The Journal of Clinical Investigation RESEARCH ARTICLE

Endothelial 0X40 activation facilitates tumor cell
escape from T cell surveillance through S1P/YAP-
mediated angiogenesis
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cell compartments on immunotherapy.

Introduction

Immune cells are the front line of host defense against tumor develop-
ment, and T cells play a major role in tumor immunosurveillance (1,
2). Tumor cells evade immune responses from T cells, partly because
of the immunosuppressive features of the tumor microenvironment
(TME) (3, 4). The TME is a highly heterogeneous milieu composed
of various cell types and the extracellular matrix (5), which affects
tumor development, progression, and response to treatments (6).
Rather than working alone, tumor cells interact closely with the
extracellular matrix and stromal cells, forming a favorable TME for
the tumor. Within the TME, various immune and non-immune cells
together with the cytokines secreted by these cells drive a chronic
inflammatory, immunosuppressive, and proangiogenic intratumoral
environment (7, 8). Tumor cells can adapt and grow in environments
with a markedly lower possibility of being monitored and eliminated
by host immune system (9). Recently, strategies targeting the TME
have emerged as promising approaches for cancer treatment because
of their critical role in regulating tumor progression.
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Understanding the complexity of the tumor microenvironment is vital for improving immunotherapy outcomes. Here, we
report that the T cell costimulatory molecule 0X40 was highly expressed in tumor endothelial cells (ECs) and was negatively
associated with the prognosis of patients, which is irrelevant to T cell activation. Analysis of conditional 0X40 loss- and
gain-of-function transgenic mice showed that 0X40 signal in ECs counteracted the antitumor effects produced in T cells by
promoting angiogenesis. Mechanistically, leucine-rich repeat-containing GPCRS5 (Lgr5* ) cancer stem cells induced 0X40
expression in tumor ECs via EGF/STAT3 signaling. Activated 0X40 interacted with Spns lysolipid transporter 2 (Spns2),
obstructing the export of sphingosine 1-phosphate (S1P) and resulting in S1P intracellular accumulation. Increased S1P
directly bound to Yes 1-associated protein (YAP), disrupting its interaction with large tumor suppressor kinase 1 (LATS1)
and promoting YAP nuclear translocation. Finally, the YAP inhibitor verteporfin enhanced the antitumor effects of the 0X40
agonist. Together, these findings reveal an unexpected protumor role of 0X40 in ECs, highlighting the effect of nonimmune

Currently, the foundation of cancer immunotherapy focused
on T cells lies in intervention into their functions (10). The primary
T cell intervention strategy available clinically is immune check-
point blockade (ICB) (11, 12). Despite the efficacy of ICB immu-
notherapy, one subset of cancer patients with low PD-L1 expres-
sion develop progressive disease, necessitating additional treatment
options (13). To address this question, efforts to improve T cells’
antitumor responses have shifted to triggering costimulatory signals
by targeting specific molecules (14). The costimulatory molecule
0OX40 is the primary focus in this context and plays a vital role
in maintaining CD4* and CD8" T cell functions and enhancing T
cell-specific cytokine production (15, 16). Pharmaceutical compa-
nies have initiated clinical trials of OX40 agonists for tumor immu-
notherapy. Unexpectedly, almost all OX40 agonistic monotherapies
have an objective response rate lower than 10% (17); thus, no OX40
agonists have been investigated further in phase III clinical trials.
Moreover, the combined application of OX40 agonists and ICBs
can doubly activate T cells in a short period (18), while prelimi-
nary clinical data showed that the objective response rate of the
combination treatment still does not exceed 13% (17, 19). Thus, it
is urgent to unlock the reasons for the failure of OX40 agonists in
clinical trials, and additional therapeutic strategies should be devel-
oped to address the clinical application dilemma.

Clinical trial data have shown that OX40 agonists enhance
antitumor immunity, including activation of CD4* and CD8" T
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cells and natural killer cells and inhibition of regulatory T cell
functions (19, 20). This suggests that OX40 agonists are able to
activate the antitumor immunity in vivo. Considering the poor
therapeutic effect of OX40 agonists in clinical trials, we speculat-
ed that OX40 agonists may reshape the non-immune microenvi-
ronment (NIM), which counteracts T cell-mediated antitumor
immune responses triggered by OX40 agonists. To clarify the
impact of OX40 agonists on NIM, we applied T cell-immuno-
compromised mice and revealed the unexpected tumor-promoting
effects of OX40 activation. We then performed single-cell RNA
sequencing (scRNA-Seq), metabolic mass spectrometry analyses,
and preclinical studies using patient-derived xenograft models to
address the following questions: Which cell subset of NIM bears
0OX40 function in addition to T cells? Are there any differences
in the biological roles of OX40 between NIM and T cells? What
are the mechanisms that underlie these differences? How can we
address the tumor-promoting effect of OX40 signaling in NIM
under T cell activation conditions and design potential strategy
for T cell activation therapy? This study provides answers to these
questions with a deeper understanding of the oncogenic biology
of OX40, laying a theoretical foundation for the combined therapy
strategy of T cell activation.

Results

0X40 signal exerts an unexpected protumor function in the NIM. Clin-
ical trial data on OX40 agonists did not show satisfactory anti-
tumor effects, although they activated the immune response (19,
20), hinting at the complex regulatory function in the TME. To
clarify the functionality of OX40 activation in non-immune cell
compartments, we chose T cell-immunodeficient (BALB/c nude)
and severely immunodeficient mice (NSG) and administered OX40
activation, including natural OX40 ligand (OX40L) and anti-OX40
agonistic antibody (0OX40) treatments. Unexpectedly, we observed
that OX40 activation promoted tumor growth (Figure 1, A and B).
These results indicate that OX40 activation may exert protumor
functions in non-immune cell components.

We further validated the tumor-promoting effects of OX40
activation in the metastatic models. We established an orthotopic
colon tumor liver metastasis model and a tail-vein injection pul-
monary metastasis model in NSG mice, using mouse colon can-
cer MC38 cells doubly labeled with luciferase (LUC) and green
fluorescent protein (GFP) (MC38-LUC-GFP). Luciferase signal
intensity showed that OX40 activation resulted in significant liv-
er or lung metastases compared with the corresponding controls
(Figure 1, C and F). GFP signal intensity also showed similar
results (Figure 1, D and G). Moreover, OX40 activation marked-
ly shortened the survival time of mice in both tumor metastatic
models (Figure 1, E and H).

