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ABSTRACT

Anti-PD-1 antibody therapy has achieved success in tumor treatment; however, the duration of its clinical
benefits are typically short. The functional state of intratumoral CD8" T cells substantially affects the efficacy of
anti-PD-1 antibody therapy. Understanding how intratumoral CD8* T cells change will contribute to the
improvement in anti-PD-1 antibody therapy. In this study, we found that tumor growth was not arrested
after the late administration of anti-PD-1 antibody and that the antitumor function of CD8* T cells decreased
with tumor progression. The results of the RNA sequencing of CD8" T cells infiltrating the tumor site on days 7
and 14 showed that the cell adhesion molecule Lymphocyte Function-associated Antigen-1 (LFA-1) participates
in regulating the antitumor function of CD8" T cells and that decreased LFA-1 expression in intratumoral CD8*
T cells is associated with tumor progression. By analyzing the Gene Expression Omnibus (GEO) database and our
results, we found that the antitumor function of intratumoral CD8* T cells with high LFA-1 expression was
stronger. The formation of immune synapses is impaired in ltgal-si CD8* T cells, resulting in decreased anti-
tumor function. LFA-1 expression in intratumoral CD8" T cells is regulated by the IL-2/STAT5 pathway. The
combination of IL-2 and anti-PD-1 antibody effectively enhanced LFA-1 expression and the antitumor function
of intratumoral CD8" T cells. The adoptive transfer of OT-1 T cells overexpressing LFA-1, STAT5A, or STAT5B
resulted in higher antitumor function, deferred tumor growth, and prolonged survival. These findings indicate
that LFA-1-mediated immune synapse acts as a regulator of the antitumor function of intratumoral CD8* T cells,
which can be applied to improve anti-PD-1 antibody therapy.
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Introduction developmental signaling and antitumor ability of T cells by

. . . 12-14 :
Immune checkpoint blockade (ICB) therapy is approved for the T egulating the serine phosphorylation of STATS. High-

treatment of several types of cancer. However, not all patients
respond to ICB therapy.'™ CD8" T cells experience dysfunction
in the tumor microenvironment (TME), with continuously stimu-
lated by antigens and various inhibitory factors in the TME, lose
effector cytokine production and proliferation potential, and gra-
dually increase the expression of inhibitory receptors, such as PD-
1, LAG-3 and TIM-3, eventually leads to resistance to ICB immu-
notherapy in late cancer stages.”™® Recently, it has been reported
that CD8" T cells with high expression of T-cell factor 1 (TCF-1),
massively amplified after anti-PD-1 therapy.” It has also been
reported that tumor-specific CXCL13" CD8" T cells were signifi-
cantly enriched in tumors that responded to ICB and increased
significantly after effective treatment, indicating that tumor-
specific CXCL13* CD8" T cells play a key role in the treatment
process.'’ However, given the complexity of tumor immune inef-
fectiveness, we have to further explore the reasons for tumor
immunotherapy failure.

As a T-cell growth factor, interleukin-2 (IL-2) can regulate
T-cell proliferation and differentiation.'’ IL-2 regulates the

dose IL-2 therapy has been approved for treating metastatic
melanoma and kidney cancer. However, the limited observed
patient benefits and high systemic targeted toxicity have pre-
vented their widespread application.'>'® However, the applica-
tion and specific mechanism effect of IL-2 in solid tumors still
require further investigation.

T cell-mediated cancer killing is dependent on the forma-
tion of immune synapses (ISs).'” The IS is a specialized cell -
cell junction between a T cell and its target cell and is the
fundamental process underlying T-cell activation and
function.'® The formation of an IS requires the interaction of
a T-cell receptor (TCR) with a peptide-loaded major histocom-
patibility complex-I (pMHC-I) as a central supramolecular
activation cluster (cSMAC)."” Additionally, leukocyte-
function-associated antigen 1 (LFA-1) is indispensable for IS
formation in peripheral SMAC (pSMAC).*° LFA-1 is a type of
integrin that is constitutively expressed in leukocytes and con-
tributes to T-cell migration, differentiation, and effector
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functions. However, how LFA-1 changes the tumor microen-
vironment during late-stage cancer and its relationship with
ICB resistance remain unknown.

In this study, we observed that LFA-1 expression and IS
formation were impaired in late-stage tumors in a mouse
model. We identified that the IL-2/STATS5 signaling pathways
were involved in this process. Furthermore, the overexpression
of LFA-1 or STAT5 in CD8" T cells can increase the antitumor
efficacy of adoptive transfer therapy. In addition, IL-2 treat-
ment to increase LFA-1 expression synergistically achieved
PD-1 blockade therapy at both the early and late tumor stages.
The relationship between LFA-1 expression and the efficacy of
PD-1 blockade therapy was also demonstrated in patients with
cancer.

Results

Tumor growth not arrested after late administration of
anti-PD-1 antibody

Although anti-PD-1 therapy has shown clinical efficacy, some
patients remain resistant in clinical practice.”"** In this study,
we aimed to evaluate the antitumor effects of an anti-PD-1
antibody in a mouse model. First, B16 and LLC tumor-bearing
mouse models were constructed. Anti-PD-1 antibody was
administered on days 7 (D7) and 14 (D14) after tumor pro-
gression. In the B16 tumor model, tumor growth substantially
decreased and survival time was prolonged after early admin-
istration of anti-PD-1 antibody (D7), whereas tumor growth
did not decrease and survival time did not increase after late
administration of anti-PD-1 antibody (D14) (Figure la-b).
Similar phenomena were observed in the LLC tumor model
(Figure 1c-d). CD8" T cells are the major antitumor cells whose
function can be rescued by anti-PD-1 antibody.**** Hence, we
speculated that CD8" T cells infiltrating the D14 tumor would
exhibit exhaustion signatures, resulting in a nonresponse to
anti-PD-1 antibody treatment. The expression of cytotoxic
cytokines, activated and coinhibitory markers in B16-tumor-
infiltrating CD8" T cells at D7 and D14, was evaluated. We
found that the secretion of IFN-y and TNF-a significantly
decreased in the CD8" T cells that infiltrated the tumor on
D7 compared with on D14 (Figure le-f). In addition, the
proliferation of intratumoral CD8" T cells on D7 was higher
than on D14 (Figure 1g). We also detected the activated and
coinhibitory markers of CD8" T cells and found that compared
with intratumoral CD8" T cells on D14, CD8" T cells on D7
showed higher expression of the activated marker CD69 and
lower expressions of coinhibitory markers, including PD-1,
Tim3, and LAG3 (Figure 1h-j).

