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Tumor cells and the immunosuppressive tumor microenviron-
ment suppress the antitumor activity of T cells through
immune checkpoints, including the PD-L1/PD-1 axis. Cyto-
kine-inducible SH2-containing protein (CISH), a member of
the suppressor of cytokine signaling (SOCS) family, inhibits
JAK-STAT and T cell receptor (TCR) signaling in T and natu-
ral killer (NK) cells. However, its role in the regulation of im-
mune checkpoints in T cells remains unclear. In this study,
we ablated CISH in T cells with CRISPR-Cas9 and found that
the sensitivity of T cells to TCR and cytokine stimulation was
increased. In addition, chimeric antigen receptor T cells with
CISH deficiency exhibited longer survival and higher cytokine
secretion and antitumor activity. Notably, PD-1 expression was
decreased in activated CISH-deficient T cells in vitro and
in vivo. The level of FBXO38, a ubiquitination-regulating pro-
tein that reduces PD-1 expression, was elevated in activated
T cells after CISH ablation. Hence, this study reveals a mecha-
nism by which CISH promotes PD-1 expression by suppressing
the expression of FBXO38 and proposes a new strategy for aug-
menting the therapeutic effect of CAR-T cells by inhibiting
CISH.
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INTRODUCTION
Chimeric antigen receptor (CAR)-T cell therapy has shown remarkable
outcomes in treating hematologic malignancies. However, the treat-
ment landscapeofCAR-T cell therapy for solid tumorshas been limited,
which has been attributed to the inhospitable tumormicroenvironment
(TME) andTcell exhaustion,1,2 both ofwhich have been correlatedwith
the expression of immune-receptor genes (e.g., PDCD1, LAG3,
HAVCR2, TIGIT, and CTLA4).3 Prevention of CAR-T cell exhaustion
and promotion of CAR-T cell responses to persistence- and activity-
promoting cytokines, including interleukin-2 (IL-2), IL-7, IL-12, and
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IL-15, contributing to antitumor responses, in the TME is an essential
direction for anticipated breakthroughs in the application of CAR-T
cells to solid tumors.4

PD-1, encoded by PDCD1, is present on the surface of activated
T cells and plays a vital and diverse range of immunoregulatory roles
in T cell activation and tolerance.5 After engagement with a ligand,
PD-1 undergoes phosphorylation of two cytoplasmic tyrosine resi-
dues that recruit the phosphatase SHP-2, leading to attenuation of
T cell receptor (TCR) and CD28 signaling and inhibition of T cell
activation, cytokine production, and proliferation, which eventually
causes the death of activated T cells,5 attenuating CAR-T cell
signaling and antitumor activity. PD-L1/PD-1 blockade with anti-
bodies and PD-1 single-chain variable fragment (scFv) secreted by
modified CAR-T cells have led to increased antitumor activity of
CAR-T cells.6-10 PD-1 knockout (KO) in CAR-T cells mediated by
CRISPR-Cas9 also led to an increase in antitumor activity.11-14 How-
ever, complete absence of PD-1 signaling may counterintuitively pro-
duce terminally differentiated and, ultimately, exhausted T cells,15

and therefore, T cells that increase PD-1 to a certain level and that
is subsequently blocked by cell-intrinsic or -extrinsic PD-1 disruption
or(s).
//creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Deletion of CISH increases the sensitivity of T cells to anti-CD3/anti-CD28 antibodies stimulation and antitumor activity

(A and B) Immunoblot analysis of CISH-WT and CISH-KO T cells incubated in vitro with anti-CD3/anti-CD28 antibodies for 30 min. CISH-WT and CISH-KO T cells were

washed and cultured inmedium free of IL-2 for 12 h before anti-CD3/anti-CD28 antibody treatment. Cells were lysed and analyzed by immunoblotting with antibodies against

the indicated phosphorylated (p) and total (pan) proteins. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVAwith Tukey’s multiple comparison test. (C) CISH-WT and CISH-

KO T cells were cocultured with OKT3 + A549 cells at the indicated effector-to-target ratio. (D) CISH-WT and CISH-KO T cells were cocultured with target cells at an effector-

to-target (E:T) ratio of 1:1 for 24 h. The culture supernatants were then collected, and the levels of secreted IL-2, IFN-g, granzyme B, and TNF-a were measured with ELISA

(legend continued on next page)
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may be preferable to abrogated T cell promotion of increased PD-1
expression.16 More strategies should be considered to improve the
function of CAR-T cells by inhibiting immune checkpoint PD-1
without reducing the function of CAR-T cells.

CARs are composed of an extracellular scFv that recognizes diverse
tumor-associated antigens (TAAs), a transmembrane fragment, a
CD3z that induces T cell activation (signal 1), and a costimulatory
domain that mimics signal 2 peptides, such as the intracellular do-
mains of CD28 and 4-1BB.17-20 Therefore, CAR signaling imitates
TCR signaling. Upon specific binding of CAR to a TAA on target tu-
mor cells, the CD3z and costimulatory domains are activated, and the
phosphorylation cascade is triggered in T cells, leading to the release
of cytotoxic granules and cell proliferation.21 The incorporation of
CD3ε in CAR was shown to increase the recruitment of Lck and
PI3K, thereby enhancing the antitumor function of CAR-T cells.22,23

HPK1 competes with ADAP for SLP-76 binding and dampens TCR-
induced tyrosine phosphorylation of SLP-76 and phospholipase C
gamma 1.24,25 CAR-T cells with HPK1 knocked out showed superior
tumor-suppression capability, with fewer exhausted and more active
and proliferative T cells.26 Cbl-b negatively regulates the activation of
T cells, and deletion of Cbl-b inhibits CD8 T cell exhaustion and pro-
motes CAR-T cell function.27,28 Therefore, it is a feasible strategy to
enhance the antitumor activity of CAR-T cells by modulating TCR
signaling downstream.

