1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mg/L aprotinin, and 10 mg/L leupeptin) (Pierce, Rockford, lllinois, USA),
and proteins were quantified using a BCA Protein Assay kit (Pierce, Rockford, IL, USA). Whole-cell lysates were separated by
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SDS-PAGE, transferred to a PVDF (Immobilon-P; Millipore) membrane and then subjected to immunoblotting with the indicated an-
tibodies using the ECL detection system. Images were taken using a G6000 plus Imaging System (BLT, Guangzhou, China). The an-
tibodies used in this research are listed in key resources table.

Co-immunoprecipitation (Co-IP)

Atotal of 4 x 10” CD4* T cells were lysed in 800 uL IP lysis buffer (150 mM KCl, 1% Triton X-100, 50 mM Tris-HCI pH7.6, 1 mM EDTA,
10% glycerol, 1 mM PMSF, 10 mg/L aprotinin, and 10 mg/L leupeptin), and cleared cell lysates were incubated with 10 uL Protein A/G
beads (88802) (Thermo Scientific, USA) and the appropriate antibody (5-10 pg) overnight at 4°C. Following incubation, the resin was
washed three times with IP wash buffer (150 mM KCI, 0.1% Triton X-100, 50 mM Tris-HCI pH7.6, 1 mM EDTA, 1 mM PMSF), and
protein samples were eluted by boiling in 1 x SDS sample buffer (30 uL) for western blot analysis.

In vitro killing assays

Huh7-GFP-2A-Luciferase (Huh7-GL) cells and AsPc-1-GL were incubated with CAR T cells at the indicated ratio in triplicate in
U-bottomed 96-well plates. Target cell viability was monitored 24 or 72 h later by adding the substrate D20 luciferin (potassium
salt, 100 uL/well) (Cayman Chemical, Michigan, USA) at 150 pg/mL. Background luminescence was negligible (<1% of the signal
from wells containing only target cells). The cytotoxicity percentage (kiling %) was calculated as (blank signal-experimental
signal)/blank signal x 100%.°°

Cytokine release assays

Supernatant from each sample was collected after endpoint killing assays or longitudinal killing analysis and stored at —20°C until
further analysis. Cytokine concentrations were quantified by ELISA kits according to the manufacturer’s instructions. All ELISA
kits used in this study are listed in key resources table.

Metabolic assays

For measurement of mitochondrial membrane potential, fresh isolated T cells were stained with 100 nM TMRM (HY-D0984,
MedChemExpress, USA) in culture medium for 10 min at 37°C. After washing three times with PBS, cells were loaded with surface
markers and processed for flow cytometry. For analysis of the OCR (in pmol/min), fresh isolated T cells (200,000 cells well~") were
plated on Cell-Tak (BD Biosciences) pretreated Seahorse plates in XF media (25 mM glucose, 2 mM glutamine and 1 mM pyruvate)
and analyzed using the Seahorse XF®24 metabolic extracellular flux analyzer (Agilent Technologies). Basal OCR was measured for
30 min. Cells were cocultured with 2 mM oligomycin, 1.5 mM FCCP, and 1 mM each of rotenone and antimycin A (all drugs were from
Agilent Technologies), to measure maximum respiration and excess respiratory capacity. The CD4* or CD8" T cells were sorted by
MACS human CD4 microbeads (130-045-101) or human CD8 microbeads (130-045-201), while CD4* CAR* T28zT2 or G28zT2 T cells
were sort by FACS Aria. The purity of CD4*, CD8*, and CD4* CAR™ T cells were >90% for seahorse analysis.

Immunohistochemistry (IHC) assays

Anti-CD8a. mouse mADb (clone C8/1448) and a-Smooth Muscle Acitn («z-SMA) (clone D4K9N) rabbit mAb were purchased from Cell
Signaling Technology (Boston, USA). Anti-CD4 rabbit mAb (clone EPR6855) was purchased from Abcam (Cambridge, UK). IHC assay
was performed based on a microwave-enhanced avidin-biotin staining method as previously described. Formalin-fixed, paraffin-
embedded tumor tissue slides from 1928zT2, T28zT2, or G28zT2 group were deparaffinized using xylene and graded ethyl alcohol
and then rinsed in water. Antigen retrieval was performed by boiling the slides in 0.01 M citrate buffer in a microwave oven for 5 min
and cooling at room temperature. The slides were then incubated with 0.1% Tween 20 in PBS for 5 min. After the quenching of endog-
enous peroxides with 3% H,0O, in methanol, the slides were subjected to sequential treatments in a humidified chamber. The slides
were blocked with 3% BSA for 30 min at room temperature, and then incubated with CD8a mouse mAb (dilution 1:100) and CD4
rabbit mAb (dilution 1:100) overnight at 4°C. The slides were subsequently incubated with the secondary rabbit-antibody for
30 min at room temperature. Next, the slides were stained successively with DAB dye for 5 min at room temperature, counterstained
with hematoxylin, and coverslipped. The percentages of CD4~and CD8-positive cells were quantified as the average from four fields
in each slide. Images were obtained under a microscope (Leica DMIG000B, Leica Microsystems, Wetzlar, Germany). The antibodies
used in this research are listed in key resources table.