We also evaluated the function, activation, and proliferation
of intratumoral CD8" T cells in LLC tumors. The results
showed that the CD8" T cells that infiltrated the tumor on
D7 exhibited higher expression of cytotoxic cytokines (IFN-y
and TNF-a), activation marker CD69, and proliferation mar-
ker Ki67 (Supplementary Fig. S1A-D). In addition, tumor-
infiltrating CD8" T cells on D7 expressed lower levels of coin-
hibitory markers (PD-1, Tim3, and LAG3) compared with
intertumoral CD8" T cells on D14 (Supplementary Fig. S1E
and S1F). Taken together, these results indicate that the

antitumor function of CD8" T cells decreases with tumor
progression.

LFA-1 expression on intratumoral CD8" T cells decreased
with tumor progression

To investigate the underlying regulatory mechanism mediating
late-stage intratumoral T-cell dysfunction, we prepared CD8"
T cells infiltrating the tumor site on D7 and D14 and per-
formed RNA sequencing (RNA-seq). Principal component
analysis (PCA) was conducted, and the results showed that
the features of CD8" T cells infiltrated in tumor site at D7
and D14 were completely different (Figure 2a). The genes of
the CD8" T cells that differed between D7 and D14 were
analyzed and used for pathway enrichment analysis
(Figure 2b-e). The results of a Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis showed that the T-cell receptor
signaling pathway, natural-killer-cell-mediated cytotoxicity,
and Jak - STAT signaling pathway were enriched, suggesting
that functional differences exist in T cell function between D7
and D14, confirming our previous experimental results
(Figure 2d). Moreover, based on the results of KEGG and
gene set enrichment analysis (GSEA), we found that the path-
way of cell adhesion molecules differed of the CD8" T cells
between D7 and D14 (Figure 2d-e). Cell adhesion is essential
for the activation, proliferation, and differentiation of T cells.
We further analyzed different cell adhesion molecules and
found that the expression of Itgal was remarkedly downregu-
lated in intratumoral CD8" T cells on D14 (Figure 2f). LFA-1,
which is encoded by Itgal, is crucial for regulating the anti-
tumor effectors of CD8" T cells.”” In agreement with the RNA-
seq results, the expression of LFA-1 showed a downward trend
in intratumoral CD8" T cells on D14 in the results of flow
cytometry analysis (Figure 2g-h).

Published RNA-seq data (GSE90728) of tumor-infiltrating
CD8" T cells were downloaded and used for correlation ana-
lysis. The expression of Itgal was positively correlated with
genes that regulate the activation, proliferation, and function
of CD8" T cells (Figure 2i), suggesting that CD8" T cells with
high LFA-1 expression exhibit antitumor effects. CD8" T cells
infiltrating B16 tumors on D7 were isolated to analyze their
function and proliferation. We found that the LFA-1"CD8§"
T cells secreted more cytotoxic cytokines (IFN-y and TNF-a)
than LFA-1"CD8" T cells (Figure 2j). In addition, LFA-1*CD8"
T cells showed higher expressions of Ki67 and CD69 than LFA-
17CD8" T cells (Figure 2j). Thus, CD8" T cells with high LFA-1
expression exhibited enhanced proliferation, activation, and
function.

LFA-1-mediated is responsible for increased antitumor
function of CD8" T cells

The ISs in CD8" T cells are special structures formed during
antigen recognition. ISs determine the antitumor effects of
CD8" T cells.”**® We speculated that the LFA-1-mediated
regulation of antitumor function in CD8" T cells is associated
with the formation of ISs. Next, we constructed a B16 tumor
mouse model and isolated intratumoral CD8" T cells on D7
and D14, which were cocultured with B16 tumor cells. Image
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Figure 1. Tumor growth was not arrested after late administration of anti-PD-1 antibody. C57BL/6J mice were subcutaneously implanted with B16 (1 x 10°) or Lewis
lung carcinoma (1 x 10° cells on the right flank and treated with anti-PD-1 antibody (200 g, i.p., every other day four times) starting on day 7 or 14. Tumor growth was
measured every 2 d (B16) or 3 d (LLC). a and b, B16 melanoma tumor growth (a) and survival of mice (b) treated with anti-PD-1 antibody starting from days 7 and 14
after tumor inoculation. ¢ and d, Lewis lung carcinoma growth (c) and survival of mice (d) treated with anti-PD-1 antibody starting from days 7 and 14 after tumor
inoculation. e-h, Tumor-infiltrating CD8* T cells of B16 melanoma tumors analyzed via flow cytometry for IFN-y (e), TNF-a (f), Ki67 (g), and CD69 (h). | and J, Expression of
coinhibitory receptors PD-1 TIM3 and LAG3. Differences in survival curves between groups were analyzed using the log-rank (Mantel — Cox) test. Data are presented as
mean + SEM. of n =5 mice per group. P values were calculated by two-tailed unpaired Student'’s t-test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.001; ns, not

significant).

