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Tumor-derived semaphorin 4A improves PD-1-blocking
antibody efficacy by enhancing CD8" T cell cytotoxicity
and proliferation
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Immune checkpoint inhibitors (ICIs) have caused revolutionary changes in cancer treatment, but low response
rates remain a challenge. Semaphorin 4A (Sema4A) modulates the immune system through multiple mecha-
nisms in mice, although the role of human Sema4A in the tumor microenvironment remains unclear. This
study demonstrates that histologically Sema4A-positive non-small cell lung cancer (NSCLC) responded signifi-
cantly better to anti-programmed cell death 1 (PD-1) antibody than Sema4A-negative NSCLC. Intriguingly,
SEMAA4A expression in human NSCLC was mainly derived from tumor cells and was associated with T cell acti-
vation. Sema4A promoted cytotoxicity and proliferation of tumor-specific CD8" T cells without terminal exhaus-
tion by enhancing mammalian target of rapamycin complex 1 and polyamine synthesis, which led to improved
efficacy of PD-1 inhibitors in murine models. Improved T cell activation by recombinant Sema4A was also con-
firmed using isolated tumor-infiltrating T cells from patients with cancer. Thus, Sema4A might be a promising
therapeutic target and biomarker for predicting and promoting ICl efficacy.

INTRODUCTION involved in T cell activation, including OX40 and 4-1BB, can serve

Immune checkpoint inhibitors (ICIs) have emerged as a promising
treatment for multiple types of advanced cancer. However, only a
fraction of patients exhibit a clinical response to ICIs, underscoring
that predictive biomarkers of ICI response and additional targeted
therapies are necessary to improve their efficacy (I). ICIs play a key
role in improving T cell priming by antigen-presenting cells and in
reinvigorating tumor-infiltrating T cells in lymphoid organs and the
tumor microenvironment (TME) (2). While clinically approved
ICIs block coinhibitory signaling in T cells, costimulatory molecules

as potential therapeutic targets in conjunction with ICIs (3), even in
noninflamed tumors as we previously reported (4). Moreover, the
administration of anti-OX40 and anti—4-1BB antibodies enhanced
programmed cell death 1 (PD-1)-blocking treatment by rescuing
exhausted CD8" T cells in chronic infection models (5, 6).

The effector function and proliferation of PD-1"CD8" T cells
without terminal exhaustion phenotypes are essential for the anti-
tumor immune response provoked by PD-1 inhibitors (7). The
balance between the transcriptional checkpoints thymocyte
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selection-associated high mobility group box (TOX) and T cell
factor 1 (TCF1) plays a key role in defining the developmental hier-
archy for exhausted CD8" T cells (8, 9), which is strongly linked to
the revitalization of effector T cells after ICI treatment (10, 11). The
mammalian target of rapamycin (mTOR) kinase pathway regulates
reprogramming of anabolic metabolism in T cells, and mTOR
complex 1 (mTORC1) is required for cell cycle entry and for adapt-
ing to early metabolic changes upon T cell receptor (TCR) activa-
tion (12). The asymmetric partitioning of mTORCI activity after
naive CD8" T cell activation contributes to the generation of effec-
tor and memory CD8" T cells (13), and up-regulation of mTORC1-
dependent hypoxia-inducible factor 1 is required to sustain glucose
metabolism and glycolysis in effector CD8" T cells (14). Together,
these findings suggest that mTORC1 activity is essential for the ef-
fector function and proliferation of antigen-specific CD8" T cells.

Semaphorins are a large family of secreted and membrane-
bound glycoproteins that were initially implicated in axon guidance
and neural development (15). Accumulating evidence indicates that
semaphorins play multiple roles in immune responses such as
immune cell activation, differentiation, and migration (16-18).
We reported that semaphorin 4A (Sema4A) on dendritic cells
(DCs) induced T cell priming and T helper 1 (Ty1) differentiation
in CD4" T cells (19, 20) and recently demonstrated that Sema4A was
able to induce CD8" T cell activation, which played an important
role in the interleukin-33—induced antitumor response (21).
Sema4A can be expressed by various cell types, including myeloid
cells, T cells (22, 23), and cancer cells (24-26) (https://depmap.org/
portal/gene/SEMA4A?tab=characterization). Immune cell-derived
Sema4A has also been reported to be required for the function and
stability of regulatory T cells (Tycg) (27, 28). These previous find-
ings, however, are based on the results of murine experiments
and cell line experiments, and the role of Sema4A in humans, espe-
cially in the TME, remains unclear.

In this study, we performed an initial analysis of a previously
published dataset and The Cancer Genome Atlas (TCGA) dataset.
We found that SEMA4A was mainly expressed by epithelial cells and
tumor cells, and increased SEMA4A expression was associated with
a favorable prognosis and with T cell activation. We then conducted
a retrospective multicenter cohort study and showed that Sema4A-
positive non—small cell lung cancers (NSCLCs) exhibited a signifi-
cantly better response to first-line anti~PD-1 monotherapy than
Sema4A-negative NSCLCs. Preclinical murine models demonstrat-
ed that Sema4A expressed by tumor cells ameliorated antitumor
function and proliferation of CD8" T cells by promoting
mTORC1-S6 kinase (S6K) signaling and polyamine synthesis
without inducing the exhaustion phenotype. Recombinant
Sema4A (rSema4A) increased the effector function of tumor-infil-
trating CD8" T cells isolated from both murine and human tumors
in vitro. In addition, administration of rSema4A improved the ther-
apeutic efficacy of anti—-PD-1 antibodies in vivo. Thus, Sema4A ex-
pression in the TME can be a vital biomarker as well as a potential
therapeutic target for improvement of prediction and response
to ICIs.
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RESULTS

SEMAA4A expression is associated with genes related to T
cell infiltration and activation and with increased ICI
efficacy in patients with cancer

We initially investigated TCGA datasets of lung adenocarcinoma
(LUAD) and head and neck squamous cell carcinoma (HNSCC) re-
garding the relation between SEMA4A mRNA expression and 5-
year overall survival (OS). Each dataset was divided into two
groups according to SEMA4A expression: SEMA4A-high (upper
50%) and SEMA4A-low (lower 50%). The 5-year OS rate was signif-
icantly higher in the SEMA4A-high group than in the SEMA4A-low
group for both LUAD and HNSCC (Fig. 1A). Moreover, the same
datasets were equally divided into three groups according to
SEMA4A expression, and 5-year OS was compared between the
groups with the highest (upper 33%) versus lowest (lower 33%) ex-
pression. The difference between these two groups was more pro-
nounced than that between the upper 50% and lower 50% groups
(fig. S1A). To identify the gene signatures and pathways associated
with SEMA4A expression, we used gene set enrichment analysis
(GSEA) to compare SEMA4A-high and SEMA4A-low tumors.
Various gene signatures, including those related to T cell activation
and differentiation, were significantly enriched in SEMA4A-high
tumors compared to SEMA4A-low tumors (Fig. 1B). We also ana-
lyzed TCGA data of skin cutaneous melanoma (SKCM) and found
that SKCM had a similar phenotype as LUAD and HNSCC (fig. S1,
B and C). Moreover, evaluation of published data (29) demonstrated
that the SEMA4A-high group had better survival than the
SEMA4A-low group in patients with melanoma treated with
anti-PD-1 antibody, though the P value was not significant (P =
0.061) (fig. S1D).

We next used single-cell RNA sequencing (scRNAseq) data of
NSCLC samples obtained from the National Center for Biotechnol-
ogy Information (NCBI) Gene Expression Omnibus (GEO)
(GSE131907) to determine which cell population predominantly
expressed SEMA4A in the TME (24). DCs, tumor-associated mac-
rophages (TAMs), and epithelial cells in the TME have a higher per-
centage of SEMA4A-expressing populations than other subsets (fig.
S2A), and the expression levels of SEMA4A are comparable among
DCs, TAMs, and epithelial cells (fig. S2B). The number of SEMA4A-
expressing cells in epithelial cells was much higher than that in DCs
and TAMs (fig. S2B), indicating that SEMA4A is mainly expressed
by epithelial cells, including tumor cells, in the TME.