In addition to signals 1 and 2, which are required, adequate activation
of T cells requires auxiliary signal 3, namely stimulation of various cy-
tokines. For example, g chains are common to multiple cytokines, in
which they are the receptor unit, and exert a fundamental effect on
T cell immunity mainly through JAK-STAT pathway activation.29

Recent research demonstrated that CAR engaged with the IL-2Rb cyto-
plasmic domain and that the STAT3-binding motif showed antigen-
dependent activation of the JAK kinase, STAT3, and STAT5, superior
persistence, and antitumor effects.30 Similarly, in our own previous
studies, we found that activation of STAT3 signaling in CAR-T cells,
by inducing IL-6 trans-signaling or directly expressing constitutively
active GP-130, enhanced CAR-T cell expansion and antitumor activ-
ity.31 In contrast, boosting STAT5 signaling by knocking out certain in-
hibitors, such as PTPN2, also enhanced CAR-T cell activity.32

Cytokine-inducible SH2-containing protein (CISH) is a member of
the suppressor of cytokine signaling (SOCS) protein family.33 Each
SOCS protein carries a SOCS box sequence motif, enabling the
SOCS protein to function as an adaptor for an E3 ubiquitin ligase
complex and enabling proteins that interact directly with SOCS to un-
dergo proteasomal degradation.34 CISH has been shown to be
induced by TCR stimulation in CD8 T cells and inhibits their immune
function against tumors by physically interacting with the TCR inter-
kits. **p < 0.01, ***p < 0.001, unpaired t test. (E) After 12 days of culture in medium wit

effector markers by fluorescence-activated cell sorting (FACS). (F and G) A total of 1� 1

day 0, and 5� 106 OKT3 + A549 cells were added on days 4 and 8. T cells and OKT3 +

unpaired t test.
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mediate PLC-g1 and targeting it for proteasomal degradation.35 In
natural killer (NK) cells, CISH has been reported to inhibit JAK-
STAT signaling activation induced by cytokines by binding directly
to JAK1 and to reduce cellular metabolic fitness, which is mediated
by the mTOR signaling pathway.36,37 Therefore, we hypothesized
that the deletion of CISH in CAR-T cells would enhance the anti-
tumor activities attributed to the reverse of inhibition induced
by CISH.

In this study, we observed that the deletion of CISH in human T cells
led to higher sensitivity of T cells to TCR signaling and cytokines
(IL-2 and IL15) and enhanced T cell antitumor activity. Notably,
CISH-KO CAR-T cells demonstrate improved survival and anti-
tumor activity in vivo, with decreased PD-1 expression. We then veri-
fied in vitro that the absence of CISH decreases PD-1 expression in
activated T cells. Furthermore, we found that decreased PD-1 levels
were caused by the upregulated expression of FBXO38 in CISH-KO
T cells and that KO of FBXO38 rescued PD-1 expression.

RESULTS
Deletion of CISH increases the sensitivity of human T cells to

anti-CD3/anti-CD28 antibodies stimulation to increase their

antitumor activity

To knock out CISH in human T cells, two synthetic single guide
RNAs (sgRNAs) were designed to target exon 3 in the CISH locus
(Figure S1A). CISH was knocked out by ribonucleoprotein (RNP)-
mediated CRISPR-Cas9 gene-editing technology. The deletion of
CISH was confirmed by Sanger sequencing (Figure S1B) and western
blot analysis (Figures 1A and 1B). No gene editing caused by off-
target activity of these two sgRNAs was detected by sequencing (Fig-
ure S1C). CISH has been previously reported to physically interact
with the TCR intermediate PLC-g1 and silence TCR signaling.35

We therefore stimulated CISH wild-type (WT) T cells and CISH-
KO T cells with anti-CD3/anti-CD28 antibodies, and the results
showed that the deletion of CISH significantly elevated the phosphor-
ylation of PLC-g1 (Figure 1A). Further, stronger Erk1/2, PKCd/q,
and nuclear factor kB (NF-kB) pathway activation (Figures S2A–
S2C) and Ca2+ signaling (Figure S2D) were detected in CISH-KO
T cells after stimulation. Increased phosphorylation of STAT5 was
also observed in CISH-KO T cells (Figure 1B), which is consistent
with a previous report suggesting that STAT5 interacts with the
TCR complex and that TCR stimulation appears to directly activate
STAT5.38

Furthermore, we used OKT3-overexpressing A549 cells as target cells
to examine the cytotoxicity of T cells via a luciferase-based cytotox-
icity assay and found that CISH-KO T cells showed significantly
enhanced antitumor activity compared with that of CISH-WT
T cells (Figure 1C). An enzyme-linked immune absorbance assay
h normal concentration of IL-2, CISH-WT, and CISH-KO T cells were analyzed with