flow cytometry was used to identify the ISs. As expected, ISs
formed between CD8" T cells from D7 tumor tissues and
tumor cells; however, the ISs in intratumoral CD8" T cells at
D14 were not found (Figure 3a). The results of statistical
fluorescence analysis using image flow cytometry showed that

the expression of LFA-1 decreased in tumor-infiltrating CD8"
T cells on D14 (Figure 3b). The expressions of LFA-1 and
F-actin were robustly enriched in the ISs of CD8" T cells on
D7 (Figure 3c). F-actin accumulation contributes to IS
formation.”>*° These results indicate that the expression and
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Figure 2. LFA-1 expression on intratumor CD8" T cells decreased with tumor progression. a, Principal analysis of tumor-infiltrating CD8™ T cells from days 7 and 14 after
B16 tumor inoculation. b-e, heat map(b), volcano plot(c), pathway analysis (d), and gene set enrichment (e) of different genes between tumor-infiltrating CD8" T cells
from days 7 and 14 after B16 tumor inoculation. F, ITGAL mRNA expression in tumor-infiltrating CD8™ T cells from days 7 and 14 after B16 tumor inoculation. g and h,
LFA-1 expression in tumor-infiltrating CD8" T cells on days 7 and 14 after B16 tumor inoculation. i, Correlation analysis indicated a relationship between ITGAL
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accumulation of LFA-1 favors IS formation. In this coculture
system, apoptosis was detected in B16 tumor cells. The results
revealed that the apoptosis of B16 tumor cells cocultured with
intratumoral CD8" T cells on D14 was significantly down-
regulated (Figure 3d). We also found that the concentrations
of IFN-y and IL-2 decreased on D14 in the supernatants of
intratumoral CD8" T cells that were cocultured with B16
tumor cells (Figure 3e).

To assess whether the formation of ISs and enhanced
antitumor effects were mediated by LFA-1, CD8" T cells
were isolated from tumor tissues on D7 and cocultured with
B16 tumor cells. The expression of LFA-1 was downregu-
lated by transfection with Itgal siRNA. The results of image
flow cytometry revealed the successful formation of ISs
between NC CD8" T cells from D7 tumor tissues and
tumor cells (Figure 3f), and the expression of LFA-1 was
downregulated in Itgal-si CD8" T cells (Figure 3g). The
enrichment in LFA-1 and F-actin was markedly decreased
in Itgal-si CD8" T cells compared with that in the NC
(Figure 3h); we also found that level of the apoptosis of
tumor cells cocultured with Itgal-si CD8" T cells was lower
(Figure 3i). The downregulation of LFA-1 in CD8" T cells
contributed to the reduced secretion of IFN-y and IL-2 in
the supernatants co-cultured with T and tumor cells
(Figure 3j).

To further verify these findings, an adoptive T-cell transfer
model was developed. OT-1 T cells that infiltrated the tumor
tissue on D3 showed higher expression of LFA-1 than those on
D7, which was consistent with previous experimental results
(Supplementary Fig. S2A). Moreover, the OT-1 T cells infil-
trating the tumor tissue on D3 were isolated to knock down
LFA-1 expression (Supplementary Fig. S2B) and cocultured
with B16-OVA tumor cells. We found that the number of ISs
in NC OT-1 T cells cocultured with B16-OVA tumor cells
(Supplementary Fig. S2C) and enrichment of LFA-1 and
F-actin were markedly decreased in Itgal-si OT-1 T cells com-
pared with those in the NC (Supplementary Fig. S2D). The
apoptosis of B16-OVA tumor cells cocultured with Itgal-si OT-
1 T cells decreased (Supplementary Fig. S2E). In the coculture
system, Itgal-si OT-1 T cells showed reduced secretion of IFN-
v- and IL-2 (Supplementary Fig. S2F). Therefore, these data
collectively suggest that LFA-1 acts as an adjuster of ISs in
CD8" T cells, thereby regulating antitumor function.

LFA-1 expression on CD8" T cells regulated by IL-2/STAT5
signaling

To understand the mechanisms underlying the LFA-1-pro-
moted antitumor effect, RNA-seq of intratumoral CD8"
T cells was performed. The results showed that the Jak -

STAT signaling pathway significantly differed between D7
and D14 intratumoral CD8" T cells (Figure 2d). We conducted
flow cytometry to evaluate LEFA-1 expression in CD8" T cells
that infiltrated D7 tumor tissues following treatment with
STAT inhibitors. The STAT5 inhibitor successfully inhibited
the expression of LFA-1 in intratumoral CD8" T cells
(Figure 4a). IL-2 is an upstream regulatory molecule in the
STATS5 signaling pathway.’' LFA-1 expression was upregulated
in intratumoral CD8" T cells following treatment with IL-2.
However, IL-2 treatment did not enhance LFA-1 expression in
intratumoral CD8" T cells treated with a STAT5 inhibitor
(Figure 4b). Intratumoral CD8" T cells were isolated on D7
and D14 to detect p-STATS5 expression: those on D14 showed
lower p-STATS5 expression (Supplementary Fig. S3A), indicat-
ing that STAT5 signaling activation decreased with tumor
progression. In addition, we found that IL-2 expression in
B16 and LLC tumor tissues was downregulated during tumor
progression (Supplementary Fig. S3B and S3C).

Moreover, to further investigate whether the IL-2/STAT5
signaling pathway participates in the regulation of LFA-
1-mediated ISs, isolated intratumoral CD8" T cells were cocul-
tured with B16 tumor cells after treatment with PBS, a STAT5
inhibitor, IL-2, or a combination of STATS5 inhibitor and IL-2.
Treatment with exogenous IL-2 promoted the formation of ISs
in CD8" T cells, but the inhibition of STAT5 prevented the
formation of ISs in CD8" T cells, with or without IL-2
(Figure 4c). We also observed that LFA-1 and F-actin were
enriched in the structure of the ISs after treatment with IL-2
(Figure 4d-e). Compared with the control group, the enrich-
ment of LFA-1 and F-actin did not change in CD8" T cells after
treatment with the STAT5 inhibitor by adding IL-2 (Figure 4e).
IL-2 enhanced the capacity of CD8" T cells to kill tumor cells,
and inhibition of STAT5 decreased the IL-2-promoted antitu-
mor function (Figure 4f). The supernatants of the coculture
system were collected to detect the cytokines IFN-y and IL-2.
Consistent with the apoptosis of tumor cells, the secretion of
IFN-yand IL-2 was upregulated by IL-2, and this phenomenon
was inhibited by the addition of the STAT5 inhibitor
(Figure 4g).