To clarify which Sema4A-expressing cells in the TME are in-
volved in modulating the sensitivity to ICI treatment, we investigat-
ed two murine models that differed regarding the time course of
tumor development. The first model was a genetically engineered
mouse model (GEMM) of LUAD consisting of Kras©**P-mutated
mice with or without Sema4a-deficient lung cancers (Kras and
Kras/Sema4a KO). In this model, it takes several months for
visible tumors to develop. The second model was a syngeneic
LUAD model involving subcutaneous transplantation of a
KrasS'?P-mutated, Tp53-deficient LUAD cell line (KP) (30) with
ovalbumin (OVA) expression (KPOYA). Because cancer cells did
not express Sema4A in either of these models, the impact of
Sema4A expression by immune cells and stromal cells on the
tumor growth and tumor immune microenvironment was evaluat-
ed. Kras/Sema4a KO mice showed significantly worse prognosis
than Kras mice (fig. S3A). Pathological evaluation revealed a
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Fig. 1. Sema4A expression in tumors is linked to preferable prognosis and T cellactivation gene signatures in patients with NSCLC and HNSCC. (A) OS curves of
patients in the TCGA dataset who were followed up for 5 years were compared between the SEMA4A-high (red, upper 50%) and SEMA4A-low (black, lower 50%) groups for
LUAD (n = 253 versus 252, **P < 0.01, log-rank test) and HNSCC (n = 259 versus 260, *P < 0.05, log-rank test). HR, hazard ratio; Cl, confidence interval. (B) GSEA results of the
TCGA dataset showing representative gene signatures that are significantly enriched in SEMA4A-high tumors compared to SEMA4A-low tumors. NES, normalized enrich-
ment score; FDR, false discovery rate. (C) IHC staining for Sema4A in NSCLC specimens collected before the initiation of PD-1-blocking treatment. Sema4A staining
(brown). Magnification, x20. Scale bar, 100 um. (D) Number of cases who responded or did not respond to the anti—PD-1 antibody pembrolizumab in the Sema4A-
positive group (34 responders of 42 total cases) versus the Sema4A-negative group (7 responders of 20 total cases) (***P < 0.001, Fisher's exact test). Red represents
responders, who completed six or more courses, and black represents nonresponders, who completed fewer than six courses. (E) PFS of patients with NSCLC treated with
pembrolizumab was compared between Sema4A-positive (red, n = 42) and Sema4A-negative (black, n = 20) groups. ***P < 0.001, log-rank test.

larger tumor size and a smaller number of tumor-infiltrating CD8"
T cells in Kras/Sema4a KO mice than in Kras mice (fig. S3, B to D).
In the syngeneic model, KP?V* cell lines were subcutaneously in-
jected into wild-type (WT) and Sema4a knockout (KO) mice.
There was a trend toward faster tumor growth in Sema4a KO
mice than in WT mice, although the difference was not significant

Naito et al., Sci. Adv. 9, eade0718 (2023) 19 May 2023

(fig. S4, A and B). On the basis of these findings in two murine
models without cancer cell Sema4A expression, Serma4a deficiency
in both immune cells and stromal cells was thought to have a
modest impact on antitumor immunity. Therefore, it might take
longer for a significant difference in tumor burden to be detected
in the GEMM than in the syngeneic model.
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Sema4A expressed by natural killer cells, DCs, and TAMs
has a modest effect on the CD8* T cell immune response
We evaluated the role of Sema4A in natural killer (NK) cells and
DCs, both of which are involved in antitumor immunity, and
DC-derived Sema4A was reported to be important for priming
CD4"Ty cells (20). We characterized NK cells from WT and
Sema4a KO mice under normal conditions. The expression levels
of the NK-activating receptors NKG2D and DNAMI1 were compa-
rable between WT and Sema4a KO mice (fig. S5A). A chromium-51
(°'Cr)-release assay using YAC-1 and KP cells as targets also exhib-
ited no significant difference between WT and Sema4a KO mice
(fig. S5B), suggesting that Sema4A is unnecessary for NK cell acti-
vation and cytotoxic function. For DCs generated with granulocyte-
macrophage colony-stimulating factor (GM-CSF) (GM-DCs) or
FIt3L (FL-DCs) from WT and Sema4a KO mice, maturation and
activation markers were comparable between the two types of
mice (fig. S6, A and B). The expression of Sema4A in DCs was
induced by interferon-y (IFN-y) and several Toll-like receptor
ligands. In GM-DCs, Pam3CSK4 induced the strongest Sema4A ex-
pression (fig. S7, A and B). When OT-1 CD8" T cells were cocul-
tured with activated WT DCs expressing increased Sema4A or
Sema4a KO DCs, no significant difference was detected in T cell
proliferation (fig. S7, C and D). We also isolated Sema4A-expressing
TAMs (CD45" F4/80") from KP®V* tumors (fig. S8A) and evaluat-
ed whether TAMs loaded with OVA peptide functioned as antigen-
presenting cells, like GM-DCs, to promote OT-I CD8" T cell pro-
liferation. Consistent with a recent report (31), the proliferation of
OVA-specific CD8" T cells was barely induced by TAMs (fig. S8B).
Together, there was little evidence that Sema4A on NK cells, DCs, or
TAMs promoted the CD8" T cell immune response, including in
the TME.

Sema4A-expressing tumor cells enhance the proliferative
and effector functions of antigen-specific CD8" T cells
We investigated the role of Sema4A in the TME in terms of patients’
clinical responses to ICI. We originally performed immunohisto-
chemistry (IHC) of Sema4A in NSCLC specimens (n = 62) before
initiating first-line treatment with the anti—~PD-1 antibody pembro-
lizumab. Patient characteristics are described in table S1. Sema4A
staining by ITHC was classified as positive or negative on the basis
of Sema4A expression in tumor cells (Fig. 1C), because by perform-
ing multiplex IHC (mIHC) with representative formalin-fixed par-
affin-embedded specimens from patients with NSCLC in this
cohort, we confirmed that cells expressing Sema4A in the TME
were predominantly cancer cells. However, TAMs and DCs
showed high Sema4A expression, which was consistent with the
scRNAseq data (fig. S9, A and B). Compared to patients with
SemaA4-negative NSCLCs, those with Sema4A-positive NSCLCs
showed a significantly higher frequency of responders (Fig. 1D)
and significantly longer progression-free survival (PFS) (Fig. 1E).
We then investigated the role of tumor cell Sema4A in murine
models. We transduced Sema4A into two cell lines, KP and oral
squamous cell carcinoma 2 (MOC2). These cell lines were also
transduced with OVA (KP°V* and MOC2°Y4) with or without
Sema4A (OVA-mock or OVA-Sema4A). These cell lines were in-
jected into mice via subcutaneous and intratracheal routes. After
subcutaneous injection, tumor growth was significantly faster in
KPOVAmok collg than in KPOVASemaIA el (Fig. 2, A and B). To
further evaluate the correlation between Sema4A expression level
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and tumor growth inhibition, we sorted low and high Sema4A-ex-
pressing cells (KPOVA-SemaéLA»low and KPOVA»SemaAlA-high) from
KPpOVASemathA (fig §10A). H2Kb SIINFEKL induction by IFN-y
and tumor growth in vitro were comparable between KPOVA-™0K,
KPpOVA-Semadd-low o q gpOVA-SematA-high colfs (fig. $10, B and C).
We confirmed that the Sema4A expression level in the KP?V* cell
line was correlated with tumor growth inhibition (Fig. 2, C and D).
Similar results were also obtained in MOC2°V*-injected mice (fig.
$10, D to H). In addition, IHC staining of tumors revealed that
more CD8" and granzyme B cells infiltrated into KPOVA-Semath
tumors than into KP?YA™°* tumors (Fig. 2, E to H). For intratra-
cheal injection, survival was significantly longer in mice injected
with KPOVA-SematA compared to KPOVAmock (Fig. 2I). To further
investigate the contribution of endogenous Sema4A expression to
antitumor immunity in tumor cells, we confirmed the expression
of endogenous Sema4A in a leukemia cell line (WEHI-3B), which
we transplanted into WT mice (32). We used short hairpin RNA
(shRNA) to develop Sema4a knockdown cells (WEHI-3B**¥P)
and its control cell line (WEHI-3B™) (fig. S11A) and evaluated
their growth in vivo. Consistent with Sema4A overexpression,
Sema4a KD tumor showed worse clinical outcome (fig. S11, B
and C).