07 CISH-WT or CISH-KO T cells were cocultured with 5� 106 OKT3 + A549 cells on

A549 cells were analyzed by flow cytometry and luminance on day 12. ***p < 0.001,
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(ELISA) also showed that CISH-KO T cells exhibited significantly
elevated production of IL-2, tumor necrosis factor a (TNF-a), inter-
feron g (IFN-g), and granzyme B (Figure 1D). A stronger antitumor
response might be associated with higher effector phenotypes of
CISH-KO T cells (Figure 1E). To examine the long-term antitumor
activity of CISH-KO T cells in vitro, we cocultured T cells with
OKT3-overexpressing A549 cells for 12 days (Figure 1F). CISH-KO
T cells showed longer survival and higher antitumor cytotoxicity
than CISH-WT T cells (Figure 1G). Taken together, CISH disruption
in human T cells leads to elevated T cell activation and improved anti-
tumor cytotoxicity and cytokine secretion by T cells.

Deletion ofCISH increases the sensitivity of humanTcells to IL-2

and IL-15

IL-2 is a central T cell cytokine that promotes T cell proliferation and
effector function; however, the lack of IL-2 in the TME can lead to
persistent deficiency and anergy of T cells.39-41 Since the SOCS family
members, including CISH, SOCS1, and SOCS3, inhibit JAK-STAT
signaling,34-36,42,43 we hypothesized that the absence of CISH in-
creases T cell sensitivity to low concentrations of IL-2. We stimulated
T cells with a low concentration of IL-2 (10 IU/mL) for 30 min.
Compared with CISH-WT T cells, CISH-KO T cells showed signifi-
cantly increased phosphorylation of STAT5 and STAT3
(Figures 2A and 2B). In addition, the deletion of CISH increased
signaling activation induced by IL-15 (Figures 2C and 2D), another
important cytokine through which T cells show reverse anergy and
prolonged survival.44,45

When cultured in medium with a normal concentration of IL-2 (300
IU/mL), there was no significant difference in the proliferation of
T cells between CISH-WT and CISH-KO T cells (Figure 2E). To
analyze the proliferation of T cells when stimuli are lacking, we also
cultured CISH-WT and CISH-KO T cells in medium with a low con-
centration of IL-2 (10 IU/mL). The increase in CISH-KO T cells
expanded to be more than 40-fold in 15 days, while CISH-WT
T cells showed low persistence after 10 days (Figure 2E). Consistently,
CISH-KO T cells exhibited better killing activity against tumor cells
than CISH-WT T cells in culture treated with a low concentration
of IL-2 for 10 days (Figure 2F). Moreover, CISH-KO cells showed
higher cytokine secretion levels than CISH-WT T cells (Figure 2G).
These results suggested that the deletion of CISH prolonged T cell
survival and increased the cytotoxic effect when cytokine stimulation
was limiting.

CISH ablation promotes the antitumor activity and persistence

of CAR-T cells with decreased PD-1 expression

To validate the function of CISH in CAR-T cells, we knocked out
CISH in CD19-targeted and mesothelin (MSLN)-targeted CAR-T
cells, in which the CARs were composed of CD28, CD3z, and TLR2
signaling domains.46 Notably, CISH-KO CAR-T cells showed greater
cytotoxicity thanmock T cells against target cells (Figures 3A and 3B).
Higher levels of cytokines were also detected in the supernatant of the
CISH-KO CAR-T cell and target cell coculture than in that of the
CISH-WT CAR-T cell and target cell coculture (Figure 3C), indi-
cating the greater cytokine-secreting capabilities of the CISH-KO
CAR-T cells. These results suggested that CISH disruption led to
improved antitumor activity and higher cytokine secretion by
CAR-T cells.

To evaluate the antitumor activity of CISH-KO CAR-T cells in vivo,
we assessed their killing effect on MKN-28 cells in a mouse xenograft
tumor model. NOD-scid-IL2Rg�/� (NSI) mice aged 6 to 8 weeks were
injected subcutaneously (s.c.) with 1� 106MKN-28 cells, and 3 weeks
later, the mice received a single intravenous (i.v.) injection of 5 � 106

mock-T cells, MSLN-targeted CISH-WT CAR-T cells, or MSLN-tar-
geted CISH-KO CAR-T cells. Treatment with MSLN-targeted CISH-
KO CAR-T cells led to significantly better antitumor activity with
reduced tumor burden compared with treatment using mock-T cells
or MSLN-targeted CISH-WT CAR-T cells, while MSLN-targeted
CISH-WT CAR-T cells showed a more modest reduction in tumor
burden than treatment with mock-T cells (Figure 3D). Because
CISHKO promoted the long-term survival of CAR-T cells under con-
ditions with limited stimulus in vitro, we wondered whether CISHKO
can enhance the survival of CAR-T cells in a mousemodel of the IL-2-
deficient condition. CAR-T persistence in peripheral blood (PB) was
measured by flow cytometry, and the results revealed that MSLN-tar-
geted CISH-KO CAR-T cells showed significantly longer persistence
than MSLN-targeted CISH-WT CAR-T cells (Figure 3E). After mice
were euthanized, CAR-T cell infiltration into tumors was detected by
flow cytometry. The CISH-KO group showed higher infiltration of
CAR-T cells into the tumor, although the difference was not statisti-
cally significant (Figure 3F). In conclusion, CISH ablation promotes
the antitumor activity of CAR-T cells, prolonging their persistence
and moderately increasing their infiltration in vivo.