In addition, we designed STATS5 siRNAs to knock down the
expression of STAT5. Compared with the NC, the expression of
STATS5 in tumor infiltrating CD8" T cells was successfully down-
regulated by STAT5-sil and STAT5-si2 (Figure 4h). We then
cultured these CD8" T cells with or without IL-2. The results
showed that IL-2 did not upregulate LFA-1 expression in STAT5-
sil or STAT5-si2 CD8" T cells (Figure 4i). Apoptosis of tumor cells
cocultured with STAT5-sil or STAT5-si2 CD8" T cells did not
increase after treatment with IL-2 (Figure 4j). Taken together,
these results suggest that IL-2 enhances the expression of LFA-1
in CD8" T cells by activating STAT5 signaling.

couples. Conjugates of CD8" T cells and B16 tumor cells were stained for B16 (green), LFA-1 (red), or F-actin (phalloidin, pink). Nuclei were stained with Hoechst (blue).
20000 events were acquired per sample. The pictures are representative of 3-4 independent experiments (mean, SE).g, LFA-1 expression in si-NC- and si-ITGAL-
transfected tumor-infiltrating CD8" T cells from day 7 after B16 tumor inoculation.H, Enrichment of LFA-1 (f) and f-actin (g) in the CD8+ T-cell/B16-cell contact zone. i,
Flow cytometry analysis of apoptosis in B16 cells coincubated with si-ITGAL and si-NC tumor-infiltrating CD8* T cells in vitro. j, Contents of IFN-y and IL-2 in supernatant
from coincubation was detected via enzyme linked immunosorbent assay. Data are presented as mean + SEM. of n = 3 biologically independent experiments. P values
were calculated by two tailed unpaired Student’s t-test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.001.
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Figure 4. Low IL2/STATS5 signaling downregulated LFA-1 expression in tumor-infiltrating CD8" T cells. a, Tumor-infiltrating CD8™ T cells were treated with PBS, STAT1
inhibitor (fludarabine), STAT3 inhibitor (Stattic), STAT5 inhibitor (BD750), and STAT6 inhibitor (AS1517499) for 24 h in vitro. Expression of LFA-1 was determined via flow
cytometry. b, Tumor-infiltrating CD8* T cells were treated with PBS, STAT5 inhibitor (BD750), IL-2, and BD750+IL2 for 24 h and then coincubated with B16 tumor cells.
The expression of LFA-1 was determined using flow cytometry. ¢, STATS5 depleted or control tumor-infiltrating CD8" T cells, with or without IL-2, stimulated for 24 h were
coincubated with B16 tumor cells. Representative MIFC images of CD8" T-cell/B16-cell couples. Conjugates between CD8" T cells and B16 tumor cells were stained for
B16 (green), LFA-1 (red), or F-actin (phalloidin, pink). Nuclei were stained with Hoechst (blue). 20000 events were acquired per sample. The pictures are representative of
3-4 independent experiments (mean, SE). d and e, Enrichment of LFA-1 (d) and F-actin (e) in the CD8" T-cell/B16-cell contact zone.f and g, CD8" T cell:B16 = 10:1, after
24 h coincubation; cells were labeled with CD8, Annexin V, and 7-AAD; and the apoptosis of CD8™ cells was determined using flow cytometry (f). Contents of IFN-y and
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STATS5 is a transcription factor that binds to target genes in the
nucleus and regulates their expression. To determine whether
STATS5 binds to the promoter region of LFA-1, we performed
ChIP-qPCR and luciferase assays. We found that pSTAT5 bound
more promoter DNA of LFA-1 than IgG groups (Figure 5a).
Furthermore, IL-2 enhanced the ability of pSTATS5 to bind the
promoter DNA of LFA-1 (Figure 5a). The results of the luciferase
assays showed that both STAT5A and STAT5B increased fluor-
escence by binding the promoter DNA of LFA-1 (Figure 5b). In
addition, pSTATS5 translocation from the cytosol to the nucleus
was elevated and the expression of LFA-1 was enhanced upon IL-
2 treatment (Figure 5c-e). BD750%, a dual inhibitor of JAK3 and
STATS5, abolished the effects of IL-2 on the CD8" T cells
(Figure 5c-e). These results indicate that STAT5 regulates the
expression by binding to the promoter region.

Activating IL-2/STAT5/LFA-1 signaling enhances
antitumor function CD8" T cells

Finally, we established a mouse model to verify the observed
antitumor effects by targeting the IL-2/STATS5/LFA-1 signaling
pathway in vivo. The tumor model was established and treated
with PBS, IL-2, anti-PD-1 antibody, or a combination of anti-
PD-1 antibody and IL-2. Tumor growth was stunted by the
anti-PD-1 antibody on D7 but not on D14 (Figure 6a).
However, the combination of anti-PD-1 antibody and IL-12
on D7 and D14 significantly delayed tumor growth and pro-
longed survival (Figure 6a-b). We then evaluated the expres-
sion of LFA-1 and the phosphorylation of STAT5 in CD8"
T cells in the tumor tissues of the treated mice. The expression
of LFA-1 in CD8" T cells was increased by the combination of
anti-PD-1 antibody and IL-2 on D7 and D14 (Figure 6c).
Consistent with the expression of LFA-1, the phosphorylation
of STAT5 phosphorylation showed the same trend (Figure 6d).
In addition, the combination of anti-PD-1 antibody and IL-2 at
D7 and D14 enhanced the secretion of IFN-y and TNF-a and
Ki67 expression (Figure 6e). Tumor immune dysfunction and
exclusion (TIDE) was used to analyze the effect of IL-2 on
T-cell infiltration and prognosis. The results of our analysis
of melanoma, lung adenocarcinoma (LUAD) and ovarian can-
cer showed that IL-2 positively correlated with T-cell infiltra-
tion, and patients with higher IL-2 expression had prolonged
survival times (Supplementary Fig. S4C - E).