We evaluated the immunological profile of immune cells isolat-
ed from KPOVA ™ok and KPOVASema4A tymors at day 8 after subcu-
taneous injection (Fig. 3A). OVA-specific responses, cytotoxic
function, and differentiation markers, such as CD107a and Tbet,
in tumor-infiltrating CD8" T cells were significantly increased in
KPOVA-SemadA tymors compared to KPOVA™* tumors (Fig. 3, B
and C). PD-1 positivity in T cells was elevated, whereas the positiv-
ity of terminal exhaustion markers such as LAG3 and TOX was not
(Fig. 3D). These results were consistent with those from models
using cancer cells originally expressing Sema4A (fig. S11, D to F).
While the number of CD4" T cells was comparable, the number of
Tregs Was significantly decreased in KPOVA**™** tumors compared
to KPOVA ™ok tymors (Fig. 3B). Regarding other immune cell pop-
ulations, NK cells, granulocytic myeloid-derived suppressor cells
(G-MDSCs), and inflammatory monocytes were also decreased in
KPOVA-SematA tymors compared to KPOVA™Ok tumors (fig. S12).
To evaluate whether tumor-derived Sema4A modulates the tumor
immune microenvironment by interacting with specific immune
cells, we injected KPOVA™k and KpOVA-Sma%A tymors into Rag2
KO mice or mice treated with CD8-depletion antibodies. The
growth inhibition of KPVA5™A tymors was abrogated (Fig. 3,
E and F). In addition, a metastatic lung cancer model using intra-
venous injection of KP cell lines (not expressed with OVA) with or
without Sema4A overexpression, in which NK cells play a major role
in tumor growth inhibition (33), did not show any difference
between the growth of KP™°K and KPS*™*A tumors (fig. S13, A
and B).

To investigate whether Sema4A on tumors modulates the sensi-
tivity to anti-PD-1-blocking treatment, we monitored the effect of
this treatment on tumor growth after subcutaneous injection of
KpOVAmock gnd KpOVA-SematA - After treatment, the volume of
KpOVASematA tumors was significantly lower than that of
KPOVA™K tumors (Fig. 4A). We isolated tumor-infiltrating CD8*
T cells from KPOVA ™ tumors and stimulated these cells with
anti-CD3 antibody with or without rSema4A. Both the OVA-
specific T cell count and IFN-y production were significantly up-
regulated after treatment with anti-CD3 antibody and rSema4A
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Fig. 2. Sema4A expression in cancer cells impedes tumor progression in murine models. (A) Tumor volume and (B) tumor weight in a syngeneic murine model are
shown. Mice were administered KP°VA with or without Sema4A overexpression [OVA-mock (O), black; OVA-Sema4A (O4A), red]. n = 4 per group, *P < 0.05, Student'’s t test.
The experiment was performed three times with similar results. (C) Tumor volume and (D) tumor weight in a syngeneic murine model are shown. Mice were administered
KP® or Sema4A overexpression with different expression levels [O, black; OVA-Sema4A-low (O4A-low), blue or OVA-Sema4A-high (O4A-high), red]. n = 6 per group, *P <
0.05, **P < 0.01, ***P < 0.001, one-way analysis of variance (ANOVA). The experiment was performed three times with similar results. (E) CD8 staining (brown) of tumorsin a
subcutaneous tumor model. Magnification, X20. Scale bar, 100 um. (F) CD8" cell count in tumors were compared between KP® and KP°*A. n = 8 per group, ***P < 0.001,
Student's t test. (G) Granzyme B staining (brown) of tumors in the subcutaneous tumor model. Magnification, x20. Scale bar, 100 um. (H) Granzyme B* cell count in tumors
were compared between KP® and KP°*A, n = 8 per group, ***P < 0.001, Student's t test. (I) Kaplan-Meier survival curves of mice in an intratracheal injection model
administered KP® or KP?*A, n = 7 per group, P = 0.0079, log-rank test. The experiment was performed three times with similar results. Results are expressed as the
mean + SEM.

(Fig. 4, B and C), and this was confirmed by RNA sequencing data  that Sema4A enhances antitumor immunity by activating
(Fig. 4D). We also performed a killing assay using OT-1 cells as ef-  antigen-specific CD8" T cells in the TME.

fector cells and KPOVA ™0k or KPOVA-Semadh cells as target cells and

found that KPOVA-Sem4A cells highly induced the killing activity of

antigen-specific T cells compared to KPOVA ™k cells (Fig. 4E).

Moreover, rSema4A partially improved the killing activity of OT-

1 cells in the same assay system (Fig. 4E). These results indicate
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and activation, and (D) exhaustion markers of tumor-infiltrating lymphocytes (TILs) in KPOA™°k (KPO) versus KPOVA-Sema4A (KpO4A) at day 8 after injection were analyzed by
flow cytometry. n = 8 per group, NS, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, Student's  test. (E) Tumor growth curves of mice subcutaneously injected with KP®
or KP?* cells (3 x 10° cells) in Rag2 KO mice. n = 5 per group. (F) Tumor growth curves and tumor weight of mice subcutaneously injected with KP® or KP®** cells (3 x 10°
cells) and treated with anti-CD8 depletion antibody (Anti-CD8) or isotype control. n =5 or 6 per group, ****P < 0.0001, one-way ANOVA. The experiments were performed

at least three times with similar results. Results are expressed as the mean + SEM.

Sema4A activates mTORC1 in T cells via plexin B and
enhances S6K phosphorylation and the polyamine
synthesis pathway
Because we found that rSema4A was able to enhance TCR stimula-
tion, we investigated whether cell-extrinsic Sema4A stimulation
could promote an antitumor effect through other immune cells.
We confirmed that rSema4A bound to each immune cell population
(fig. S14, A, C, and E) and that NK cells, GM-DCs, and FL-DCs did
not exhibit activation or differentiation after rSema4A treatment
(fig. S14, B, D, and F).