To further substantiate the protumor role of OX40 signaling
in NIM, we performed T cell depletion in immunocompetent
C57BL/6J mice using the anti-CD3 antibody—mediated in vivo cell
depletion method. Subcutaneous tumors were established in this
mouse model. Flow cytometry analysis confirmed that anti-CD3
antibody treatment successfully immunodepleted intratumoral
CD3* T cells (Figure 1I). First, we observed that T cell depletion
potentiated subcutaneous tumor growth, in comparison with the
CD3-intact group (Figure 1J). Importantly, in the T cell-intact
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group, cOX40 treatment markedly inhibited tumor growth, where-
as in T cell-depleted mice, «OX40 treatment enhanced tumor
growth compared with that in the vehicle group (Figure 1J). Alto-
gether, these data suggest that OX40 signaling in NIM exerts pro-
tumor effects.

OX40 is highly expressed in tumor endothelial cells and promotes
tumor progression. To investigate the molecular mechanisms of
0OX40’s tumor-promoting functions, we analyzed and compared
0OX40 expression levels in various cell subpopulations of colorec-
tal cancer (CRC) and corresponding non-tumor (NT) tissues using
single-cell transcriptome sequencing (scRNA-Seq). In addition to
T cells, OX40 was highly expressed in tumor ECs, and its expres-
sion was markedly lower in the other 8 cell subpopulations (Figure
2A). Moreover, OX40 abundance in endothelial cells (ECs) from
CRC tissues was markedly higher than that in ECs from NT tissues
(Figure 2A). The OX40" percentage of ECs from tumor tissues was
26.75%, whereas that of ECs from NT tissues was 7.35% (Figure
2B). OX40 was more obviously colocalized with the vascular EC
marker CD31 in CRC tissues, whereas in NT tissues, OX40 and
CD31 colonization was minimal (Figure 2C). Statistically, the
percentage of OX40* vascular endothelium was markedly higher
in CRC tissues than in NT tissues (Figure 2D). Moreover, OX40
expression was markedly upregulated in CD31* cells from CRC tis-
sues compared with that in the NT group (Figure 2E). We further
applied laser microdissection to separate ECs from CRC tissues and
evaluated the expression of OX40. Consistent with CD31, OX40
was highly expressed in the vascular ECs (Supplemental Figure 1A;
supplemental material available online with this article; https://
doi.org/10.1172/JCI186291DS1). Additionally, OX40 was posi-
tively correlated with the expression of the canonical EC marker
genes CD31, VWF, and CD34 in The Cancer Genome Atlas Colon
Adenocarcinoma (TCGA-COAD) dataset (Supplemental Figure
1B). These findings suggest that OX40 is highly expressed in neo-
plastic ECs and may serve as a potential biomarker for tumor ECs.

Next, we investigated the biological functions of OX40 in ECs.
scRNA-Seq data showed that tumor-promoting genes associated
with cell proliferation, stemness, metastasis, drug resistance, and
key transcription factors (TFs) were upregulated in OX40" ECs from
CRC tissues, whereas important tumor suppressors, including RB,
BAD, and FAS, were markedly reduced (Supplemental Figure 2A).
This implies that OX40 signaling may produce protumor effects in
tumor ECs. Then, we investigated the relationship between OX40
expression and patient prognosis. First, tumor patients with active
T cell proliferation had a markedly longer survival time (Figure
2F). Interestingly, patients with high OX40 expression in tumor
ECs possessed an unfavorable prognosis compared with those with
low OX40 expression (Figure 2F). This implies that OX40 sig-
naling may exhibit a protumor function in tumor ECs, which is
opposite to the well-known antitumor effects in T cells. To confirm
this hypothesis, we analyzed the biological functions of OX40 in
ECs using human umbilical vein ECs (HUVECs). OX40 activation
after OX40L treatment substantially increased cell proliferative
ability (Supplemental Figure 2B), migratory ability (Supplemental
Figure 2C), tube-forming capacity (Supplemental Figure 2D), and
tumor cell transendothelial migratory ability (Supplemental Figure
2, E and F). Next, we evaluated the impact of OX40 activation
on vascular functionality in vivo. Oxygen supply in the TME is an
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Figure 1. 0X40 activation promotes tumor growth and metastasis in T cell-immunocompromised mice. (A and B) Images (left) and volume (right)

of subcutaneous tumors established using MC38 cells treated with mouse 0X40L protein (0X40L; 200 mg/mouse, i.p.) or anti-mouse 0X40 agonistic
antibody (¢0X40; 100 pg/mouse, i.p.) in BALB/c nude mice (A) and NSG mice (B) (n = 8). (C-E) Bioluminescent intensity (C), metastatic nodules in the
liver (D), and survival of mice (E) from the colon orthotopic metastasis model established using MC38 cells treated with mouse OX40L protein (0X40L;
200 mg/mouse, i.p.) or anti-mouse 0X40 agonistic antibody (¢0X40; 100 pg/mouse, i.p.) in NSG mice (n = 6). (F-H) Bioluminescent intensity (F),
metastatic nodules in the lung (G), and survival of mice (H) from the pulmonary metastasis model established using MC38 cells treated with mouse
OX40L protein (OX40L; 200 mg/mouse, i.p.) or anti-mouse 0X40 agonistic antibody («0X40; 100 pg/mouse, i.p.) in NSG mice (n = 6). (I) Anti-mouse
CD3 antibody (200 pg/mouse, i.p.) was applied to deplete T cells in C57BL/6) mice. Then, CD3* T cells were measured by flow cytometric analysis in
CD45* single-cell suspensions sorted from subcutaneous tumors in CD3* T cell-depleted mice and IgG control mice (n = 3). (J) Images (left) and volume
(right) of subcutaneous tumors established using MC38 cells treated with vehicle or anti-mouse 0X40 agonistic antibody (¢0X40; 100 pg/mouse, i.p.)
in 1gG mice and CD3* T cell-depleted mice (n = 8). Two-way ANOVA (A, B, and J), 1-way ANOVA (C, D, F, G, and I), or log-rank test (E and H) was used for
statistical analysis. Lg ROI, log, region of interest.
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important functional manifestation of the blood vessels (21). The
results displayed that the abundance of hypoxia-inducible factor-1a
(HIF-1a) in the TME was obviously reduced after OX40 activation
(Supplemental Figure 2G).

We further validated the biological functions of OX40 in trans-
genic mice. First, OX40L treatment enhanced T cell proliferation
independent of OX40 expression in ECs (Supplemental Figure 3,
A-D), and correspondingly inhibited tumor growth (Figure 2, G
and 1) and metastasis (Figure 2, H and J) in control mice (Ox40*
k:Ctrl and Ox40"",Ctrl). However, conditional OX40 overexpression
in ECs promoted angiogenesis (Supplemental Figure 3, A and B),
and enhanced tumor growth (Figure 2G) and metastasis (Figure
2H); OX40L treatment further aggravated angiogenesis (Supple-
mental Figure 3, A and B) and tumor-promoting effects (Figure 2,
G and H). Conversely, conditional OX40 knockout in ECs marked-
ly inhibited angiogenesis (Supplemental Figure 3, C and D), tumor
growth, and metastasis (Figure 2, I and J). More importantly,
OX40L treatment further inhibited tumor growth and metastasis
after deletion of OX40 in ECs (Figure 2, I and J). Taken together,
these results indicate that OX40 signal in ECs can counteract T
cell-mediated antitumor effects by inducing angiogenesis.