Immunofluorescence staining

Anti-Cleaved Caspase-3 (CC3) rabbit mAb (clone 5A1E) was purchased from Cell Signaling Technology (Boston, USA). Anti-CD4
rabbit mAb (clone EPR6855) was purchased from Abcam (Cambridge, UK). Purified anti-human CD314 (NKG2D) Antibody (clone
1D11) was purchased from Biolegend (CA, USA). Formalin-fixed, paraffin-embedded tumor tissue slides from 1928zT2, T28zT2 or
G28zT2 group were deparaffinized using xylene and graded ethyl alcohol and then rinsed in water. Antigen retrieval was performed
by boiling the slides in 0.01 M citrate buffer in a microwave oven for 5 min and cooling at room temperature. The slides were then
incubated with 0.5% Triton X-100 in PBS for 30 min. The slides were blocked with 3% BSA for 30 min at room temperature, and
then were incubated with CC3 mAb (dilution 1:100) overnight at 4°C, and cleared in PBST buffer (0.1% Tween 20). The slides
were incubated with Goat Anti-Rabbit IgG H&L (Alexa Fluor 568) and/or Goat Anti-Mouse IgG H&L (Alexa Fluor 647) applied
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1:1000 in 3% BSA for 90 min at room temperature, followed by mounting with DAPI-containing mounting medium. Fluorescence im-
ages were acquired with a Zeiss LSM 710 NLO scanning confocal imaging workstation (Oberkochen, Germany). The antibodies used
in this research are listed in key resources table.

Histological analysis

Organ or tissue samples from mice were first fixed in 10% formalin to preserve their structure. Following fixation, the samples were
embedded in paraffin. The embedded tissue was then sectioned at a thickness of 4 um. Finally, the sections were stained with he-
matoxylin and eosin. Images of the stained sections were obtained using a microscope (Leica DMI6000B, Leica Microsystems, Wet-
zlar, Germany).

Mass cytometry sample preparation and acquisition

Cells from culture suspensions were fixed with 5 mM cisplatin in PBS (Fluidigm, USA) for 5 min on ice and then washed with PBS with
0.5% BSA and 0.02% NaNs. The cells were suspended in Fc receptor blocking mixture, incubated for 20 min on ice, and subse-
quently stained with a metal-labeled mAb cocktail against cell-surface molecules for 30 min on ice. The antibodies were either pur-
chased preconjugated from Fluidigm or conjugated in-house using mass cytometry antibody conjugation kits (Fluidigm, CA, USA)
according to the manufacturer’s instructions. The antibodies included CD45RA, CD45R0O, CD3, CD8, CD4, CD197, CD56,
CX3CR1, NKG2D, CD27, CD28, CD69, TIM-3, PD-1, CTLA-4, IL7R, TCF1, T-bet, GITR, LAG3, GATA3, CD25, CXCR3, CCRS6,
TIGIT, FOXP3 and CD45. The cells were then washed and stained with 1 mL of 1: 1000 191/193Ir DNA intercalator (Fluidigm) diluted
in Fix and Perm (Fluidigm) at 4°C overnight. After treatment with fixation/permeabilization buffer (Thermo Fisher, USA), the cells were
further incubated with a metal-labeled mAb cocktail against intracellular proteins. Immediately before acquisition, the cells were
washed once with PBS with 0.5% BSA and 0.02% NaNs, once with ddH,0, and then suspended in ddH,O containing bead stan-
dards (Fluidigm, USA) at approximately 1 x 10 cells per mL. Samples were acquired on a CyTOF (Fluidigm, CA, USA) at an event
rate of <300 events/second.®® The antibodies used in this research are listed in key resources table.

Bulk RNA-seq

mRNA extracted from purified T cells was prepared according to the TruSeqTM RNA Sample Preparation Guide, and sequencing
was performed on a BGISEQ-500°"°? (BGI, Wuhan, China). Sequenced reads were trimmed for adaptor sequences and masked
for low-complexity or low-quality sequences. The number of raw reads mapped to genes was calculated by RSEM (rsem-1.2.4),
and the sample results were combined and normalized by EDAseq (1.99.1). Gene expression fold changes were calculated using
normalized raw reads. The downstream analysis used glbase scripts.

Generation of Granzyme B or IFN-y knockout T28zT2 (T28zT2 sgGZMB or T28zT2 sg/FNG) CD4 T cells

Cas9/sgRNA ribonucleoprotein (RNP) was prepared immediately before experiments by incubating 20 uM Cas9 protein with 20 pM
sgRNA (sgctrl: 5'-CCGGGTCTTCGAGAAGACCT-3,%° sgGZMB: 5'-TGTCTGCCCTGGCTTCACCT-3’; sgIFNG: 5'-AAAGAGTGTG
GAGACCATCA-3', designed by CCTop—CRISPR/Cas9 target online predictor at https://www.cos.uni-heidelberg.de/en) at a 1:1 ratio
in Human T cell Nucleofector buffer at 37°C for 15 min to a final concentration of 10 uM per 1 x 107 T cells.® For lentivirus trans-
duction of T28zT2 CAR, on post-activation day 1, CD4" T cells were transfected with lentivirus at an MOI of 10. Twelve hours after
transduction, T cells were electroporated with Cas9-sgRNA mixture. Fresh medium was added every 2 days to maintain cell density
within the range of 1 x 10° cells/ml.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance was determined using Student’s t test (two groups) or ANOVA with Tukey’s multiple comparison test (three or
more groups). Kaplan-Meier survival curves of in vivo experiments were analyzed using log rank. All statistical analyses were per-
formed using Prism version 9.0 (GraphPad, Inc., San Diego, CA, USA). P > 0.05 = NS, *p < 0.05, **P < 0.01, **P < 0.001 and
***P < 0.0001 were considered statistically significant.

ADDITIONAL RESOURCES

A clinical trial related to this study was registered on https://clinicaltrials.gov/study/NCT03198052. Its registration number is
NCT03198052.
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