To accurately investigate the antitumor effects of IL-2/
STAT5/LFA-1 signaling in CD8" T cells, OT-1 T cells were
overexpressed with Itgal, STAT5A, or STST5B for adoptive
transfusion therapy. The results showed that therapies for
transferring OT-1 T cells overexpressing Itgal, STAT5A, or
STST5B successfully inhibited tumor growth and prolonged
survival (Figures 6f-g). OT-1 T cells that overexpressed Itgal,

STATS5A, or STAT5B showed more infiltration into the tumor
tissues than in the NC (Figure 6h). We also detected the
expression of LFA-1 in intratumoral OT-1 T cells and found
that OT-1 T cells overexpressing STAT5A or STAT5B highly
expressed LFA-1 (Figure 6i). Moreover, the phosphorylation of
STATS5 was upregulated in intratumoral OT-1 T cells over-
expressing STAT5A or STAT5B, suggesting that STAT5 is an
upstream regulatory molecule of LFA-1 (Figure 6j). The
expressions of IFN-y, TNF-a, and Ki67 were strengthened in
intratumoral OT-1 T cells overexpressing Itgal, STAT5A, or
STST5B (Figure 6k). OT-1" CD8" T cells were knockdown
Itgal or not for adoptive transfusion therapy. Treatment with
Itgal knockdown OT-1" CD8" T cells caused significantly
faster tumor growth. Meanwhile, Itgal knockdown OT-17
CD8" TILs have the low secretion of IFN-y and TNF-a
(Supplementary Fig. S5A and S5B). We collected PBMCs at
baseline of advanced lung cancer patients treated with anti-PD
-1 therapy and detected the LFA-1, IFN-y expression of PD-1*
CD8" T cells. Advanced lung cancer patients (n=21) were
treated with anti-PD-1 therapy. A 21-day cycle, with a course
of 4-6 cycles, was used to evaluate the clinical outcome of anti-
PD-1 treatment. PR: partial response; SD: stable disease; PD:
progressive disease. Results showed that LFA-1 expression of
PD-1" CD8" T cells was higher in the group with a better
prognosis (PR) than in the group with a worse prognosis
(SD, PD). Meanwhile, LFA-1" CD8" T cells secreted more
IFN-y than LFA-1" CD8" T cells (Supplementary Fig. S4A
and S4B). This statistic supports our results that the expression
of LFA-1 of CD8" T cells is correlated with the prognosis of
patients treated anti-PD-1 therapy. Collectively, our findings
show that targeting IL-2/STAT5/LFA-1 signaling successfully
delays tumor growth and enhances the antitumor effect of anti-
PD-1 therapy by boosting CD8" T cell function.

Discussion

Although the state of T cells is a major factor affecting the
efficacy of anti-PD-1 therapy, the underlying mechanism is still
not completely understood. In this study, we established
a mouse tumor model and found that the late administration
of an anti-PD-1 antibody did not inhibit tumor growth.
Moreover, the antitumor effect of CD8" T cells weakened
with tumor progression, suggesting that the effect of anti-PD
-1 therapy may be manipulated by the state of CD8" T cells.
Therefore, we aimed to investigate the regulatory factors that
mediate the decreased antitumor function of CD8" T cells and
provide insights into enhancing CD8" T cells to improve the
efficacy of anti-PD-1 therapy.

In our study, we performed RNA-seq to investigate the under-
lying mechanism regulating the antitumor function of

IL2 in supernatant from coincubation was detected using enzyme linked immunosorbent assay (g). h—j, D7 Tumor-infiltrating CD8™ T cells were transfected with si-
Control, si-STAT5-1, or si-STAT5-2 for 48 h. Western blotting analysis of STAT5 relative expression (h) in CD8+ T cells. After tumor-infiltrating CD8+ T cells were
transfected with si-Control or si-STAT5 for 48 h and treated with or without IL-2 for 24 h, the expression of LFA-1 (i) was determined using flow cytometry. CD8" T cell:
B16 = 10:1; after 24 h coincubation, cells were labeled with CD8, Annexin V, and 7-AAD, and the apoptosis (j) of CD8™ cells was determined using flow cytometry Data
are presented as mean + SEM. of n = 3 biologically independent experiments. P values were calculated by two-tailed unpaired Student’s t-test (*, P < 0.05; **, P < 0.01;

*** P < 0.001; **** P < 0.001; ns, not significant).
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Figure 5. IL-2/STATS5 signaling regulated LFA-1 expression. a, Before Chip-qPCR, D7 tumor-infiltrating CD8™ T cells were treated with or without IL2 for 48 h in vitro.
ChIP - gPCR analysis was performed using pSTATS5 or IgG antibodies and ITGAL-promoter-specific primers.b, Luciferase activity was examined when PBS, ITGAL-OE, and
ITGAL-MUT promoter-luc mixed with NC, STAT5A, and STAT5B were transfected into 293T cells. c—e, Tumor-infiltrating CD8+ T cells from day 7 after B16 tumor
inoculation were isolated and treated with none, IL-2, or a combination of IL2 and the STAT5 inhibitor BD750 for 12 hours. The cells were stained with anti-LFA-1 and
anti-p-STATS5 antibodies, and the nuclei were stained with Hoechst 33,342. 10000 events were acquired per sample. The pictures are representative of 3-4 independent
experiments (mean, SE).c, Representative pictures show the similarity of p-STAT5 and Hoechst. d, The level of pSTAT5 translocation from the cytosol to the nucleus.e,
Expression of LFA-1 in CD8+ T cells was analyzed using IDEAS 3.0.Data are presented as mean + SEM. of n =3 biologically independent experiments. P values were
calculated by two-tailed unpaired Student’s t-test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.001; ns, not significant).