To clarify the protumor role of OX40 in pan-cancer ECs, we
analyzed open-access data from the Tumor Immune Single-cell
Hub single-cell transcriptome database and identified several
tumor types with high OX40 expression in the EC subgroup, espe-
cially in colon cancer, ovarian cancer, and glioma (Supplemental
Figure 4A). We have shown the protumor role of NIM in colon
cancer; thus, we further validated this effect in 2 other cancer mod-
els. As in colon cancer, OX40 activation promoted tumor growth
(Supplemental Figure 4, B and C) and metastasis (Supplemental
Figure 4, D, E, G, and H) in ovarian cancer and glioma. Moreover,
0OX40 activation reduced the survival time of mice in metastat-
ic models (Supplemental Figure 4, F and I). Next, we evaluated
angiogenesis after OX40 activation in these tumors. We observed
higher vascular density in both OX40L- and a«OX40-treated subcu-
taneous tumors (Supplemental Figure 4, J and K). Together, these
data suggest that OX40 signal exerts protumor and pro-angiogene-
sis effects in tumor ECs.

Lgr5* tumor stem cells trigger OX40 gene transcriptional activity spe-
cifically in tumor ECs via paracrine epidermal growth factor. We next
addressed why OX40 is highly expressed in tumor ECs. First, 0X40
was highly expressed in HUVECs cocultured with CRC tissues
compared with that in HUVECsS cocultured with normal colon tis-
sues (Figure 3A). Considering that CRC tissues are mainly com-
posed of tumor cells, we measured OX40 expression in HUVECs
treated with media from human CRC cell lines, including DLDI1,
HCT116, SW480, LS174T, HT29, RKO, LOVO, and colon epithe-
lial NCM460 cells. We observed that HUVECS treated with media
from most tumor cells harbored higher OX40 mRNA and protein
levels (Figure 3B and Supplemental Figure 5A). These data suggest
that tumor cells can upregulate OX40 expression in ECs.

Evidence has indicated that cancer stem cells (CSCs) under-
go self-renewal and differentiation that contributes to tumor
initiation, recurrence, and metastasis in tumors (22-24). CSCs
are characterized by low differentiation and high malignancy
and can promote rapid tumor progression via reprogramming
of the microenvironment (25). Thus, we speculated that CSCs
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may affect OX40 expression in ECs of tumors. Supporting this
hypothesis, OX40 gene expression was upregulated in HUVECs
treated with media from leucine-rich repeat-containing GPCR5—
positive (Lgr5") SW480 cells compared with that in HUVECs
treated with media from Lgr5- SW480 cells (Figure 3C) or Lgr5*
NCM460 cells (Figure 3D). Considering that tumor stem cells
promote OX40 expression in ECs at the transcriptional level, we
analyzed TFs that may bind to the OX40 promoter using reverse
ChIP. We identified STAT3 as a potential TF that regulates
OX40 transcription because of its strong binding to the OX40
promoter in HUVECs treated with medium from SW480 cells
(Figure 3E and Supplemental Table 1). Next, we obtained 3 lines
of evidence to validate the transcriptional regulation of OX40
by STAT3: (a) phosphorylated and nuclear STAT3 were both
upregulated in HUVECs treated with media from Lgr5* SW480
cells compared with those treated with Lgr5~ counterparts (Sup-
plemental Figure 5B); (b) treatment with the STAT3 inhibitor
Stattic markedly impaired the upregulation of OX40 expression
in HUVECs induced by Lgr5* SW480 cell media (Figure 3F);
(c) Stattic treatment inhibited OX40 promoter transcriptional
activity in HUVECs (Figure 3G). Moreover, chromatin immu-
noprecipitation-PCR results consistently validated the transcrip-
tional regulation of OX40 by STAT3 (Supplemental Figure 5, C
and D). Overall, these data suggest that tumor stem cells activate
0OX40 transcription via STAT3 in ECs.

Tumor stem cells reshape the TME via paracrine cytokines
(26). We then screened for the expression of 70 angiogenesis-as-
sociated cytokines using the scRNA-Seq data. Epidermal growth
factor (EGF) was the most highly upregulated cytokine in tumor
epithelial cells and Lgr5* tumor epithelial cells compared with their
corresponding controls (Figure 3, H and I), implying that tumor
stem cell-derived EGF may be a key factor in STAT3 activation
and subsequent transcriptional activation of OX40 in ECs. In line
with this hypothesis, EGF levels were markedly higher in the media
from Lgr5* SW480 cells than in the media from Lgr5* NCM460
or Lgr5~ SW480 cells (Figure 3J). In addition, EGF/EGFR sig-
naling was activated in HUVECsS treated with media from Lgr5*
SW480 cells, as evidenced by the increased levels of phosphory-
lated JAK1 and Src (Supplemental Figure 5B). The epithelial cell
subgroup from the tumor tissues displayed the highest level of EGF
expression compared with the other cell subgroups (Supplemental
Figure 5E). Furthermore, EGF treatment markedly upregulated
0X40 expression in HUVECs (Figure 3K). siRNAs targeting the
EGF gene remarkably disrupted the ability of Lgr5* SW480 cells to
upregulate OX40 gene expression in HUVECs (Figure 3L and Sup-
plemental Figure 5F). Clinically, EGF levels were markedly higher
in the sera and tumor tissues of patients with CRC than in their
corresponding controls (Figure 4A and Supplemental Figure 5G).
Importantly, patients with high serum EGF levels harbored more
0OX40* ECs than those with low serum EGF levels (Figure 4, B and
C). Moreover, the number of proliferative T cells in tumor tissues
was not influenced by serum EGF (Figure 4B and Supplemental
Figure 5H). In addition, we observed that EGF treatment barely
impacted OX40 expression in T cells from tumor tissues (Supple-
mental Figure 5I), which might due to the negligible levels of EGF
receptor (EGFR) gene expression in T cells compared with tumor
ECs (Supplemental Figure 5J).
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Figure 2. Confirmation of high expression of 0X40 specifically in tumor
ECs and the protumor effects. (A) 0X40 gene expression in various cell
subpopulations of CRC and NT tissues using scRNA-Seq data (n = 5). FC,
fold change. (B) Proportion of 0X40- and 0X40* ECs in CRC and NT tissues
(n = 5). (C) Representative images of multicolor immunofluorescence using
anti-0X40 (green) and anti-CD31 (red) antibodies in CRC and NT tissues