Since the deletion of CISH promotes JAK-STAT signaling and T cell
activation, stronger T cell activation that leads to higher T cell exhaus-
tion is a concern. Therefore, we evaluated PD-1, TIM-3, and LAG-3
abundance on the CAR-T cell surface via flow cytometry. The abun-
dance of TIM-3 and LAG-3 on CISH-KO CAR-T cells showed a mild
decrease or no significant decrease compared with that in CISH-WT
CAR-T cells (Figures S3A and S3B). To our surprise, a significantly
lower mean fluorescence intensity (MFI) was detected in the
MSLN-targeted CISH-KO CAR-T cells, and a significantly small per-
centage of theMSLN-targeted CISH-KO CAR-T cells expressed PD-1
(Figures 3G and 3H). Exhausted T cells are characterized by the
expression of multiple inhibitory receptors, including PD-1, LAG-3,
and TIM-3. According to the results of our flow cytometry analysis,
a significantly lower proportion of T cells in the CISH-KO group ex-
pressed both PD-1 and LAG-3 or both PD-1 and TIM-3. In contrast,
significantly more MSLN-targeted CISH-KO CAR-T cells were dou-
ble negative for both marker pairs (Figures S3C and S3D). These re-
sults suggested a reduced exhaustion of MSLN-targeted CISH-KO
CAR-T cells. In line with MSLN-targeted CISH-KO CAR-T cells in
PB, the number of infiltrated MSLN-targeted CISH-KO CAR-T cells
was significantly lower than that indicated by PD-1 MFI in both CD4
and CD8 T cells (Figures 3I and S3E). Collectively, these data demon-
strate that CISH-KO CAR-T cells showed longer survival and
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Figure 2. Deletion of CISH increases the sensitivity of human T cells to IL-2

(A and B) Immunoblot analysis of CISH-WT and CISH-KO T cells incubated in vitrowith 10 IU/mL IL-2 for 30min. CISH-WT and CISH-KO T cells were washed and cultured in

medium free of IL-2 for 12 h before IL-2 treatment. Cells were lysed and analyzed by immunoblotting with antibodies against the indicated phosphorylated (p) and total (pan)

proteins. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA with Tukey’s multiple comparison test. (C and D) Immunoblot analysis of CISH-WT and CISH-KO T cells

incubated in vitrowith 1 ng/mL IL-15 for 30 min. CISH-WT and CISH-KO T cells were washed and incubated in medium free of IL-2 for 12 h before IL-15 treatment. *p < 0.05,

**p < 0.01, ***p < 0.001, one-way ANOVA with Tukey’s multiple comparison test. (E) Growth curve of CISH-WT and CISH-KO T cells were cultured with a normal con-

centration of IL-2 (300 U/mL) or with a low concentration of IL-2 (10 U/mL). ***p < 0.001, two-way ANOVA with Tukey’s multiple comparison test. (F) CISH-WT and CISH-KO

T cells derived from 10 day 10 IU/mL IL-2 cultures with OKT3 + A549 cells at the indicated E:T ratios. (G) CISH-WT andCISH-KO T cells were cocultured with target cells at an

E:T ratio of 1:1 for 24 h. The culture supernatants were then collected, and the levels of secreted IL-2, IFN-g, granzyme B, and TNF-a were measured with ELISA kits.

***p < 0.001, unpaired t test.
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increased antitumor activity; moreover, fewer CISH-KO CAR-T cells
showed exhaustion when PD-1 levels were decreased.

The disruption of CISH expression increases the expression of

FBXO38 in activated T cells, leading to decreased PD-1 levels

To verify the regulation of PD-1 expression by CISH deletion in
CAR-T cells, we cocultured CAR-T cells with target cells in vitro.
Consistent with findings obtained with CAR-T cells in vivo, CISH-
KO CAR-T cells showed significantly lower PD-1 expression
compared with CISH-WT CAR-T cells, while TIM-3 expression level
is moderately lower and LAG-3 expression level is higher in the
CISH-KO T cells than in the CISH-WT T cells (Figures 4A and
S4A). High-affinity GD2-targeted CAR, composed of the anti-GD2
14g2a-E101K scFv, CD3z, and CD28 signaling domains, has been re-
ported to cause CAR-T cell exhaustion by clustering on the T cell sur-
face to trigger CAR signaling in the absence of antigen.47 We knocked
out CISH in the GD2-targeted CAR-T cells and found that GD2-tar-
geted CISH-WTCAR-T cells showed elevated PD-1 expression, while
disrupted CISH expression led to significant decreases in PD-1 levels
on GD2-targeted CAR-T cells on day 6 (Figure S4B).

Since we found inhibition of PD-1 expression via CISH KO after CAR
signaling was induced, we wanted to examine whether PD-1 expres-
sion by T cells was affected by CISH expression after TCR stimula-
tion. Therefore, we cocultured T cells with OKT3-overexpressing
A549 cells and obtained results consistent with that of CAR-T cells
(Figures 4B and S4C). Furthermore, we activated T cells with anti-
CD3/anti-CD28 antibodies. We found that the PD-1 expression level
was significantly higher in the CISH-WT T cells than in the CISH-KO
T cells (Figure 4C). The decreased PD-1 level in the CISH-KO group
was validated by immunoblotting (Figure S4D). In summary, when
T cells are activated via CAR or TCR signaling, CISH KO decreased
the PD-1 level in the T cells.