10 J. SHAN ET AL.

D14
100
T =] 3 3
H £ g H \
§ § % s 50 — PD-1+IL2
5 5 4
£ g § K
= 5
i Y ID 2'0 3'0 In
1 A
A N 4 S &
Days post tumor injection Days post tumor injection d Days post tumor injection Days post tumor injection
C o D14 D7 D14
30000 Ak ® PBS 5000 . oy 653
* POt 4000 bs ® PD1
e A T 200009  sxnn ° 2 ras A - . o
2 X o pDIHL2 5 000 s P
e z . o P01 , 2 i - & BriLE
T = 2000-
- 5 10000 s w2 3 s
_— 1000-
potaLz -~ [ B H PD14ILZ n n nﬂ
) ry = s ) ) y T T r ; 7 r ; 7 ) n ry T T
e e e b7 bia T W e W e W
LFAy —— ————— pSTATS — 5 b7 D14
€ . .
2 *kwk e PBS 3 PBS *hxk o PBS
8 2 g T e i
60 ® PD-1 i PD-1 . . e PD1
'8 Sekkk e 12 § L2 I 100004 —— o 12
Q4 ns o PD1+IL2 5 PD1+IL2 = i _ns o PD14IL2
= © ns
s ke =z 4 ==
9 ns = 5000
2 — h
= ﬁ 7 ﬂ
£ z
(3 * : H ﬁ‘ﬁ = [ p o
D7 D14 7 4
100
o 1500 — NONE @ NONE = — NONE |x -
£ — Vector-NC 3 OE-NC 2 — OENCI* |x|x
s o g ITeAL-0E |*|¥|x
S 1000 — ITGAL-OE 2 ITGAL-OE 3 HH
5 — STATSA-OE 3 STAT5A-OE % sd ZI?I:‘;ZE *
S STATSB-OE > STAT5B-OE H i
5 500 5 8
s £ 5
I~ 2 o
T T T T T T
0 10 20 30 40 50
Days post tumor injection
none statba-oe stat5b-oe 30 ® e
’ ® itgal-oe
o o o 20 ® statSa-oe
d ® stat5b-oe
@ pid
wn
a8 S 10
a 7 @
o £
tervps.1 5.2 > 0
9 2 2 o
& S o
' @
P & 3
i J &
nc nc
itgal-oe A itgal-oe
'y \ _
nc e W o statba-oe nc L 40\ 3 E stat5a-oe
‘E_ stat5b-oe tgal o stat5b-oe
itgal-oe . itgal-oe >
& E
) (2]
stat5a-oe stat5a-oe 4
statsb-oe JAYN stat5b-oe
[ ———
2 ® nc ® nc ] 50 ® nc
°© P ] o
2 ® itgal-oe ® itgal-oe © 40 ® itgal-oe
o ® statsa-oe ® stat5a-oe s . ® stat5a-oe
8 ® stat5b-oe ® stat5b-oe 8 ® stat5b-oe
- -
2 S 20
S S
Y :,; 10
& L & 2 2 <
¢ & o < €SS
& & F & & F
& & &

Figure 6. Activating IL2/STAT5/LFA-1 signaling enhanced antitumor function of CD8" T cells. a - e, B16-bearing C57BL/6 mice were left untreated or treated with anti-
PD-1 antibodies, IL-2 therapy, or combination therapy starting from D7 or D14. Tumor growth was measured every 3 days. Tumor growth (a) and mouse survival (b). The
expressions of LFA-1 (c), pSTAT5 (d), IFN-y, TNF-a, and Ki67 (e) were analyzed using flow cytometry on day 22. f — k, Splenocytes from OT-1 mice were stimulated with
OVA peptides and IL-2 for 2 days in vitro. Transfection with control, ITGAL-OE, STAT5A-OE, and STAT5B-OE 7 days after B16-OVA tumor inoculation, 2 x 10° without or
transfection with control ITGAL-OE, STAT5A-OE, or STAT5B-OE OT-1*. CD8" T cells were i.v. injected into tumor-bearing mice. Tumor growth was measured every 3 days.
Tumor growth (f) and mouse survival (g). Relative numbers of transferred OT1* CD8" T cells were measured using flow cytometry on day 14 after T-cell transfer (h). The
expressions of LFA-1 (i), pSTATS5 (j), IFN-y, TNF-q, and Ki67 (k) were analyzed using flow cytometry on day 14 after T-cell transfer. Differences in survival curves between
groups were analyzed using the log-rank (MantelCox) test.Data are presented as mean + SEM. of n = 5 mice per group. P values were calculated by two-tailed unpaired

Student’s t-test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.001; ns, not significant).



intratumoral CD8" T cells on D14 and observed that the cell
adhesion molecule LFA-1 was the major regulatory factor. The
LFA-1 activator facilitates the infiltration of tumor-specific T cells
and

enhances antitumor immunity.”’” Magnesium participates in
LFA-1 signaling transduction, which supports calcium flux and
the formation of ISs in CD8" T cells.”® LFA-1 plays an important
role in T-cell activation and differentiation as well as effector
function and migration.”*>** Our study is the first to demon-
strate that LFA-1 expression and antitumor function decrease in
CD8" T cells with tumor progression, indicating that the anti-
tumor function of CD8" T cells can be regulated by LFA-1, which
has been reported in previous studies. In line with the results of
published reports, we further verified that the formation of ISs
was directly regulated by LFA-1 and accompanied by the regula-
tion of antitumor immunity in CD8" T cells. Furthermore, the
results of KEGG pathway analysis of the genes in intratumoral
CD8" T cells on D7 and D14 showed that the Jak — STAT
signaling pathway were significantly differentially expressed.
STAT inhibitors were used to identify the STAT molecule reg-
ulating LFA-1 expression. Our findings suggest a possible regula-
tory mechanism for LFA-1 expression in tumors. Recently, Jak -
STAT signaling was found to be beneficial for the antitumor
response of T cells, and the inhibition of this signaling by cannabis
impaired T-cell function.” Jak 1/3 inhibitor also induced T-cell
exhaustion.” These studies support our finding that the LFA-
1-mediated antitumor effect in CD8" T cells is controlled by Jak -
STAT signaling. The IL-2 cytokine family is a STAT5 signaling
activator.””*® Therefore, our study demonstrates that IL-
2-mediated STATS5 activation enhances the expression of LFA-1
in CD8" T cells, boosting antitumor immunity. IL-2 engineered
mesenchymal stem cells and bispecific antibodies (PD-1-IL-2 v)
boost CD8" T-cell function and immunotherapy outcomes, >
supporting our findings. However, IL-2 signaling activation can
induce CD8" T-cell exhaustion.'**' We considered that the dif-
ferences in the finding of these studies might be caused by the
different research models, T-cell states, or levels of IL-2, which
need to be further explored. Additionally, we found that the
expression of IL-2 in tumor tissues decreased as the tumor pro-
gressed; however, we did not clearly identify why IL-2 decreased
as the tumor progressed. Recently, research was reported that
Magnesium is sensed by LFA-1 expression and regulates the
effector function of CD8+ T cells, and Low serum magnesium
levels are associated with worse outcomes in cancer immunother-
apy. This suggests that LFA-1 may be the considerable target to
improve immunotherapy. In addition to PD-1 and CTLA4, there
are a great many targets e.g. 0X40, TIM-3, TCF1 currently being
investigated and targeted in trials and pre-clinical studies to
improve TIL function. For anti-CTLA-4 therapy, there is evidence
of selective depletion of Treg cells in TME by macrophages
expressing the FC-g receptor, suggesting that OX40-directed anti-
bodies can also consume OX40+ Tregs in TME without reducing
effectors T cells expressing the receptor. Koyama et al. reported
that TIM-3 expression was elevated when patients developed
adaptive resistance to PD-1. They found a survival advantage
with addition of a TIM-3 blocking antibody following failure of
anti-PD-1 therapy. TCF1 is a shining star in the field of immu-
notherapy. TCF1 plays an indispensable role during the early
stages of anti-tumor CD8+ T cell responses. These molecules
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assist in enhancing anti-PD-1 therapy from a variety of angles,
and in our study, we found LFA-1-mediated IS controls the
antitumor function of CD8+ T cells in anti-PD-1 therapy.
Further animal studies and preclinical studies are needed to
discuss the relationship between LFA-1 expression and the immu-
notherapy inhibitors. LFA-1 agonists and CART structure opti-
mization are clearly deserved further exploration. In summary, we
found that the antitumor effect of CD8" T cells infiltrated into
tumors decreased as the tumor progressed, leading to failure of
anti-PD-1 therapy. RNA-seq was performed to reveal the
mechanism underlying the antitumor effect of CD8" T cells.
Based on the results of in vivo and in vitro experiments, LFA-
1-mediated IS controls the antitumor function of CD8" T cells
and is regulated by IL-2/STATS5 signaling. These findings suggest
a novel strategy for improving immunotherapy.