(n =162). Scale bars: 30 um. (D) Analysis of the 0X40* EC percentages in
CRC and NT tissues. The data were obtained from a tissue microarray,
which included 162 pairs of CRC and NT tissues. (E) 0X40 expression in
sorted CD31* cells from CRC and NT tissues (n = 3). (F) First, 162 CRCs were
divided into 2 groups based on the median values of Ki67* percentages in
CD3* T cells: CD3*Ki67- and CD3*Ki67*. Further, these 2 groups were divided
into 4 parts based on the median values of 0X40* percentages in ECs:
CD3*Ki67-;CD31*0X40" (n = 41), CD3*Ki67-;,CD31*0X40* (n = 40), CD3*Ki67*;C-
D31*0X40" (n = 41), and CD3*Ki67+;CD31*0X40* (n = 40). Kaplan-Meier
analysis of the overall survival probability of patients in the 4 groups was
performed. (G-J) C57BL/6) mice with conditional knockin (Ox40%/4;Cd31¢/-)
or knockout (Ox407/f;Cd317/~) of 0X40 in ECs were established using

the CRISPR/Cas9 method. Subcutaneous tumors (G and 1) and splenic
injection for the liver metastasis model (H and J) were constructed in these
mice using MC38 cells and treated with recombinant mouse OX40L (n =5
or10). In H and }, the red arrows indicate the implanted primary tumor in
the spleen, and the white arrows indicate metastatic tumor lesions. Two-
tailed Student’s t test (D and E), log-rank test (F), 2-way ANOVA (G and 1),
or 1-way ANOVA (H and J) was used for statistical analysis.

The above results have shown that tumor stem cells with high
EGF levels would promote OX40 expression in ECs, inducing
protumor effects. Thus, we examined the therapeutic efficacy of
0X40 agonists in patient-derived xenografts (PDXs) with high or
low serum levels. We observed more potent tumor-suppressing
effects of «OX40 in EGF-low PDXs than in EGF-high PDXs,
with average tumor inhibition values of 39.08% versus 18.45%
(Figure 4D and Supplemental Figure 6A). Considering that
there were no significant differences in the proliferative T cells
of tumor tissues from patients with high or low serum EGF lev-
els (Figure 4B and Supplemental Figure 5H), the reason for the
poor efficacy of OX40 agonist in patients with high EGF levels
might be attributed to the angiogenesis caused by higher OX40
expression in tumor ECs (Figure 4, B and C). Immunostaining
analyses showed that OX40 agonist can equally activate T cell
proliferation in PDX tumors from patients with either high or low
serum EGF levels (Figure 4, E and F); however, the OX40 agonist
further induced more angiogenesis in PDX tumors from patients
with high serum EGF levels than in their low-EGF counterparts
(Figure 4, E and G). The above data indicate that the EGF level is
an important indicator of OX40 agonist immunotherapy applica-
tion, and patients with low EGF levels would be more responsive
to OX40 agonist therapy.

Considering the crucial role of EGF signaling in OX40 pro-
tumor effects in tumor ECs, we hypothesized that EGF signaling
inhibitors would disrupt the adverse protumor effects of OX40
in ECs. To this end, we tested the effects of a combination of
gefitinib, an EGF signaling inhibitor, and aOX40 treatment in
EGF-high PDXs. We found that aOX40 alone had no signifi-
cant antitumor effects (Supplemental Figure 6B); however, the
drug combination exhibited a powerful antitumor effect, with an
average tumor inhibition value of 84.34% for 5 PDXs (Figure
4H), which was far higher than that of aOX40 alone (18.45%).
Cumulatively, these data suggest that EGF signaling inhibitors
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attenuate angiogenesis, thus improving the antitumor therapeutic
effects of OX40 agonists.

0X40 signal promotes endothelial-mesenchymal transition by pro-
moting YAP nuclear translocation. After elucidating the reasons
for the high expression of OX40 in tumor ECs, we attempted
to explore the mechanism by which OX40 signal affects ECs
functions. We first examined whether OX40 activation affects
the PI3K/AKT or NF-«xB signaling pathways in ECs, which are
canonical downstream pathways of OX40 signaling in T cells
(27). Unlike in T cells (Supplemental Figure 7A), OX40 activa-
tion did not impact the activities of PI3K/AKT or NF-«B sig-
naling pathways in ECs (Supplemental Figure 7B). This suggests
that the downstream pathways of OX40 signaling in ECs are
distinct from T cells.

Next, we identified the signaling pathways responsible for the
tumor-promoting effects of OX40 in ECs using RNA sequenc-
ing. The Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis revealed that the differentially expressed
genes in OX40L-treated ECs were primarily associated with
endothelial-mesenchymal transition (EndMT), EC migration,
angiogenesis, and Yes l-associated protein/TAZ (YAP/TAZ)
transcriptional activity (Figure 5A). The EndMT-associated genes
CTNNBI, WNT5A, SMAD3/4, TGFB2, VEGFA, and SNAIL1
were upregulated in OX40L-treated ECs (Figure 5A). The mesen-
chymalization of ECs is a critical factor in promoting hematoge-
nous tumor metastasis and is closely related to tumor angiogene-
sis (28). We analyzed the expression of EndMT-associated genes
in OX40- and OX40* tumor EC subpopulations using scRNA-Seq
data. The mesenchymal markers SNAIL, SLUG, TWIST, and
ZEB1 were upregulated in OX40* tumor ECs, whereas the adhe-
sion molecules CDH1 (encoding E-cadherin) and CDHS5 (encod-
ing VE-cadherin) were downregulated (Figure 5, B and C). Phe-
nologically, ECs lost their pebble-like morphological features and
transformed into spindle-like structures, extending pseudopodia,
and exhibiting a mesenchymal phenotype after stimulation with
OX40L (Supplemental Figure 8A). The endothelial-mesenchymal
markers a-SMA and vimentin were markedly upregulated and the
endothelial cell-specific cell-cell adhesion molecule VE-cadherin
was reduced in OX40L-treated ECs (Supplemental Figure 8B).
Thus, the results suggest that OX40 activation triggers EndMT,
inducing alterations in the phenotype of ECs.