We then performed flow cytometry to assess rSema4A binding
to tumor-infiltrating T cells. The binding of rSema4A to CD8" T

Naito et al., Sci. Adv. 9, eade0718 (2023) 19 May 2023

cells in tumors was stronger than that to CD4" T cells (Fig. 5A).
Plexin Bl and B2, which interact with Sema4A, were expressed in
tumor-infiltrating CD8" T cells, whereas Neuropilin-1, which has
also been reported to recognize Sema4A, was barely expressed in
CD8" T cells in tumors (Fig. 5B). Therefore, plexinB1/B2 receptors
are considered to play a major role in recognizing Sema4A in the
TME. We also analyzed downstream signaling in CD8" T cells
from KPOVA ™o and KPOVAS™A tymors and found that
phospho-p70 S6K was significantly increased in CD8" T cells
from KPOVA-SematA tumors compared to KPOVA ™% tumors,
whereas phospho-AKT (pAKT) (Ser*”®) was significantly de-
creased, and pAKT (Thr’°®) was comparable (Fig. 5C). These
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tumor model. Anti—PD-1 antibody or isotype control were injected into mice, and therapeutic effects of KPOVA™Mok (KPO) and KPOVA-Sema#A (KpO*A) were compared (n = 7
per group). The experiment was performed three times with similar results. (B) Representative flow cytometry data of the frequency of OVA-tetramer* and IFN-y pro-
duction in CD8" T cells from TILs. T cells from TILs were cultured with no stimulation, anti-CD3 antibody, and both anti-CD3 antibody and rSema4A. (C) Percentage of OVA-
tetramer™ and IFN-y* in CD8™ T cells after anti-CD3 antibody stimulation versus anti-CD3 antibody and rSema4A stimulation. n =5 per group, *P < 0.05, **P < 0.01, paired t
test. The experiment was performed three times with similar results. (D) mRNA expression of Ifng, Prf1, and Gzmb in CD8" T cells was compared after anti-CD3 antibody
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0.05, **P < 0.01, one-way ANOVA. The experiment was performed three times with similar results. Results are expressed as the mean + SEM.

results suggest that in CD8" T cells, tumor-derived Sema4A
induced a shift from mTORC2 to mTORCI rather than to the phos-
phatidylinositol 3-kinase 3-phosphoinositide-dependent protein
kinase 1 phospho-Akt(PI3K-PDK1-pAKT) (Thr’°®) pathway,
which is downstream of CD28, thus leading to reduced expression
of pAKT (Ser*”).

Accordingly, rapamycin treatment canceled the tumor-specific
T cell proliferation and activation induced by rSema4A (Fig. 5D).
To further explore how Sema4A enhances the proliferation of
CD8" T cells without inducing exhaustion, we evaluated RNA se-
quence data from tumor-infiltrating lymphocytes (TILs) stimulated

Naito et al., Sci. Adv. 9, eade0718 (2023) 19 May 2023

with anti-CD3 antibodies and rSema4A and found that the follow-
ing polyamine biosynthesis pathway-related transcriptomes were
up-regulated in rSema4A-treated cells: adenosylmethionine decar-
boxylase 1 (Amdl), ornithine decarboxylase 1 (Odcl), and spermi-
dine synthase (Srm) (Fig. 6A). The enhancement of the polyamine
synthesis pathway by rSema4A significantly increased the levels of
metabolites such as spermine and spermidine as measured by mass
spectrometry (Fig. 6B). Regarding other metabolites, which we in-
vestigated by mass spectrometry, most amino acids showed no sig-
nificant changes except for alanine, arginine, and aspartic acid (fig.
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per group, *P < 0.05, one-way ANOVA. The experiment was performed three times with similar results. Results are expressed as the mean + SEM.

S15A). There were no significant differences in the three fatty acids
analyzed (fig. S15B).

When TILs were treated with AMD-1 inhibitor (sardomozide
dihydrochloride) and ODC-1 inhibitor (eflornithine hydrochloride
hydrate), IFN-y production was similarly up-regulated in rSema4A-
treated cells compared to untreated cells. By contrast, Ki-67 expres-
sion showed no difference between CD8" T cells stimulated with
anti-CD3 alone versus anti-CD3 plus rSema4A (Fig. 6C). These
findings suggest that Sema4A activates mTORC1 in T cells and
the polyamine biosynthesis pathway might be involved, particularly
in the proliferation of T cells treated with rSema4A.

Administration of rSema4A improves the sensitivity to PD-
1-blocking treatment

The aforementioned results verified the therapeutic effect of
rSemaA administration in murine models. As expected, rSema4A
and anti-PD-1 treatment improved the therapeutic outcome com-
pared to each monotherapy (Fig. 7, A and B). Also, the therapeutic
effect was abolished by depletion of CD8" T cells (Fig. 7C). In vivo
administration of rSema4A improved OVA-specific T cell prolifer-
ation and IFN-y production, resulting in a nonsignificant decrease
in Tieg, (Fig. 7D). Last, we evaluated rSema4A-stimulated tumor-in-
filtrating CD8" T cells from surgically resected human NSCLC and
HNSCC tumors and from pleural effusion samples of patients with

Naito et al., Sci. Adv. 9, eade0718 (2023) 19 May 2023

NSCLC. As with TILs in murine models, CD8" TILs treated with
rSema4A showed elevated expression of IFN-y and Ki-67 (Fig. 8,
A and B). Together, these results demonstrate that Sema4A ex-
pressed by tumor cells was more effective than that expressed by
immune cells in terms of ameliorating antitumor function and pro-
liferation of CD8" T cells by promoting mTORC1-S6K signaling
and polyamine synthesis (fig. S16).

DISCUSSION

This study demonstrated that tumor-infiltrating CD8" T cells were
highly activated by Sema4A expressed in tumor cells in the TME,
and this improved the sensitivity to PD-1-blocking treatment in
both murine models and in patients with NSCLC. In our cohort,
patients with Sema4A-positive NSCLCs showed a better therapeutic
response to anti-PD-1 antibody than Sema4A-negative NSCLCs.
Our analysis of a previously published scRNAseq dataset and
mIHC of human NSCLC revealed that Sema4A expression was
mainly detected on epithelial cells, including tumor cells in the
TME of NSCLCs. This confirms that Sema4A expressed in tumor
cells contributes significantly to activating cytotoxic CD8" T cells
in the TME. GSEA using a TCGA dataset showed that high
SEMA4A expression was significantly correlated with T cell activa-
tion and a favorable prognosis in patients with LUAD. Moreover,
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methionine; MTA, methylthioadenosine. Results are expressed as the mean + SEM.

the same trend was confirmed in patients with HNSCC and SKCM.
Although we have previously shown that Sema4A expressed by DCs
plays an important role in the activation and differentiation of CD4"
T cells in mice (19, 20), this study suggests that in terms of tumor-
specific CD8" T cell activation, especially in patients with NSCLC,
Sema4A can more efficiently function in the effector phase than in
the priming phase because the dominant source of Sema4A is
tumor cells in the TME.

Because the expression level of Sema4 A was positively correlated
with tumor growth inhibition and antigen-specific CD8" T cell

Naito et al., Sci. Adv. 9, eade0718 (2023) 19 May 2023

infiltration in murine models, we explored how Sema4A on
tumor cells enhanced CD8" T cell activity in the TME. rSema4A
bound to tumor-infiltrating CD8" T cells much more strongly
than to tumor-infiltrating CD4" T cells, suggesting that Sema4A
mainly interacts with CD8" T cells in the TME. Although
Sema4A particularly targets plexin B2 on CD8" T cells in murine
infectious disease models (34), the expression of both plexin Bl
and B2 was detected on CD8" T cells from TILs, suggesting that
both plexins could be receptors for Sema4A in our cancer models.
When isolated tumor-infiltrating CD8" T cells from patients with
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Fig. 7. rSema4A improves the efficacy of antiPD-1 antibody treatment in murine models. — (A) Schematic image of the treatment schedule in the subcutaneous
tumor model. (B) Tumor growth curves of mice subcutaneously injected with KPOYA™ cells (KP®) (3 x 10° cells) and treated with anti-PD-1 antibodies or isotype control,
with or without rSema4A. n = 9 to 12 per group, *P < 0.05, one-way ANOVA. The experiment was performed three times with similar results. (C) Tumor growth curves of
CD8-depleted mice subcutaneously injected with KP® (3 x 10° cells) and treated with anti-PD-1 antibodies or isotype control, with or without rSema4A. n = 6 to 7 per
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compared between the anti-PD-1 antibody group and the anti-PD-1 antibody plus rSema4A group. n = 6 to 7 per group, *P < 0.05, Student's t test. The experiment

was performed three times with similar results. Results are expressed as the mean + SEM.