The transcription of PD-1 has been shown to be correlated with two
conserved DNA regions (CR-B and CR-C), is induced by multiple
transcription factors,48-56 including NFATc1, c-FOS, Notch1, Foxo1,
NF-kB, STATs, and TOX, and is suppressed by T-bet, Blimp-1, or
SATB1.57-59 To verify whether decreased PD-1 expression in CISH-
KO T cells is regulated by PDCD1 transcription, the mRNA levels of
PDCD1 were evaluated by quantitative real-time PCR. The results
showed no significant difference in the number of PDCD1 transcripts
between CISH-WTT cells and CISH-KOT cells after stimulation with
anti-CD3/anti-CD28 antibody-conjugated microbeads (Figure 4D).
Figure 3. CISH ablation promotes the antitumor activity and persistence of CA

(A) CD19 CISH-WT and CD19 CISH-KO T cells were cocultured with NALM6 cells wi

cocultured with MKN28 cells with the indicated ratios of effectors to targets. (C) MSLN-

ratio of 1:1 for 24 h. The culture supernatants were then collected and analyzed for the le

**p < 0.01, ***p < 0.001, unpaired t test. (D) Growth curve of MKN28 xenografts treated

**p < 0.01, ***p < 0.001, two-way ANOVA with Tukey’s multiple comparison test. (E) CAR

cells that had infiltrated tumors were analyzed by flow cytometry. Unpaired t test. (G and

flow cytometry. Representative graph (G) and statistical data (H) showing the abunda

**p < 0.01, ***p < 0.001, two-way ANOVAwith Tukey’smultiple comparison test. (I) Cell s

*p < 0.05, **p < 0.01, two-way ANOVA with Tukey’s multiple comparison test.
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Posttranslational modifications play important roles in the regulation
of PD-1 expression. To detect PD-1 ubiquitination in activated T cells,
T cells were stimulated with anti-CD3/anti-CD28 antibodies for
2 days and further incubated with MG132 (15 mM) for another 4 h
before analysis. As expected, CISH KO caused increased PD-1 poly-
ubiquitination in activated T cells (Figure 4E). FBXO38 has been re-
ported to target PD-1 on the cell surface and thus induce proteasome
pathway degradation after PD-1 internalization, and STAT5 directly
binds to the promoter of the FBXO38 gene.60 According to our results,
CISH disruption increased the T cell response to TCR signaling and
IL-2, leading to higher STAT5 phosphorylation in activated T cells
(Figures 1B and 2A), which might have also increased the expression
of FBXO38; therefore, quantitative real-time PCR analysis was used to
measure themRNA levels of FBXO38. Consistent with our hypothesis,
a significant increase in the mRNA level of FBXO38 in CISH-KO
T cells was identified after T cell activation (Figure 4F). To verify
that PD-1 is regulated by FBXO38 expression, we knocked out
FBXO38 in CISH-KO T cells. As expected, CISH KO decreased
PD-1 expression after stimulation, and knocking out FBXO38
partially rescued PD-1 expression (Figure 4G). Taken together, these
results suggest that CISH KO downregulated PD-1 expression in acti-
vated T cells by increasing FBXO38-mediated degradation of PD-1.

DISCUSSION
Although CAR-T cells are prospective therapies for malignant tu-
mors, the limitations on the antitumor function of CAR-T cells in
terms of exhaustion and survival remain obstacles for their use against
solid tumors. A promising approach is to target immune checkpoints
of T cells, enhancing their antiapoptosis and killing functions with
reduced exhaustion.1,2,61,62 CISH is a member of the SOCS family
that has been reported to inhibit JAK-STATs and TCR signaling in
NK and T cells.35-37 We hypothesized that it might be a potential
candidate for regulating CAR-T cell function. Therefore, we knocked
out CISH in T cells and verified that its inhibition led to an increase
the sensitivity of T cells to TCR stimulation and cytokines (IL-2 and
IL-15) in vitro. As we expected, KO of CISH enhanced T cell survival,
cytokine secretion capacity, and antitumor effects. To validate its ef-
fect on CAR-T cells, we also knocked out CISH in CAR-T cells and
observed the same results.

STAT5 signaling is necessary for functional maturation of antigen-acti-
vated T cells.63 Our studies demonstrated that CISH KO increased the
sensitivity of T cells to anti-CD3/anti-CD28 antibodies or cytokine
stimulation with elevated STAT5 and STAT3 signaling response,
R-T cells with decreased PD-1 expression

th the indicated E:T ratio. (B) MSLN-targeted CISH-WT and CISH-KO T cells were

targeted CISH-WT and CISH-KO T cells were cocultured with target cells at an E:T

vels of secreted IL-2, IFN-g, granzyme B, and TNF-awere measured with ELISA kits.

with mock, MSLN-targeted CISH-WT, or MSLN-targeted CISH-KO T cells. n = 5,

-T cells in PB were analyzed by flow cytometry. *p < 0.05, unpaired t test. (F) CAR-T