Materials and methods
Cell lines

Mouse melanoma cell line B16 and mouse lung cancer cell line
LLC were purchased from the Cell Resource Center, Institute
of Basic Medicine, Chinese Academy of Medical Sciences. The
mouse melanoma cell line, B16-OVA, was kindly provided by
Professor Bo Huang of the Institute of Basic Medicine, Chinese
Academy of Medical Sciences. The B16, LLC, and B16-OVA
cells were cultured in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma, cat. #D6429-500 mL) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/strepto-
mycin (ThermoFisher, cat. #15140-122). Tumor-infiltrating
CD8" T cells were cultured in RPMI1640 medium (Sigma,
cat. #R8758-500 ml) supplemented with 10% FBS, 50 U/mL
IL-2, and 1% penicillin/streptomycin (ThermoFisher, cat. #-
15140-122).

Mice, tumor models, and treatment

Female C57BL/6] mice (aged 6-8 weeks) were purchased
from SPF Biotechnology Co., Ltd. (Beijing, China). For
the tumor anti-PD-1 antibody treatment models, mice
were subcutaneously implanted with 1x 10° B16 or LLC
cells in the right flank on day 0. A total of 200 ug anti-
PD-1 (BioXcell, clone 29 F.1A12) was administered by
intraperitoneal injection every 2 days for a total of three
times on D7 or D14 after tumor inoculation. Tumor growth
was measured, and survival was observed. For the models
of the combination of anti-PD-1 antibody and IL-2 treat-
ment, mice were subcutaneously implanted with 1x 10°
B16 cells into the right flank day 0. B16-bearing C57BL/6
mice were left untreated or treated with 200 pg anti-PD-1
(BioXcell, clone 29 F.1A12), IL-2 (1x10* U per mouse)
therapy, or combination therapy every 2days for a total
of three times, starting from D7 or D14. For OT1" CD8"
T-cells adoptive transfusion therapy, mice were subcuta-
neously implanted with 1x10° B16 cells into the right
flank on day 0. PBS, OT1" CD8" T cells overexpression
vector, ITGAL, STAT5A, and STAT5B (1 x10° cells per
mouse) were administered via tail vein injection on D7.
Tumor growth was measured every second or third day,
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and tumor volume was calculated as (lengthxwidthxwidth)/
2. All animal experiments were approved by the Animal
Care and Use Committee of Zhengzhou University.

Flow cytometry

Single-cell suspensions were prepared from the tumor tissues.
For cell-surface staining, all samples were incubated with
a Zombie Aqua Fixable Viability Kit (BioLegend, cat.
#423101) for 15 min at room temperature. To detect cytokine
production, cells were treated with a Cell Activation Cocktail
(BioLegend, cat. #423304) for 4 h. The cells were stained with
anti-CD45 antibody (BioLegend, cat. #103108), anti-CD8a
(BioLegend, cat. #100714), anti-CD45.2 (BioLegend; cat.
#109829), anti-TCR V5.1,5.2 (BioLegend, cat. #139508), anti-
CDl1la (BioLegend; cat. #101119), anti-CD11a/CD18
(BioLegend; cat. #141012), and anti-CD69 (BioLegend; cat.
#104539). After fixation and permeabilization, cells were
stained with anti-IFN-y (BioLegend, cat. #505808) and anti-
TNF-a (BioLegend; cat. #506322). For intranuclear detection,
the cells were fixed and permeabilized using a Transcription
Factor Buffer Set (BD eBioscience, cat. #51-9008102) and
stained with anti-Ki67 (BioLegend, cat. #652410), or anti-
STAT5 phospho (Tyr694) (BioLegend, cat. #936906). Data
were acquired on a Beckman Coulter CytoFLEX flow cyt-
ometer and analyzed using Flow]o software.