Naito et al., Sci. Adv. 9, eade0718 (2023)
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Fig. 8. rSema4A increases the effector function and proliferation of CD8" T cells from human tumors. (A) Representative flow cytometry data of the frequencies of
IFN-y production and Ki-67 positivity in CD8" T cells from TILs of human cancers. T cells from TILs were cultured with anti-CD3 antibody or both anti-CD3 antibody and
rSema4A. FSC, forward scatter. (B) Percentages of CD8" T cells positive for IFN-y (n = 7) and Ki-67 (n = 5) after anti-CD3 antibody stimulation versus anti-CD3 antibody plus
rSema4A stimulation. *P < 0.05, paired t test. LC, lung cancer; LC-PE, pleural effusion of patients with lung cancer.

cancer were treated with rSema4A, the mTORCI-S6K pathway was
up-regulated, which improves effector function by regulating Tbet
and Eomes (35). In addition, we found that pAKT (Thr3%) expres-
sion showed no significant difference following stimulation with
anti-CD3 antibody versus anti-CD3 antibody with rSema4A.
These results suggest that Sema4A derived from tumors mainly
induces a shift from mTORC2 to mTORCI, resulting in reduced
expression of pAKT (Ser*”?) without changing PI3K-PDK1-pAKT
(Thr’*®) signaling. This is consistent with the results of our previous
report using an infection model (34) and another report focusing on
the control of TOR partnering by semaphorin-plexin signaling in
Caenorhabditis elegans (36).

A previous study demonstrated that mTORCI activity was es-
sential not only for the early differentiation of naive T cells to effec-
tor T cells but also for the generation of effector responses induced
by memory T cells (37). Sema4A may function mainly in the effec-
tor phase in the TME. Intriguingly, Sema4A stimulation increased
tumor-specific CD8" T cell activation, but the treatment did not
induce the terminal exhaustion markers LAG3 and TOX; rather,
it improved proliferation in both murine models and in human
tumor-infiltrating T cells. Recent studies demonstrated that stem-
like memory T cells characterized by TCF1 expression augmented
the therapeutic response to ICIs (11), whereas rSema4A stimulation
did not alter the expression of stem-like markers, including TCF1I,
in CD8" T cells. These data suggest that CD8" T cell survival or pro-
liferation could be modulated by additional mechanisms during
rSema4A stimulation. As one possibility, we found that activation
of mTORC1 by Sema4A promoted the polyamine synthesis
pathway in CD8" T cells. Polyamines are small, polycationic mole-
cules derived from r-arginine (38) and include putrescine, spermi-
dine, and spermine in mammals. In polyamine synthesis, ODC
converts ornithine to putrescine, and spermidine and spermine

Naito et al., Sci. Adv. 9, eade0718 (2023) 19 May 2023

are synthesized by SRM and spermine synthase, respectively. SRM
synthesis requires decarboxylated S-adenosylmethionine (dcSAM),
which is converted from SAM by AMD-1. Previous studies showed
that polyamine synthesis was required for T cell proliferation (39),
and its inhibition suppressed their proliferation (40). AMD-1, a
component of the polyamine synthesis pathway, has been reported
to be enhanced by mTORCI1 activation (41), which was consistent
with our study. Among various amino acids, arginine was more sig-
nificantly reduced following stimulation with anti-CD3 and
rSema4A than with anti-CD3 alone. A recent paper reported that
arginine is a major carbon donor for polyamine biosynthesis in T
cells and that arginine consumption by T cells enhances polyamine
synthesis and cell proliferation in vitro under low arginine concen-
trations (42). These results suggest that the tumor metabolic micro-
environment accounted for a similar phenotype in our tumor
model. On the other hand, the medium-chain fatty acid lauric
acid (dodecanoic acid), which was recently reported to increase dif-
ferentiation of Ty;1 cells in CD4" T cells (43), did not show a signifi-
cant difference between groups in our analysis. Accordingly, our
data suggest that Sema4A could affect intracellular metabolism by
modulating the polyamine synthesis pathway via mTORC1 activa-
tion and that it enhances the proliferative capacity of antigen-spe-
cific CD8" T cells. Further studies should clarify the mechanisms
whereby Semad4a stimulation of T cells maintains cell proliferation
and prevents exhaustion, including in the TME where nutritional
conditions are poor.

In addition to the direct interaction between tumor-infiltrating
CD8" T cells and Sema4A on tumor cells, immunosuppressive cells
such as Tiegs and G-MDSCs were reduced in Sema4A-expressing
tumors, suggesting a possible role of Sema4A in optimizing the
TME. Delgoffe et al. (27) reported that Sema4A stabilized Ticg,
through Neuropilin-1, and competitive inhibition of this pathway
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by the Sema4A-immunoglobulin G (IgG) fusion protein destabi-
lized Tieqs in the TME, thus inhibiting tumor growth. These find-
ings are consistent with the results of rSema4A administration in
our study. rSema4A stimulates Sema4A/PlexinB signaling in
CD8" T cells but inhibits Sema4A/ Neuropilin-1 signaling in
Tregs- One reason for this may be that the Sema4A receptor differs
between CD8" T cells and T\eqs» although further investigation in
the difference in both types of cells is warranted. We also performed
combination treatment with rSema4A and anti—-PD-1 antibody,
which resulted in improved efficacy compared to anti-PD-1 anti-
body monotherapy, whereas rSema4A monotherapy had no thera-
peutic effect. T cell activation increases the expression of plexin B
(34), and our data also indicated that rSema4A bound to CD8" T
cells in the TME much more strongly than to splenic CD8" T
cells in the same mice. These results suggest that even after systemic
administration, rSema4A function, especially in the TME, might
depend on the level of Sema4A-receptor expression by CD8" T
cells, which would be reasonable because rSema4A acts as a T cell
stimulator in the effector phase during T cell-tumor cell interaction.
Future research will focus on the kinetics of systemic administration
of rSema4A and improving its efficacy.

In summary, Sema4A promotes the effector function and prolif-
eration of antigen-specific CD8" T cells in the TME in both mouse
and human tumors. Sema4A expression in the TME could be vital
biomarker to predict the response to ICIs. Moreover, inducing
Sema4A expression in the TME might be a promising therapeutic
strategy to improve ICI efficacy.

MATERIALS AND METHODS

Human study

All experimental protocols involving human specimens were ap-
proved by the Ethical Review Boards of the Graduate School of
Medicine, Osaka University (nos. 752, 18528, and 843), the Nation-
al Hospital Organization, Osaka Toneyama Medical Center (nos.
2018003 and 2018027), and the Osaka International Cancer Insti-
tute (no. 18207) and were carried out in accordance with the com-
mittee guidelines and regulations. The study was performed in
accordance with the Declaration of Helsinki.

TCGA dataset analysis

The TCGA LUAD, HNSCC, and SKCM datasets were obtained
from the UCSC Xenabrowser website (https://xenabrowser.net/):
Prenormalized gene expression RNA sequencing data, phenotype
information tables, and curated survival data tables were download-
ed for each dataset and merged using the sample ID. Only samples
with survival information were used for differential gene expression
and GSEA. Furthermore, the LUAD and HNSCC datasets were
subset to “Primary Tumor“~labeled samples only, while for
SKCM, both “Primary Tumor” and "Metastatic” samples were
used. Briefly, following the aforementioned filtering steps,
samples were split into SEMA4A-high and SEMA4A-low groups
using the median SEMA4A normalized expression value. Differen-
tial gene expression was carried out in R (version 4.0.4) using the
DESeq2 package, and the test statistic column of the DESeq2
output was used to generate a ranked gene list that was in turn
used as an input to the GSEA software, run in preranked mode,
to identify enriched pathways from the Biological Process ontology
(GO: BP) gene list of the MSigDB database (www.gsea-msigdb.org/
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gsea/msigdb/collections.jsp). Regarding survival analysis, the same
SEMA4A threshold was used to split patients into SEMA4A-high
and SEMA4A-low groups, and survival data were exported to
GraphPad Prism for Kaplan-Meier curve plotting and null hypoth-
esis testing.