H) Cell surface abundance of PD-1 on CAR-T cells in PB was determined through

nce of PD-1 on T cells are shown. MFI, mean fluorescence intensity. *p < 0.05,

urface abundance of PD-1 onCAR-T cells in tumors was analyzed by flow cytometry.
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thereby enhancing their antitumor effect of CAR-T cells, even after
cultured in medium with a low concentration of IL-2 for several days.
Furthermore, we validated the function of CISH-KO CAR-T cells in a
cell-line-derived xenograft (CDX) mouse model and observed a signif-
icantly smaller tumor burden, longer CAR-T cell survival in PB, and a
modest increase in tumor infiltration by CISH-KO CAR-T cells. Previ-
ous studies showed that STAT5 can drive T-bet and Eomes expres-
sion,64 which is critical for tumor infiltration and antitumor activity
of cytotoxic CD8T cells.65 Elevated expression of T-bet has been shown
to promote the expression of CXCR3,66 which is the receptor for the T
helper (Th)1-type chemokines CXCL9, CXCL10, and CXCL11, and to
promote T cell migration into tumors in response to these chemo-
kines.67 These might contribute to higher CISH-KO CAR-T cell cyto-
toxicity and increasedT cell infiltration into tumor.However, these phe-
notypes were only validated in one in vivo model. Future studies are
needed to explore the enhancement of CAR-T function by CISH KO
in more in vivo models. In addition, suppressive factors in the TME
are often barriers to the effectiveness of adoptive cell therapy. We will
explore whether the KO of CISH can reduce the inhibitory effect of
high suppressive factors in TME in the follow-up study.

However, we were surprised to find that CISH-KOCAR-T cells signif-
icantly downregulated the expression of the exhaustion marker PD-1.
Furthermore, we cocultured CAR-T cells with target cells in vitro and
found that the CISH-KO CAR-T cells also exhibited lower PD-1
levels. Since CAR is designed to mimic TCR signaling, we directly
stimulated T cells with anti-CD3/anti-CD28 antibodies or OKT3-
overexpressing A549 cells and observed a consistent decrease in
PD-1 level in CISH-KO T cells. According to previous studies,
PD-1 transcription is regulated by transcription factors.48-53,57-59

We detected the transcriptional level of PD1 by quantitative real-
time PCR, and we found that PD1 transcription was not significantly
decreased in CISH-KO T cells. Therefore, we explored whether the
reduction in PD-1 occurs through posttranscriptional regulation.
FBXO38 has been recently reported to mediate PD-1 degradation
via ubiquitination posttranslation.60 Therefore, we measured the
expression levels of FBXO38 by quantitative real-time PCR. The re-
sults showed that the mRNA levels of FBXO38 were significantly
increased in CISH-KO T cells. This outcome indicated that knocking
out CISH promotes the expression of FBXO38. After knocking out
FBXO38 in CISH-KO T cells, we found that PD-1 levels were partially
rescued in T cells stimulated with anti-CD3/anti-CD28 antibodies.
According to these data, we conclude that CISH-KO T cells reduce
the PD-1 level by upregulating FBXO38.
Figure 4. The disruption of CISH increases the expression of FBXO38 in activa

(A) MSLN-targetedCISH-WT andCISH-KOT cells were coculturedwithMKN28cells for 1

cytometry. *p < 0.05, **p < 0.01, one-way ANOVA with Tukey’s multiple comparison te

12 days, and the cell surface abundance of PD-1 on CAR-T cells was analyzed by flow c

CISH-WT andCISH-KO T cells were stimulated with anti-CD3/anti-CD28 antibodies for th

flow cytometry. ***p < 0.001, two-way ANOVA with Tukey’s multiple comparison test. (D

PCRwith unpaired t test. (E) To detect PD-1 ubiquitination in activated T cells, T cells were

MG132 (15 mM) for another 4 h before analysis. (F) Transcript levels of FBXO38 in CD3+ T c

unpaired t test. (G) After CISH or FBXO38 knockout or CISH and FBXO38 double knocko

surface abundance of PD-1 on CAR-T cells was analyzed by flow cytometry. **p < 0.01
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Although PD-L1/PD-1 blockades with antibody have shown significant
clinical benefit for various types of cancers, the high production cost of
antibodies, immune-related adverse effects, and drug resistance re-
mained limitations for antibody-based immunotherapies.68,69 Here,
CRISPR-Cas9 technology was used to knock out an inhibitory gene
CISH that has not been widely reported in T cells, downregulate
PD-1 expression of T cells, and improve T cell antitumor ability.
This method bypassed the limitations of PD-L1/PD-1 antibodies68,69

and avoided T cell function attenuation that may be caused by
completely knocking out PD-1.15 Anothermember of the SOCS family,
SOCS1, was also identified as an intrinsic checkpoint of CD4+ Th1 cell
response.42 This suggested that other family members are potential
candidates and deserve further study. For undruggable intracellular
checkpoints, such as CISH, we have functionally inactivated them on
primary T cells by CRISPR-Cas9-mediated gene editing, which makes
themmore feasible for clinical application. Recently, proteolysis-target-
ing chimera (PROTAC) has been developed to be a useful technology
for targeted protein degradation,70 which may be another promising
approach to target such undruggable intracellular checkpoints.