EndMT initiation always results from the induction of TFs
that alter gene expression to promote the loss of cell-cell adhe-
sion, leading to a shift in cytoskeletal dynamics and a change
from epithelial morphology and physiology to the mesenchymal
phenotype (29, 30). Given the crucial role of nuclear transloca-
tion in the functioning of TFs, we identified TFs that undergo
nuclear translocation after OX40 activation in ECs. Among the
potential transcriptional regulators, YAP was selected for further
validation because of its significant nuclear translocation and
enriched YAP/TAZ transcriptional activity according to KEGG
analysis (Figure 5A) after OX40L treatment and its crucial role
in tumor progression (Figure 5D and Supplemental Table 2). We
confirmed the enhanced YAP nuclear translocation (Figure 5E
and Supplemental Figure 9A) and transcriptional activity (Sup-
plemental Figure 9B) following OX40 activation. Moreover, the
YAP downstream genes CTGF, CYR61, and ANKRDI1 were
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Figure 3. Cancer stem cell-derived EGF triggers 0X40 expression in ECs. (A) Five pairs of shredded CRC and corresponding NT tissues suspended in basic
medium were placed in the upper chamber of a 24-well Transwell system with polycarbonate filters. Thereafter, HUVECs were seeded in the bottom layer
grown for 48 hours. Then, 0X40 expression in HUVECs was measured by quantitative real-time PCR (gRT-PCR) (n = 3). (B-D) 0X40 expression was mea-
sured in HUVECs treated with media derived from the indicated cells using gRT-PCR (n = 3). (E) HUVECs were treated with indicated media for 48 hours
and then subjected to reverse chromatin immunoprecipitation analyses. The heatmap displays potential transcription factors that interact with 0X40
promoter. (F) HUVECs were first treated with media derived from Lgr5- and Lgr5* SW480 cells and then exposed to DMSO or the STAT3 inhibitor Stattic

(10 uM). 0X40 expression was evaluated in HUVECs by gRT-PCR (n = 3). (G) Luciferase activity of the 0X40 promoter in HUVECs treated with DMSO or the
STAT3 inhibitor Stattic (n = 3). (H and 1) Expression of 70 angiogenesis-associated cytokines was evaluated in tumor epithelial cells (Epi) (H) and Lgr5*
tumor epithelial cells (I) compared with their corresponding controls using scRNA-Seq data. (J) EGF levels were measured in media derived from the indi-
cated cells using enzyme-linked immunosorbent assay (n = 3). (K) 0X40 expression was evaluated in HUVECs treated with vehicle or exogenous EGF using
gRT-PCR (n = 3). (L) First, scrambled NC (siNC) or siRNAs against EGF were transfected into Lgr5* SW480 cells for 72 hours. Then, HUVECs were exposed to
media derived from these cells. 0X40 expression was evaluated in HUVECs using qRT-PCR (n = 3). One-way ANOVA (A, C, F, and J-L) or 2-tailed Student’s t

test (D and G) was used for statistical analysis.
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highly expressed in tumor ECs (CD31* cells) compared with their
NT counterparts (Figure 5F). Similarly, these genes were highly
expressed in the OX40* tumor EC subpopulations (Figure 5G).
Moreover, we observed more YAP nuclear localization in OX40*
vessels than in OX40- vessels in tumor tissues (Figure 5H). Statis-
tically, YAP was markedly more highly expressed in OX40" ECs
than in OX40~ ECs (Figure 5I). The results revealed that OX40
signaling in tumor ECs sustains YAP protein stability and pro-
motes its nuclear translocation.

We then clarified the effects of YAP nuclear translocation
on EC functions regulated by OX40 signaling. Verteporfin, an
inhibitor of YAP-transcriptional enhanced associated domain
(TEAD) interactions (31), effectively weakened cell migratory
ability (Supplemental Figure 9C), tube-forming capacity (Sup-
plemental Figure 9D), and tumor cell transendothelial migra-
tory ability (Supplemental Figure 9E) promoted by OX40 acti-
vation. Moreover, verteporfin reversed the protumor effects of
conditional OX40 overexpression in ECs (Figure 5J) or OX40L
treatment (Figure 5, K-M). Collectively, these data suggest that
0X40 signal exerts protumor effects in ECs by promoting nuclear
translocation of YAP and subsequent transcriptional regulatory
activity. Interestingly, OX40 activation did not impact the YAP
abundance and phosphorylation in T cells (Supplemental Figure
7A), implying distinct downstream pathways activated by OX40
signaling in T cells and ECs.

OX40 signal decreases YAP phosphorylation by regulating SIP-
YAP interaction. Next, we analyzed the mechanisms by which
0OX40 activation triggers YAP nuclear translocation. Notably, the
YAP mRNA levels were barely affected (Supplemental Figure
10A), whereas a significant upregulation in protein abundance
was observed with OX40 activation (Supplemental Figure 10B),
which was consistent with the protein mass spectrometry results
shown in Figure 5D. These results revealed that OX40 signal may
regulate YAP protein stability. Indeed, we observed a significant
increase in YAP protein stability and attenuated YAP ubiquiti-
nation after OX40 activation (Supplemental Figure 10, C and
D). YAP undergoes degradation in a phosphorylation-dependent
manner (32-34). The E3 ubiquitin ligase B-TrCP is involved in the
phosphorylation-dependent degradation of YAP (32). Indeed, we
observed a weakened interaction between B-TrCP and YAP fol-
lowing OX40 activation (Supplemental Figure 10E). These results
suggest that OX40 activation inhibits YAP phosphorylation and
subsequent B-TrCP-mediated YAP protein ubiquitination.

YAP is an important downstream effector molecule of the
Hippo pathway and is phosphorylated by the MST1/2 and large
tumor suppressor kinases 1 and 2 (LATS1/2) cascades (34, 35).
Therefore, we evaluated the effect of OX40 activation on the Hip-
po pathway. First, OX40 activation inhibited YAP phosphoryla-
tion and increased YAP protein abundance (Figure 6A), whereas
the protein abundance and phosphorylation of several crucial
kinases of the Hippo pathway, including MST1, MOBI1, and
LATS1, were barely affected (Figure 6A). Moreover, OX40 acti-
vation regulated the abundance and phosphorylation of YAP pro-
tein, regardless of Hippo pathway activation (Figure 6B). Inter-
estingly, we observed that OX40 activation markedly inhibited the
interaction between YAP and phosphorylated LATS1 (p-LATS1)
(Figure 6C). These results suggest that OX40 activation inhibits
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YAP protein phosphorylation mainly by impacting the interaction
of YAP and p-LATS], rather than by affecting the phosphoryla-
tion of several crucial kinases of the Hippo pathway.

Next, we aimed to answer how OX40 activation impacts
the interaction of YAP and p-LATS1. Small-molecule metab-
olites can directly bind to target proteins and act as functional
ligands to regulate protein-protein interactions and influence
protein activity (36—38). This led us to hypothesize that metabo-
lites may participate in the regulation of the interaction between
YAP and p-LATS kinases by binding to YAP. Thus, we identi-
fied small-molecule metabolites that directly bind to YAP using
the trace-level metabolite quantitation. The results demonstrated
that OX40 activation promoted YAP protein binding with abun-
dant sphingosine 1-phosphate (S1P), which was the most mark-
edly upregulated metabolite (Figure 6D and Supplemental Table
3). Molecular docking analysis further showed that S1P prefer-
entially docked in the central cavity at an interface formed by the
TEAD-binding domain, WW structural domain, SH3-binding
domain, and PDZ-binding domain (Figure 6E). Biochemically,
the in vitro microscale thermophoresis binding assay present-
ed a direct interaction between purified YAP protein and S1P
with a dissociation constant of 13 pmol/L (Figure 6F). Previ-
ous studies have shown that S1P activates downstream signal-
ing pathways via interacting with S1P receptors (SIPR1-5) (39).
However, SIPR1-5 silencing had a negligible impact on YAP
phosphorylation and total protein abundance (Supplemental
Figure 11, A and B). Thus, S1P exerts biological functions by
directly binding to YAP in ECs, rather than activating signals
through interacting with S1PRs.