Evaluation of the fraction of cells expressing SEMIA4A

Lung cancer (LUAD) and normal lung tissue scRNAseq data was
obtained from NCBI GEO (GSE131907) (24). RNA read counts
and metadata were analyzed in R (version 4.0.4) using Seurat
(version 4.0.5). The Seurat Object was set to select only the tLung
Sample_Origin samples. The prefiltered and normalized data were
scaled using the same settings as Kim et al. (24) (do.scale = FALSE,
do.center = TRUE, scale.max = 10). Cell types were reclassified into
groups using the provided “Cell_type” and “Cell_subtype” metadata
to separate the T lymphocytes into CD4" and CD8" T cells, and the
myeloid cells into DCs, macrophages, and monocytes. Otherwise,
the original “Cell_type"” classification was utilized. Cells with an
“Undetermined” cell subtype as identified by the original authors
were removed from the dataset. The fraction of SEMA4A-expressing
cells was found by counting the number of cells expressing SEMA4A
(defined as a SEMA4A relative expression level > 0) and dividing by
the total number of cells for each cell type. That calculation was per-
formed for each donor sample (n = 11).

IHC staining and image analysis

Formalin-fixed paraffin-embedded specimens obtained from surgi-
cal resections or transbronchial lung biopsy of NSCLCs were uti-
lized for IHC assessment. Sema4A expression was examined with
the primary rabbit anti-Sema4A polyclonal antibody (dilution
1:500, GeneTex), which was used in a previous study (18). After de-
paraffinization with xylene and rehydration with ethanol treatment,
sections were heated to 125°C in target retrieval solution (Dako).
After cooling, the sections were washed in tris-buffered saline
with Tween 20, blocked with blocking solution (Dako) and
normal goat serum (Vector Laboratories), and then incubated
with anti-Sema4A antibody at 4°C overnight. Next, the sections
were treated with Dako EnVision + System-HRP-Labeled
Polymer Anti-Rabbit (Dako). Diaminobenzidine (Dako) was used
as a chromogen. Sections were counterstained with hematoxylin
and observed by microscopy. For each sample, two researchers
(Y.Nai. and S.K.) and one pathologist (S.N.) independently catego-
rized Sema4A expression as positive or negative. A level of >1%
Sema4A expression in a tumor was defined as Sema4A positive,
while a level of < 1% Sema4A expression was defined as Sema4A
negative. Any inconsistencies between researchers in the evaluation
process were subject to further adjudication. CD8 and granzyme B
staining of mouse tumors from both the transgenic and subcutane-
ous models was performed by the Applied Medical Research Labo-
ratory (Osaka, Japan). CD8" cells and granzyme B" cells were
manually counted in at least three defined regions per sample: 1-
mm? regions in the syngeneic model and nodules of similar size
in the transgenic model. For mIHC, all slides were deparaffinized
by baking for 30 min at 60°C in an incubator and then placed in
xylene. Rehydration was performed using 99.5% ethanol. Antigen
retrieval was performed in Target Retrieval Solution, pH9 (Dako)
in a microwave oven until boiling, then in a steamer for 21 min at
100°C. Tissue sections were blocked with 0.3% hydrogen peroxide
in miliQ for 15 min and then incubated with anti-CD11c¢ antibody
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for 30 min. The antibody was detected using the Opal Polymer HRP
Ms + Rb (Onestep) (AKOYA Biosciences) detection system, before
visualization using Opal520 TSA for another 10 min. Subsequently,
antigen retrieval was conducted again in 10X Citrate Buffer, pH 6
(Sigma-Aldrich) to prepare the slides for the next antibody. Anti-
bodies were diluted in Antibody Diluent (DAKO). Using this
method, all samples were stained sequentially with the following:
CD68 visualized with Opal570 TSA; SEMA4A visualized with
Opal650 TSA; and pan-keratin visualized with Opal690 TSA.
Slides were counterstained with 10X Spectral DAPI (Akoya Bio-
science) for nuclear visualization for 10 min and coverslipped
using ProLong Diamond Antifade Mountant (Invitrogen). All
THC slides were scanned using the Vectra 3.0.7, and images were
visualized in Phenochart v.1.1 (AKOYA Bioscience). For immuno-
fluorescence analysis, whole-slide images were scanned with five
standard epifluorescence filters [4',6-diamidino-2-phenylindole
(DAPI), fluorescein isothiocyanate, Cy3, Texas Red, and Cy5]. A
spectral library for each fluorophore was generated with inForm
v2.5.1 (AKOYA Biosciences) using snapshots of representative
tissue areas from slides stained for each fluorophore without
DAPI staining. All images were spectrally unmixed using spectral
libraries, and were analyzed in HALO v3.4 (Indica Labs).

Mouse study

All mice were maintained in specific pathogen—free conditions at
the Institute of Experimental Animal Sciences, Osaka University.
C57BL/6 ] and BALB/c mice were purchased from CLEA Japan,
and Lox-Stop-Lox-KrasG12D (B6.129S4-Krastm4Tyj/]) mice was
purchased from The Jackson Laboratories (ME, USA). Rag2 KO
(44) was provided by the RIKEN BRC through the National BioRe-
source Project of the MEXT, Japan. OVA-specific TCR OT-1 trans-
genic mice were used on a C57BL/6 ] background and C57BL/6 ]
Sema4A-deficient mice were generated as previously described. Ad-
enovirus-carrying Cre recombinase (5 x 10° titer) (University of
Towa) was administered intranasally at 6 weeks of age to induce
tumors in Lox-Stop-Lox-KrasG12D mice (30). All breeding and
in vivo experiments were performed in accordance with the Regu-
lations on Animal Experiments at Osaka University.

Cell line establishment

Mouse lung cancer cell lines were established from lung tumor
nodules from mice with mutated Kras®'*” and homozygous Tp53
deletion, as described previously (30), and are referred to as KP cell
lines. These cell lines were grown in RPMI (Nacalai Tesque) supple-
mented with 10% fetal bovine serum (FBS), penicillin (100 U/ml),
and streptomycin (100 mg/ml). Mouse oral squamous cell carcino-
ma cell lines (MOC2) were purchased (Kerafast) and cultured ac-
cording to the described culture conditions. WEHI-3B were
purchased from the National Institutes of Biomedical Innovation,
Health, and Nutrition, and cultured as described. OVA-expressing
cells and Sema4A-expressing cells were generated using the pMX
retroviral vector system, as previously described (45, 46). In brief,
the full OVA segment was amplified by polymerase chain reaction
and cloned into a pMX retroviral vector at the Bam HI and Sal I
restriction sites. The mouse Sema4A (mSema4a) coding region
(NM_001163491) (ORIGENE) was synthesized with the 5' Eco RI
and 3' Not I restriction site and then cloned into a pMX retroviral
vector at the corresponding sites. Retroviral supernatants were gen-
erated by transfecting the retrovirus packaging vector and each

Naito et al., Sci. Adv. 9, eade0718 (2023) 19 May 2023

pMX vector containing the gene of interest into the 293 T cell
line. After transduction with polybrene (8 pg/ml), single cell-
derived clones were obtained by limiting dilution. The expression
of OVA was confirmed by IFN-y production after coculture, with
the splenocytes from an OT-1 mouse as an indicator. KP cell
lines and KP-expressing and MOC2-expressing OVA (KP°V* and
MOC2°V?) was transfected with retroviral vectors containing
SemadA (KPSemaéLA) KPOVA-Sema4A, and MOCZOVA»Semaé}A). Expres—
sion of Sema4A in WEHI-3B cells was silenced by the lentiviral in-
troduction of an shRNA targeting Sema4A (VB900060-6130vbt) or
scramble control (VectorBuilder). The expression level of OVA and
Sema4A was checked by flow cytometry. The sorting of low and
high Sema4A-expressing cells that express comparable levels of
OVA was performed using a BD FACSAria II cell sorter (BD
Biosciences).