RNA-seq and bioinformatics analysis

CD8" T cells in TILs from B16 tumor-bearing mice were
sorted using mouse CD8a microbeads (Miltenyi Biotec, 130-
117-044) according to the manufacturer’s protocol. In brief,
single-cell suspensions from tumor tissues were incubated
with mouse CD8a microbeads for 10 min at 4°C. After mag-
netic labeling, the CD8" T cells were isolated using
a column. RNA was isolated using a TRIzol reagent
(Invitrogen, cat, #15596026CN). RNA-seq and data analyses
were conducted by SeqHealth Technology Co., Ltd. (Wuhan,
China). 2ug total RNAs were used for stranded RNA
sequencing library preparation KC-DigitalTM Stranded
mRNA Library Prep Kit for Illumina® (Catalog NO.
DR08502, Wuhan Seqhealth Co., Ltd. China) following the
manufacturer’s instruction. Library strategy was UID-mRNA
-seq PE-150. KEGG analysis: Differentially expressed genes
are summarized by up-regulated and down-regulated genes.
Differentially expressed genes are usually evaluated from the
aspects of difference multiple and significance level, and the
selection criteria for differentially expressed genes are as
follows: absolute value of logFC > 1 and pvalue < 0.05. Then
the differential Genes were analyzed by KEGG (Kyoto
Encyclopedia of Genes and Genomes). The enriched KEGG
data were screened, and P-Value <0.05 was used as the
standard. Pathway significance enrichment analysis was
used to find out the Pathway of significant enrichment in
differentially expressed genes compared with the whole
genomic background by KEGG Pathway as unit and hyper-
geometric test. The figure shows the top 20 KEGG pathways
selected most prominently by pvalue.

GSEA analysis: All the gene expression matrix was analyzed,
and the samples were divided into D7 and D14 groups. The
difference multiple values of all the genes after pre-treatment
were sorted from large to small to represent the change trend of
gene expression between the two groups. The list of sequenced
genes can be seen as up-regulated differential genes at the top
and down-regulated differential genes at the bottom.

Luciferase assays

HEK 293T cells were transfected with 100 ng Renilla luciferase
plasmid pRL-TK, 1 ug Firefly luciferase plasmid pGL3-Itgal
promoter-luc or the corresponding mutant promoter-luc, and
4 ug of pcDNA3.1-Stat5a/b plasmid for 48 h. Then, cell lysates
were analyzed using a Firefly & Renilla Assay kit (absin, cat.
#abs60341) on a SpectraMax iD3 (Molecular Devices). The
Firefly luciferase activity was normalized to the Renilla lucifer-
ase activity.

ChIP-gPCR

ChIP - qPCR was performed using a SimpleChIP Enzymatic
Chromatin IP Kit (magnetic beads) (CST, cat. #9003), accord-
ing to the manufacturer’s protocol. Briefly, CD8" T cells were
cross-linked, and the chromatin was sheared and immunopre-
cipitated with anti-STAT5 antibody (cat. #94205). The samples
were incubated with protein-G magnetic beads. After the elu-
tion of chromatin and reverse cross-linking, the DNA was
purified and used for qPCR. ChIP - qPCR primers for the
Itgal promoter: 5- TCACTACAACCTCCATCTCCTGG -3,
5- CAGCCTGGCCAACATGGAG -3’

RT-qPCR analysis

Total RNA was extracted using TRIzol reagent (Invitrogen,
15596026CN), and cDNA was synthesized using HiScript III
All-in-one RT SuperMix Perfect for gPCR (Vazyme, R333-01).
qPCR was performed using SYBR qPCR master mix (Vazyme,
Q711-02) on a Bio-Rad CFX Connect. The primer sequences
used were as follows: m-IL-2  forward 5-
TGAGCAGGATGGAGAATTACAGG-3’ and reverse 5-
GTCCAAGTTCATCTTCTAGGCAC-3".

Imaging flow cytometry

For IS analysis, tumor-infiltrating CD8" T cells from D7 and
D14 after B16 tumor inoculation were sorted and cocultured
with GFP-expressing B16 tumor cells in vitro. After incuba-
tion, cells were stained with antimouse CD11a/CD18
(BioLegend, cat. #141012), Phalloidin-iFluorA® 647
Conjugate (AAT Bioquest, cat. #23127), and nuclear dye
(Hoechst 33,342; Solarbio, cat. #C0030). 20000 events were
acquired per sample. The pictures are representative of 3-4
independent experiments (mean, SE). Data were acquired
using an ImageStream system (Amnis) and analyzed using
IDEAS 3.0. To identify the contact zone between CD8"
T cells and B16 cells, CD8* T-cell/B16-cell couples were
gated, and a valley mask was defined between these coupled



cells. The ratio between the valley mask and the mean LFA-1
of CD8" T cells was then calculated.

For p-STAT5 nuclear translocation analysis, tumor-
infiltrating CD8" T cells from D7 after B16 tumor inocula-
tion were isolated and treated with IL-2 (100 U/mL) and
the STAT5 inhibitor BD750 (MCE, cat. #Y-131140). The
cells were stained with antimouse CDI11a/CD18
(BioLegend, cat. #141012) and anti-STAT5 (Tyr694)
(BioLegend, cat. #936906) using a Transcription Factor
Buffer Set (BD Biosciences). Nuclei were stained with
Hoechst 33,342 (cat. #C0030). Data were acquired using
an ImageStream system (Amnis) and analyzed using
IDEAS 3.0. The similarity between p-STAT5 and nuclear
dyes was matched, and the mean of LFA-1 was calculated.

Killing assay

CD8" T cells were cocultured with B16 tumor cells at an
effector-to-target ratio of 10:1 in vitro. After 24 h, B16 tumor
cells were collected and stained with Annexin V (BioLegend,
cat. #640920) and 7-AAD Viability Staining Solution
(BioLegend, cat. #420404). Flow cytometry was used to analyze
the lysis of B16 tumor cells.

Elisa

The IFN-y and IL-2 production in the supernatants from the
CD8" T cells and B16 tumor cells coculture system was mea-
sured with a Mouse IFN-y Elisa Kit (NeoBioscience, cat
#EMC101g) and a Mouse IL-2 Elisa Kit (NeoBioscience, cat
#EMCO002) according to the manufacturer’s protocol.

Statistical analysis

Data were analyzed using GraphPad Prism 9 software.
Student’s t-test was used to compare two groups. One-way
analysis of variance (ANOVA) with Tukey’s multiple com-
parison test was used to compare more than two groups. All
results are presented as the mean + SEM. Survival rates were
evaluated using log-rank tests. Statistical significance
reported shown as *(P <0.05), **(P <0.01), **(P <0.001),
and **** (P <0.0001); ns indicates no significance (P > 0.05)
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