A previous review summarized the roles of some SOCS family mem-
bers in T cell differentiation, maturation, and function, but the involve-
ment of CISH has not been clearly stated in review.71 The JAK-STAT
pathway has been reported to be involved in T cell maturation and dif-
ferentiation, and we identified CISH as a suppressor of JAK-STATs. In
this study, we found that in CISH-KO T cells, STAT5, and STAT3 re-
sponded more robustly to cytokine stimulation such as IL-2 and IL15.
IL-2-induced activation of STAT5 is found to promote the expression
of FoxP3, Tbx21 (T-bet), Maf, and Gata3, thereby promoting the dif-
ferentiation of regulatory T (Treg), Th1, and Th2 cells and inhibiting
the differentiation of Th17 and T follicular helper (Tfh) cells.72 Howev-
er, activation of STAT3 is believed to be beneficial to Th17 cell differ-
entiation.73 CD4 T cells differentiate following immune activation to
produce distinct effector subpopulations that can be directed by their
expression of lineage-specific transcriptional master regulators and
cytokine requirements.74 Therefore, different cytokine combinations
will influence the direction of T cell differentiation. Since CISH KO
increased the sensitivity of T cells to cytokine stimulation, how CISH
KO determines T cell differentiation under education of different cyto-
kine combination is still unknown and worth studying. This is also a
topic of CISH function that we are studying in induced pluripotent
stem cell (iPSC)-derived T cells. Moreover, the effects of CISH on
T cell development under physiological conditions will also be further
explored in the conditional KO mouse model.
ted T cells, leading to decreased PD-1 levels

2 days, and the cell surface abundance of PD-1 onCAR-T cells was analyzed by flow

st. (B) CISH-WT and CISH-KO T cells were cocultured with OKT3 + A549 cells for

ytometry. ***p < 0.001, one-way ANOVA with Tukey’s multiple comparison test. (C)

e indicated day, and cell surface expression of PD-1 on CAR-T cells was analyzed by

) Transcript levels of PDCD1 in CD3+ T cells were measured by quantitative real-time

stimulated with anti-CD3/anti-CD28 antibodies for 2 days and further incubated with

ells weremeasured by quantitative real-time PCR. *p < 0.05, **p < 0.01, ***p < 0.001,

ut, T cells were stimulated with anti-CD3/anti-CD28 antibodies for 2 days, and the cell

, ***p < 0.001, one-way ANOVA with Tukey’s multiple comparisons test.
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Overall, we discovered a way to reduce T cell PD-1 expression and pro-
mote T cell function by knocking out the suppressor gene CISH. This is
a more effective and feasible way to modulate T cell immune function,
especially for enhancing the effect of clinical CAR-T cell therapy.

MATERIALS AND METHODS
Isolation, gene KO, CAR transduction, and expansion of primary

human T lymphocytes

PB mononuclear cells (PBMCs) were isolated from the buffy coats of
healthy donors using Lymphoprep (Fresenius Kabi Norge, AS, Berg I
Østfold, Norway). T cells were negatively selected from the PBMC
population using an EasySep Human T cell Isolation Kit (catalog
#17951) and activated using antihuman CD3/CD28 antibodies
(#130-111-160) for 24 h in Iscove’s modified Dulbecco’s medium
(IMDM) supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 300 IU/mL IL-2, and 1% penicillin/streptomycin.

For gene KO, CAS9 protein (#A50577) was incubated with synthetic
sgRNA (GenScript Biotech Corporation, Nanjing, Jiangsu, China) at
37�C for 15 min, mixed with T cells, and subjected to an electropora-
tion procedure using Amaxa Nucleofector 2b (Amaxa Human T cell
Nucleofector Kit, Lonza, Germany).

The following gRNA targeting sequences were used in the study:

CISH-sgRNA-1 (5’ - 3’): CAAGGGCTGCATGACTGGCT;

CISH-sgRNA-2 (5’ - 3’): TGCTGGGGCCTTCCTCGAGG;

FBXO38-sgRNA-1 (5’ - 3’): GACTAAATCCACTTACCACT; and

FBXO38-sgRNA-2 (5’ - 3’): GAGTTGTAGATCTCTGTGCA.

Third-generation MSLN- or CD19-targeted CARs containing CD28,
CD3z, and TLR2 cytoplasmic sequences used in this study have been
previously described.46 For CAR transduction, 1 � 106 T cells were
transduced with 10 mL CAR lentiviral supernatants for 6 h in 1 mL
IMDM with 10% FBS. After transduction, T cells were cultured in
fresh medium containing IL-2 (300 IU/mL).

Subsequently, fresh medium was added every 2 to 3 days to maintain
the cell density within a range of 0.5–1�106 cells/mL. Healthy PBMC
donors who provided primary specimens gave informed consent for
the use of their samples for research purposes, and all procedures
were approved by the Research Ethics Board of Guangzhou Institutes
of Biomedicine and Health (GIBH).