Similarly to OX40L treatment, exogenous supplementa-
tion with S1P regulated the abundance and phosphorylation
of YAP regardless of Hippo pathway activation (Figure 6G).
Moreover, S1P treatment increased YAP stability (Supplemen-
tal Figure 12A), attenuated YAP ubiquitination (Supplemental
Figure 12B), and augmented YAP nuclear translocation (Figure
7A) and subsequent transcriptional activity (Figure 7B). Impor-
tantly, verteporfin markedly disrupted the tumor-promoting
role in vivo (Figure 7C), and the migratory ability (Supplemen-
tal Figure 12C), tube-forming capacity (Supplemental Figure
12D), and tumor cell transendothelial migratory ability of ECs
(Supplemental Figure 12E) induced by exogenous S1P supple-
mentation. More importantly, SIP inhibited the YAP—p-LATSI1
interaction (Figure 7D). Trp199, one of the predominant amino
acids of the YAP protein interacting with S1P, occupies the par-
tial binding sites of YAP and p-LATS1, predicting that S1P may
competitively bind to YAP with p-LATS1 (Figure 7E). Moreover,
the increased levels of p-LATSI1 inhibited the binding of S1P to
YAP (Figure 7F). By contrast, SIP supplementation disrupted
the interaction between p-LATS1 and YAP in a dose-dependent
manner (Figure 7G). Additionally, knocking down the S1P syn-
thetases SPHK1 and SPHK?2 together markedly strengthened the
interaction between p-LATS1 and YAP, resulting in an increase
in YAP phosphorylation and reduced YAP protein abundance
(Figure 7H). Finally, we performed computational structural
prediction of the YAP—p-LATSI interaction under the premise
of S1P participation. S1P participation displayed a higher dock-
ing score, predicting a weakened affinity intensity between YAP
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Figure 4. Serum EGF serves as a biomarker for predicting the efficacy of 0X40 agonists. (A) EGF levels were measured in sera from patients with
CRC and healthy control participants (HC) (n = 48). (B and C) The CRC patients were divided into 2 groups based on the median value of serum EGF
levels: the EGF-low group and the EGF-high group. (B) Representative images of multicolor immunofluorescence using anti-0X40 (orange), anti-CD31
(white), anti-CD3 (red), and anti-Ki67 (green) antibodies in tumor tissues of CRC patients with high or low serum EGF levels (n = 5). Scale bars: 50
um. (C) Statistical analysis of 0X40* EC percentages in tumor tissues of indicated CRC patients (n = 5). (D) Tumor inhibition values of anti-human
a0X40 treatment (20 pg/mouse, i.p.) for PDX tumors derived from CRC patients with high or low serum EGF levels in BALB/c nude mice (n = 5). (E)
Representative images of multicolor immunofluorescence using anti-CD3, anti-CD31, and anti-0X40 antibodies in PDX tumors from CRC patients
with high or low serum EGF levels (n = 5). Scale bars: 50 um. (F and G) Statistical analysis of Ki67* T cell percentages (F) and vascular density (G; n =
5). (H) Tumor inhibition values of anti-human a0X40 (20 pg/mouse, i.p.), gefitinib (80 mg/kg, oral gavage), or their combination for PDX tumors from
CRC patients with high serum EGF levels (n = 5). One-way ANOVA (A, C, D, F, and G) or 2-tailed Student’s t test (H) was used for statistical analysis.
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Figure 5. 0X40 signal exerts protumor effects by promoting YAP nuclear
translocation. (A) Tumor cell medium-stimulated HUVECs were treated
with PBS or 0X40L protein (100 ng/mL) for 48 hours and then subject-

ed to transcriptome sequencing. Enriched pathways were pooled using
differentially expressed genes after 0X40L treatment (left). The heatmap
displays the expression of genes associated with endothelial-mesenchy-
mal transition (right). (B and C) Genes encoding mesenchymal markers
and adhesive molecules were evaluated in 0X40™ or 0X40* tumor ECs
using scRNA-Seq data. (D) PBS- or 0X40L-treated HUVECs were fraction-
ated into cytoplasmic (Cyto) and nuclear (Nuc) fractions and subjected

to protein mass spectrometry. (E) PBS- or 0X40L-treated HUVECs were
immunostained with YAP antibody. Scale bars: 5 um. (F and G) Expression
of YAP downstream genes was measured in sorted CD31* cells from CRC
and NT tissues by gRT-PCR (F, n = 3) and in 0X40- and 0X40* ECs from
CRC tissues using scRNA-Seq data (G, n = 5). (H) Representative images
of CRC tissues immunostained using the indicated antibodies. The white
boxes indicate 0X40* or 0X40- ECs (n = 162). Scale bar: 5 um. (I) YAP*
percentages in 0X40 ECs and 0X40* ECs from tumor tissues (n = 162). ())
Subcutaneous tumors were established in mice with conditional knockin of
0X40 in ECs or in control mice. The mice were treated with verteporfin for
3 weeks (n = 10). (K-M) Subcutaneous tumor and pulmonary metastasis
models were established using MC38 cells in BALB/c nude mice. The mice
were treated with OX40L or a combination of mouse 0X40L protein and
verteporfin. (K) Tumor volume (n = 8). (L and M) Metastatic nodules in the
lung (L) and mouse survival (M) (n = 6). Two-tailed Student’s t test (F and
1), 2-way ANOVA (J and K), 1-way ANOVA (L), or log-rank test (M) was used
for statistical analysis.

and p-LATS1 (Supplemental Figure 13A). Therefore, these data
suggest that S1P computationally, biochemically, and mechanis-
tically binds to YAP, and competitively disrupts the interaction
between YAP and the p-LATSI kinase, thus promoting the sta-
bility of YAP protein and nuclear translocation.

We set out to investigate the effects of S1P on nuclear YAP.
0OX40 activation increased the binding of S1P to nuclear YAP
(Supplemental Figure 13B). Moreover, either OX40 activation
or exogenous S1P supplementation enhanced the interaction
between YAP and TEAD4 (Supplemental Figure 13, C and D),
indicating that S1P not only maintains the stability of YAP but
also contributes to the YAP-TEAD4 interaction to strengthen
YAP transcriptional activity. The schematic diagram in Figure 71
summarizes that S1P directly binds to YAP, disrupts the interac-
tion between YAP and p-LATS1, and enhances the binding of
YAP to TEAD4, thereby promoting YAP nuclear translocation
and transcriptional activity.