NK cell killing assay

NK cells were isolated from splenocytes using a MojoSort Mouse
NK cell isolation kit (BioLegend). The cytolytic activity of NK
cells was tested against NK-sensitive (YAC-1) and KP9-3 cells in a
>!Cr release assay. Tumor cell lines were labeled with *'Cr by incu-
bating 1 x 10* cells in 0.5 uCi of *'Cr for 1.5 hours at 37°C. Labeled
cells were washed three times with phosphate-buffered saline (PBS)
or resuspended in complete RPMI medium and plated in 96-well
flat bottom plates (CORNING) in triplicate at a concentration of
2 x 10° cells/ml. Effector cells were added at the indicated effec-
tor:target ratios to plates incubated at 37°C for 4 hours. Superna-
tants were collected and the released °'Cr was counted using a
gamma counter. Cells were treated with 1% Triton X-100 or with
water as a measure of maximal killing. Target cells incubated
without effector cells were used to measure spontaneous >'Cr
release. Counts from triplicate wells were averaged, and then
percent lysis was calculated using the following equation: % specific
lysis = 100 x [(test 1Cr release) — (spontaneous SICr release)] /
[(maximal *>'Cr release) — (spontaneous >'Cr release)].

Generation of bone marrow-derived DCs

The tibias and femurs from WT mice were removed under sterile
conditions. Both ends of the bone were cut off with scissors, and
the bone marrow was rinsed out of the cavity into a sterile culture
dish with 2% FBS in PBS. The cell suspension in the dish was col-
lected and centrifuged, and the supernatant was discarded. The cell
pellet was resuspended with red blood cell (RBC) lysis buffer. Fol-
lowing the second centrifugation, the supernatant was discarded,
and the pelleted cells were washed with 2% FBS in PBS and collect-
ed. GM-DCs were generated by culturing bone marrow cells with
GM-CSF (20 ng/ml; R&D Systems) in complete RPMI for 6 to 8
days as previously described (47). For FL-DCs, Flt3L (200 ng/ml;
PeproTech) was used instead of GM-CSE.

OT-1 CD8" T cell proliferation assay

CD8" T cells from splenocytes of OT-1 TCR-Tg mice were isolated
using a MojoSort Mouse CD8 T cell isolation kit (BioLegend), and
stained with 0.5 M carboxyfluorescein succinimidyl ester (CFSE)
(Thermo Fisher Scientific Inc., Waltham, MA, USA). For the in
vitro assay, these cells were cocultured with different concentrations
of GM-DCs or TAMs in a round-bottom 96-well plate in the pres-
ence of OVA peptides (10 pg/ml; Sigma) were recognized by OT-1
lymphocytes. After a 72-hour incubation, the cells were stained with
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antibodies for the T cell markers. Flow cytometry was used to
analyze the CFSE dilution that occurred with each cell division.

Cancer cell stimulation and proliferation assay

Cancer cell lines were cultured in RPMI (Nacalai Tesque) supple-
mented with 10% FBS, penicillin (100 U/ml), streptomycin (100
mg/ml), and mIFN-y (20 ng/ml; R&D Systems) for 24 hours to in-
vestigate the expression of H2Kb SIINFEKL. Cell proliferation
ability was measured using a Cell Counting Kit-8 (DOJONDO).

Immune cell isolation from murine tumor samples and
analysis

Tumor-bearing mice were euthanized, and resected tumors were
shredded into small pieces and incubated in collagenase-containing
buffer: collagenase type IV (100 U/ml; Invitrogen), deoxyribonu-
clease I (50 pg/ml; Roche), and 10% FBS in RPMI 1640 medium
for 45 min. After incubation, cells were treated with RBC lysis
buffer (Thermo Fisher Scientific) and passed through a 100-um
cell strainer to remove debris. The cell pellet was dissolved by 2%
FBS in PBS and used for flow cytometry analysis. Isolated cells
were initially stained with the LIVE/DEAD Fixable Dead Cell
Stain Kit (Invitrogen). Cells were subsequently incubated with Fc-
blocking antibody (BioLegend) and then stained with monoclonal
antibodies for several surface and intracellular antigens as listed in
Supplementary Methods. Foxp3/Transcription Factor Staining
Buffer (eBioscience) was used for intracellular staining. Sample ac-
quisition was performed on a BD FACSCanto II cytometer (BD Bio-
sciences) equipped with Diva software and analyzed using Flow]Jo
software (BD Biosciences). Antibody clone numbers for immune
analysis are listed in the Supplementary Materials.

TAM sorting

Immune-cell isolation was performed as above, and sorting of
TAMs (living CD45" F4/80" cells) was performed using a BD FAC-
SAria II cell sorter (BD Biosciences).

Mouse treatment studies

Mice were subcutaneously inoculated with 3 x 10° tumor cells for
survival and treatment analysis and 5 x 10° tumor cells for immune
profiling. Intravenous injection was performed with 2 x 10° tumor
cells. Intratracheal inoculation was conducted as follows. Mice were
anesthetized and supported on an intubation stand (Natsume). A
22-G catheter (TERUMO) was inserted into the trachea. A cell sus-
pension containing 1 x 10° cells in 50-pl sterile PBS was pipetted
into the catheter and inhaled by mice. For CD8" T cell depletion
experiments, anti-CD8a (clone 53-6.7) (100 pg per mouse) (Bio X
Cell) and isotype control antibody (rat IgG2a, Bio X Cell) (100 ug
per mouse) were injected intraperitoneally at days —1, 3, 6, and 10
after tumor inoculation. For anti-PD-1 antibody treatment,
anti—-PD-1 antibody (clone RMP1-14) (200 pg per mouse) (Bio X
Cell) and isotype control antibody (rat IgG2a, Bio X Cell) (200 ug
per mouse) were intraperitoneally injected twice a week from day 3
to day 10. Recombinant mouse Sema4A-Fc (50 pug per mouse) was
purchased from Oriental Yeast and intravenously injected at days 3,
7, and 10 after tumor inoculation. Tumor size was measured using
calipers, and tumor volume was calculated using the following
formula: (major axis x minor axis?) x 0.5.
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In vitro stimulation of CD8" T cells

Mononuclear cells were enriched from tumor suspensions by
Ficoll-Paque (GE Healthcare). Cells were cultured in RPMI 1640
medium (Nacalai Tesque) supplemented with 10% FBS, penicillin
(100 U/ml), and streptomycin (100 mg/ml). For in vitro stimulation
of effector cells, CD8" T cells were stimulated for 2 days with plate-
bound anti-CD3e antibody (1 pg/ml, 2C11; BD Pharmingen) or
plate-bound anti-CD3e and recombinant mouse Sema4A-His (10
pg/ml, LSBio). In the experiment to investigate the IFN-y—
producing ability of T cells from the treatment study, cells were
stimulated with Cell Stimulation Cocktail (eBioscience) according
to the datasheet. In the inhibition experiments, rapamycin (25
ng/ml, Sigma), sardomozide dihydrochloride (10 uM,
Medchemexpress), and eflornithine hydrochloride hydrate (500
uM, Medchemexpress) were added. For human samples, anti-
CD3 antibody (5 pg/ml, OKT-3; BioLegend) and recombinant
human Sema4A-His (10 upg/ml, Sinobiological) were used.
Antibody clone numbers for immune analysis are listed in the
Supplementary Materials.