Cells and culture conditions

HEK-293T cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM). A549 (human lung adenocarcinoma), NALM6 (hu-
man acute lymphoblastic leukemia), and MKN-28 (human gastric
carcinoma) cell lines were obtained from ATCC (Manassas, VA,
USA) and maintained in RPMI-1640. Luciferase/GFP-expressing
cell lines (A549-GL, NALM6-GL, MKN-28-GL) were generated via
transfection of the respective parental cell line with lentiviral superna-
tant containing luciferase-2A-GFP and were sorted for GFP expres-
sion via flow cytometry with an Aria cell sorter (BD Biosciences,
San Jose, CA, USA). OKT3/tCD19-expressing A549-GL cells were
generated by transfection of A549-GL cells with lentiviral supernatant
containing OKT3-tCD19 and sorted by magnetic-activated cell sort-
ing (MACS) using anti-CD19 microbeads (#130-050-301). DMEM
and RPMI-1640 media were supplemented with 10% heat-inactivated
FBS (Gibco/Life Technologies), 10 mM HEPES, 2 mM glutamine
(Gibco/Life Technologies), and 1% penicillin/streptomycin. All cells
were cultured at 37�C in an atmosphere with 5% carbon dioxide.

Lentivirus production

Lentiviral particles were produced in HEK-293T cells via polyethyle-
neimine (Sigma‒Aldrich, St. Louis, MO, USA) transfection. The
pWPXLd-based lentiviral plasmid and two packaging plasmids,
psPAX2 and pMD.2G, were cotransduced into HEK-293T cells in
10 cm dishes at a ratio of 3:1:4 for a total amount of 24 mg. Lenti-
virus-containing supernatants were harvested 24-, 48-, and 72-h post-
transfection and filtered through a 0.45 mm filter.

Western blotting

Cells were lysed with radioimmunoprecipitation assay (RIPA) buffer
(Pierce, Rockford, IL, USA), and the protein concentration was quan-
tified using a BCA protein assay kit (Pierce). Samples were loaded
onto 8%–12% SDS-PAGE gel, transferred to a PVDF membrane,
and sequentially probed with primary antibodies. A species-matched
HRP-conjugated secondary antibody was then incubated with the
membrane, and proteins were detected by autoradiography using
an enhanced chemiluminescence kit (ECL Plus, General Electric
Health Care, Little Chalfont, UK).

Flow cytometry

All samples were analyzed using a NovoCyteTM (ACEA Biosciences),
an LSR Fortessa, or a C6 flow cytometer (BD Biosciences), and the
data were analyzed using FlowJo software (FlowJo, Ashland, OR,
USA). The antibodies used included antihuman TIM3 (clone F38-
2E2); antihuman LAG3 (clone 11C3C65); antihuman PD-1 (clone
NAT105); antihuman CD3 (clone UCHT1); antihuman CD4 (clone
OKT4); antihuman CD8 (clone OKT8); antimouse immunoglobulin
G2a (IgG2a) isotype control-APC (clone RMG2a-62); antimouse
IgG1k isotype control-PE; antimouse IgG1k isotype control-PerCP/
Cy5.5; and antimouse IgG1k isotype control-APC (clone MOPC-
21) (BioLegend, San Diego, CA, USA). All flow-cytometry-related
staining procedures were performed on ice for 30 min, and the cells
were washed with PBS containing 1% FBS before cytometry analysis.
PB and tumor samples from mouse xenografts were treated with red
blood cell lysis buffer (BioLegend), and the cells were stained with the
corresponding antibodies.

In vitro tumor-killing assays

A549-GL-OKT3-tCD19, NALM6-GL, and MKN28-GL target cells
were incubated with the indicated T cells at the indicated ratio in trip-
licate wells of white 96-well plates. Target cell viability was monitored
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24 h later by adding 100 mL/well D-luciferin (potassium salt)
(#40902ES01) at 150 mg/mL. The percentage of viability (%) was
calculated as the experimental signal/maximal signal � 100, and
the percentage of intact (unlysed) cells was set to equal 100% viability.

Cytokine release assays

ELISA kits were used for IL-2 (#1110203), IFN-g (#1110003), gran-
zyme B (#1118503), and TNF-a (#1117203), and all ELISAs were per-
formed according to the manufacturer’s protocols. T cells were cocul-
tured with target cells at an effector-to-target (E:T) ratio of 1:1 for 24
h. The culture supernatants were collected, and the levels of secreted
IL-2, IFN-g, granzyme B, and TNF-awere measured with ELISA kits.

CDX models for CAR-T cell treatment

Animal experiments were performed in the Laboratory Animal Cen-
ter of GIBH, and all animal procedures were approved by the Animal
Welfare Committee of GIBH. All protocols were approved by the
relevant institutional animal care and use committee (IACUC). All
mice were maintained in specific-pathogen-free (SPF)-grade cages
and were provided autoclaved food and water.

For the cell-line-based gastric cancer (GC) s.c. xenograft models,
1 � 106 MKN-28 cells in 100 mL PBS were injected s.c. into the right
flanks of 6- to 8-week-old NSI mice. Approximately 3 weeks later,
the mice were divided into three groups (mock T, MSLN-targeted
CISH-WT T, and MSLN-targeted CISH-KO T) and received 5 � 106

CAR-T cells in 100 mL PBS peritumorally as indicated. Tumor volume
was measured twice per week with a caliper and calculated via the
following equation: tumor volume = (length � width2)/2.

Statistical analysis

Data are presented as the means ± standard errors of the means. Stu-
dent’s t test was used to determine the statistical significance of differ-
ences between samples, and a p value <0.05 indicated a significant dif-
ference. All statistical analyses were performed using Prism software
v.9.0 (GraphPad, San Diego, CA, USA).
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