Activated OX40 causes S1P accumulation by interacting with the
Spns2 transporter in ECs. Next, we investigated whether OX40 sig-
naling influences S1P levels in ECs. As expected, OX40 activation
induced S1P accumulation in ECs (Figure 8, A and B, and Supple-
mental Table 4). In addition, EGF exposure resulted in elevated
S1P abundance in HUVECs (Supplemental Figure 14A); siRNAs
targeting either EGFR or STAT3 genes remarkably abrogated the
ability of exogenous EGF to upregulate S1P levels (Supplemental
Figure 14, A and B), indicating that EGF/STAT3/0X40 signal-
ing could lead to S1P accumulation.

‘We then unveiled the molecular mechanisms by which OX40
activation led to S1P accumulation. S1P is a biologically active
lipid, and its synthesis, degradation, and secretion are dynami-
cally regulated by various enzymes and transporters, including
sphingosine kinase (SPHK1/2), S1P phosphorylase (SGPP1),

J Clin Invest. 2025;135(5):e186291 https://doi.org/10.1172/JC1186291

RESEARCH ARTICLE

S1P lyase (S1PL), and the transporter Spns lysolipid transporter
2 (Spns2) (40).

First, Spns2 knockdown abolished S1P accumulation in ECs
induced by OX40 activation, whereas SIPL, SGPP1, or SPHK1/2
knockdown did not affect the increase in S1P abundance promot-
ed by OX40 signal (Figure 8C). We further evaluated the impact
of these genes on YAP protein. Results demonstrated that Spns2
knockdown, rather than S1PL, SGPP1, or SPHK1/2 knockdown,
abolished the alterations in YAP phosphorylation and total protein
abundance induced by OX40 activation (Figure 8D and Supple-
mental Figure 14C). The above data suggest that the Spns2 trans-
porter may be involved in the regulation of OX40 signaling in S1P
abundance and subsequent YAP stability in ECs. Spns2 is a mem-
brane protein that primarily is responsible for the active transport
of S1P from the inside to the outside of cells. To consolidate the
roles of Spns2 in OX40 functioning in ECs, we first assessed the
alterations in intracellular and extracellular S1P levels of HUVECs
by simultaneously knocking down genes associated with S1P syn-
thesis and degradation, including SPHK1/2, SGPP1, and S1PL.
As expected, upon knockdown of these genes together, OX40
activation still caused changes in intracellular or extracellular S1P
levels (Figure 8E). However, further silencing of Spns2 transporter
together with SPHK1/2, SGPP1, and S1PL knockdown did not
influence the alteration of intracellular or extracellular S1P lev-
els induced by OX40 activation (Figure 8E). These data strongly
imply that Spns2 transporter plays a decisive role in S1P accumula-
tion regulated by OX40 activation in ECs. Coimmunoprecipitation
results demonstrated that OX40 physically interacted with Spns2
at a marginal level. However, OX40 activated by OX40L treatment
displayed a strong interaction with Spns2 (Figure 8F). The bind-
ing of S1P to the Spns2 transporter is a key process in S1P efflux
(41). We observed that OX40 activation inhibited S1P binding to
Spns2 (Figure 8G). We further conducted a computational struc-
tural prediction to assess the influence of OX40 activation on the
Spns2-S1P interaction. Indeed, only OX40 had a marginal impact
on Spns2-S1P affinity intensity; however, further involvement of
OX40L to activate OX40 markedly inhibited Spns2-S1P affinity
intensity (Figure 8H). These results demonstrate that activated
0OX40 disrupted the interaction of Spns2 and S1P, thereby inhib-
iting S1P export. We further compared S1P abundance and the
expression of S1P metabolism—associated genes in T cells and ECs
sorted from CRC tissues. The expression levels of SIPL, SGPP1,
SPHK1/2, and Spns2 in T cells were markedly lower than those
in ECs (Supplemental Figure 15A). Similarly, S1P levels were dra-
matically lower in T cells (Supplemental Figure 15B). This may
explain why OX40 activation had no impact on YAP protein abun-
dance and phosphorylation in T cells.

Monocytic OX40L may be an upstream signal for OX40 activa-
tion in tumor ECs. As a costimulatory factor, activation of OX40
requires the binding to OX40L (42). Our next goal was to iden-
tify the upstream OX40L source that activates OX40 in colon
cancer. First, we observed that free OX40L levels in the serum
of patients with CRC were almost equivalent to those in healthy
controls (Supplemental Figure 16A). Then we analyzed OX40L
expression in peripheral blood cells. OX40L is primarily expressed
in antigen-presenting cells including B cells, dendritic cells (DCs),
and monocytes (42). Thus, we analyzed the OX40L* percentages

+



] -

RESEARCH ARTICLE

The Journal of Clinical Investigation

A 3 c e
()] A Confluence 20% 90% o 3
Jun] = —_— _— [ua] >
& o oxdoL - + - + a ©
A . o
YAP pS127 - YAP pS397 W . o . — LATS1 pT1079 Q— o
<
YAP pS397 s YAP - - - vAP I >
ap LATS1 pT1079 | e e | =
- LATS1pT1079 .- GAPDH  sem— | =

MST1 pT183 e w—

LATS] " Wiy wey ey
MSTT — —
GAPDH " s s o
MOB1 pT35 e s—
LATS1 w
GAPDH e « a—
D YAP IP
PBS OX40L
1% 2% 3% 1# 28 3¢
S1P FC=11.39
) x 104
eupepthn '50 F S1P-YAP binding G
Glutamate " Kd = 13 + 8.6 umol/L Confluence 20% 90%
Histidine 209 st -+ - .
Curcumin 50 D YAP pS307 M mw s s
2 -
. o
Agmatine 'g bl “ Lo .
o ) S
eoxyadenosine g LATSTPTIO79 o« e -
Artemisinin w
LATS! s . o
Creatine 0 T T T 1
04 1 10 100 1000 GAP — —
Diatrizoic acid S1P (umol/L) o