In vitro stimulation of NK cells and DCs

NK cells were isolated from splenocytes, and DCs were generated
from bone marrow as above. For in vitro stimulation, NK cells
and DCs were stimulated for 24 hours with plate-bound
recombinant mouse Sema4A-His (10 pg/ml, LSBio). NK cells
were cultured in RPMI (Nacalai Tesque) supplemented with 10%
FBS, penicillin (100 U/ml), streptomycin (100 mg/ml), and mouse
Interleukin-2 (mIL-2) (100 U/ml, R&D Systems).

Tumor-infiltrating T cell sorting and RNA sequencing
Tumor-infiltrating CD8" T cells stimulated in vitro were prepared
as above. After stimulation, sorting of activated antigen-specific T
cells (living CD45" CD8" OVA-tetramer" cells) was performed
using a BD FACSAria II cell sorter (BD Biosciences). Total RNA
was extracted from cells with an miRNeasy Mini Kit (Qiagen)
according to the manufacturer’s protocol. Full-length complemen-
tary DNA was generated using a SMART-Seq HT Kit (Takara Bio)
according to the manufacturer'’s instructions. An Illumina library
was prepared using a Nextera DNA Library Preparation Kit
(Illumina) according to the SMARTer kit instructions. Sequencing
was performed on an Illumina NovaSeq 6000 sequencer (Illumina)
in the 100-base single-end mode. Sequenced reads were mapped to
the human reference genome sequence (hgl9) using TopHat
v2.0.12. Fragments per kilobase of exons per million mapped frag-
ments were calculated using Cufflinks v2.1.1. Raw data were depos-
ited in the NCBI's GEO database (GEO GSE208167).

Cytotoxic T cell killing assay

Prior to the coculture assay, cancer cell lines (KP°Y* and
KPOVASemathy yyere stimulated with mIFN-y (20 ng/ml; R&D
Systems) overnight. CD8" T cells from splenocytes of OT-1
Rag™'~ mice were isolated using a MojoSort Mouse CD8 T cell iso-
lation kit (BioLegend). A total of 1 x 10* cancer cells were seeded in
a flat-bottom 96-well plate and cocultured with different
concentrations of CD8" T cells (1:0, 1:5, and 1:10) with or
without recombinant mouse Sema4A-His (1 pg/ml, LSBio). After
a 48-hour incubation, living cancer cells (alive CD457) were
counted by flow cytometry. Killing activity was calculated using
the following equation: killing activity = 100 x {1 — [(alive CD45"
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without T cells) — (alive CD45 ™ treated with T cells)] / (alive CD45~
without T cells)}.

rSema4A binding assay

To detect rSema4A binding, immune cells were incubated with
rSema4A-Fc (10 pg/ml, Aipogen) for 30 min after dead cell staining
and Fc blocking. Cells were washed with 2% FBS in PBS and incu-
bated with anti-human IgG1-R-phycoerythrin (5 pg/ml, Southern
Biotech) for 30 min as secondary antibody. Binding of rSema4A
was detected by flow cytometry.

Metabolite extraction

CD8" T cells from splenocytes of tumor-bearing WT mice stimu-
lated in vitro were prepared as above. After stimulation, sorting of
CD8" T cells (living CD45" CD8" cells) was performed using a BD
FACSAria II cell sorter (BD Biosciences). The cell suspension was
transferred to a tube and centrifuged to pellet the cells. Culture
medium was aspirated from the tube, and the cells were washed
with 10 ml of 5% mannitol solution. The cells were then treated
with 800 pl of methanol and vortexed for 30 s to suppress enzymatic
activity. Next, 550 pl of Milli-Q water containing internal standards
[H3304-1002, Human Metabolome Technologies Inc. (HMT), Ya-
magata, Japan] was added to the cell extract, which was vortexed for
another 30 s. The extract was then centrifuged at 2300g at 4°C for 5
min, after which 700 pl of the supernatant was centrifugally filtered
through a Millipore 5-kDa cutoff filter (UltrafreeMC-PLHCC,
HMT) at 9100g at 4°C for 120 min to remove macromolecules. Sub-
sequently, the filtrate was evaporated to dryness under a vacuum
and reconstituted in 50 pl of Milli-Q water for metabolome analysis
at HMT.

Metabolome analysis (w scan)

Metabolome analysis was conducted according to HMT's w Scan
package, using capillary electrophoresis Fourier transform mass
spectrometry (CE-FTMS) based on the methods described previ-
ously (48). Briefly, CE-FTMS analysis was carried out using an
Agilent 7100 CE capillary electrophoresis system equipped with a
Q Exactive Plus (Thermo Fisher Scientific), an Agilent 1260 iso-
cratic HPLC pump, an Agilent G1603A CE-MS adapter kit, and
an Agilent G1607A CE-ESI-MS sprayer kit (Agilent Technologies
Inc., Santa Clara, CA, USA). The systems were controlled by
Agilent MassHunter workstation software LC/MS data acquisition
for 6200 series TOF/6500 series Q-TOF version B.08.00 (Agilent
Technologies) and Xcalibur (Thermo Fisher Scientific) and con-
nected by a fused silica capillary (50-pm inner diameter by 80-cm
total length) with commercial electrophoresis buffer (H3301-1001
and 13302-1023 for cation and anion analyses, respectively, HMT)
as the electrolyte. The spectrometer was scanned from mass/charge
ratio (m/z) 50 to 1000 in positive mode and from m/z 70 to 1050 in
negative mode. Peaks were extracted using MasterHands (Keio Uni-
versity, Yamagata, Japan), an automatic integration software system,
to obtain peak information including m/z, peak area, and migration
time (MT) (49). Signal peaks corresponding to isotopomers, adduct
ions, and other product ions of known metabolites were excluded,
and the remaining peaks were annotated according to HMT’s me-
tabolite database based on their m/z values and MTs. Areas of the
annotated peaks were then normalized to internal standards and
sample volume to obtain relative levels of each metabolite. Hierar-
chical cluster analysis and principal components analysis (50) were

Naito et al., Sci. Adv. 9, eade0718 (2023) 19 May 2023

performed by HMT’s proprietary MATLAB and R programs, re-
spectively. Detected metabolites were plotted on metabolic
pathway maps using VANTED software (51).

Immune cell isolation from human samples

Surgically resected fresh tumors from patients with NSCLC or
HNSCC were shredded into small pieces and transferred into a gen-
tleMACS C tube (Miltenyi Biotec) that contained the reagents of a
tumor dissociation kit (Miltenyi Biotec). Minced tumors were dis-
sociated gently with a gentleMACS dissociator (Miltenyi Biotec) to
yield cell suspensions. Next, cells were treated with RBC lysis buffer,
and the debris was removed as described above. Pleural effusion
fluid from patients with lung cancer was treated in the same way.

Statistical analysis

All statistical analyses were performed in GraphPad Prism 7. Surviv-
al analysis was performed using Kaplan-Meier survival plots, and
the log-rank test P value was calculated. Patients’ survival data
were censored at 5 years. Student's ¢ test and the paired ¢ test were
used for two-group comparisons, while one-way analysis of vari-
ance (ANOVA) was used for comparisons of more than two
groups. Fisher's exact test was used to compare two categorical var-
iables. Numerical data are presented as means + SEM. A P value of
less than 0.05 was considered significant.

Supplementary Materials
This PDF file includes:

Figs. S1 to S16

Tables S1 to S5

View/request a protocol for this paper from Bio-protocol.
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