Figure 6. 0X40 signal impacts YAP protein stability through modulating S1P-YAP interaction. (A) HUVECs were treated with PBS or human OX40L pro-
tein (100 ng/mL) for 48 hours. The cell lysates were immunoblotted using the indicated antibodies. (B) HUVECs were cultured at 20% or 90% confluence.
The cells were treated with PBS or human OX40L protein (100 ng/mL) for 48 hours and subjected to immunoblotting using the indicated antibodies. (C)
HUVECs were treated with PBS or human 0X40L (100 ng/mL) for 48 hours. Cell lysates were immunoprecipitated using an anti-YAP antibody, followed by
blotting with the indicated antibodies. (D) HUVECs were treated with PBS or human 0X40L protein (100 ng/mL) for 48 hours. Cell lysates were immuno-
precipitated using an anti-YAP antibody. Metabolites in the immunocomplexes were extracted. The quantitative abundance of metabolites was measured
using a trace-level metabolite detection method based on liquid chromatography-mass spectrometry (LC-MS) (n = 3). (E) Docking model of S1P and YAP.
The full-length YAP structure was predicted using AlphaFold. Surface presentation of the YAP complex with S1P (cyan) bound to its central cavity. (F)
Analysis of S1P binding to the purified YAP protein using the in vitro microscale thermophoresis binding assay. (G) HUVECs were cultured at 20% or 90%
confluence. The cells were then treated with PBS or S1P (10 uM) for 48 hours and subjected to immunoblotting using the indicated antibodies.

in these cells. In contrast to B cells and DCs, the percentage of
OX40L* monocytes was markedly higher in patients with CRC
than in healthy controls (Supplemental Figure 16B). Moreover, the
absolute numbers of OX40L* monocytes were dramatically higher
than those of OX40L* B cells or OX40L* DCs in the peripheral
blood of patients with CRC (Supplemental Figure 16C).

Next, we determined whether monocytic OX40L induces
OX40 activation in ECs, thereby regulating EC function. We
cocultured HUVECs with monocytes isolated from the peripheral
blood of healthy controls and patients with CRC and evaluated
YAP abundance and phosphorylation. As expected, HUVECs
cocultured with most CRC patient—derived monocytes displayed
higher YAP abundance and lower phosphorylation than HUVECs

cocultured with healthy control-derived monocytes (Supple-
mental Figure 17A). Moreover, HUVECs cocultured with CRC
patient—derived monocytes exhibited enhanced migratory ability,
tube-forming capacity, and tumor cell transendothelial migratory
ability (Supplemental Figure 17, B and C) and increased expres-
sion levels of YAP downstream genes CTGF, CYR61, and ANK-
RD1 (Supplemental Figure 17D). These data suggest that mono-
cytic OX40L can activate OX40 signaling in the ECs, thereby
regulating their functions.

Combination of YAP-TEAD inhibitor and OX40 agonist induces tumor
regression. Based on our results, 2 independent regulatory pathways
for OX40 signaling were identified. In T cells, activation of OX40
signaling boosts antitumor effects by enhancing immune responses,
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Figure 7. S1P disrupts the interaction between YAP and the p-LATS1 kinase. (A) HUVECs treated with DMSO or S1P (10 uM) were immunostained with an
anti-YAP antibody. Scale bars: 5 um. (B) Expression of YAP downstream genes was evaluated in HUVECs treated with DMSO or S1P using gRT-PCR (n = 3). (C)
Subcutaneous tumor models were established using MC38 cells in BALB/c nude mice. The mice were treated with S1P (5 mg/kg, i.p.) or a combination of S1P and
verteporfin (n = 8). (D) DMSO- or S1P-treated HUVECs were immunoprecipitated using an anti-YAP antibody followed by blotting with the indicated antibodies.
(E) Docking models of YAP-p-LATS1 and YAP-S1P. (F) HUVECs were grown to 10%, 30%, 60%, or 90% confluence. Cell lysates were immunoprecipitated using an
anti-YAP antibody. p-LATS1 expression was measured using Western blot analysis in total cell lysates. Metabolites in the immunocomplex were extracted. The
quantitative abundance of S1P was measured using an LC-MS-based trace-level metabolite detection method (n = 3). (G) HUVECs were grown to 90% confluence.
Then, the cells were treated with DMSO or S1P at the indicated concentrations and subjected to immunoprecipitation using IgG or anti-YAP antibodies. Cells at
20% confluence were used as a control. (H) HUVECs were cultured with S1P-free fetal bovine serum. The cells were transfected with scrambled siRNA (siNC) or
mixed siRNAs against SPHK1 and SPHK2. Cell lysates were immunoprecipitated with an anti-YAP antibody and blotted with the indicated antibodies. (I) A dia-
gram summarizing the proposed model in which 0X40 activation or accumulated S1P disrupts the YAP and p-LATS1 interaction, leading to increased YAP stability,
augmented YAP-TEAD4 interaction, and, ultimately, transactive capacity. Two-tailed Student’s t test (B) or 2-way ANOVA (C) was used for statistical analysis.
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Figure 8. 0X40 signal induces S1P accumulation via interaction with
Spns2. (A) Tumor cell medium-stimulated HUVECs were treated with

PBS or 0X40L protein (100 ng/mL) for 48 hours. Cells were harvested and
metabolites were extracted. Metabolite abundance was determined using
an untargeted metabolomic test (n = 3). Heatmaps displayed the top

20 differential metabolites (10 upregulated and 10 downregulated). (B)
Quantitative abundance of S1P was measured in HUVECs treated with PBS
or OX40L protein at the indicated concentrations for 48 hours (n = 3). (C)
HUVECs were treated with vehicle, 0X40L protein, or 0X40L plus siRNAs
against Spns2, S1PL, SGPP1, or SPHK1/2. The quantitative abundance

of intracellular S1P was measured (n = 3). (D) HUVECs were treated with
vehicle, human 0X40L protein (100 ng/mL), or OX40L plus siRNAs against
Spns2, STPL, SGPP1, or SPHK1/2. The cells were then subjected to immu-
noblotting using the indicated antibodies. (E) HUVECs were treated with
vehicle, human OX40L protein (100 ng/mL), 0X40L plus multiple siRNAs
against STPL, SGPP1, and SPHK1/2 together, or 0X40L plus multiple siRNAs
against Spns2, S1PL, SGPP1, and SPHK1/2 together. The quantitative abun-
dances of intracellular (left) and extracellular (right) S1P were measured (n =
3). (F) HUVECs were treated with vehicle or human OX40L protein (100 ng/
mL) for 48 hours. Cell lysates were immunoprecipitated using an anti-0X40
antibody, followed by blotting with the indicated antibodies. (G) HUVECs
were treated with vehicle or 0X40L protein for 48 hours. Cell lysates were
immunoprecipitated using an anti-Spns2 antibody. Metabolites in the
immunocomplex were extracted. The quantitative abundance of S1P was
measured using an LC-MS-based trace-level metabolite detection method
(n = 3). (H) Different docking models of STP and Spns2. One-way ANOVA (B,
C, and E) or 2-tailed Student’s t test (G) was used for statistical analysis.

whereas in tumor ECs, the activation of OX40 signaling induces
EndMT by regulating YAP nuclear translocation and promoting
angiogenesis, thereby exerting protumor effects. Thus, enhancing
the T cell antitumor response together with disrupting the protu-
mor effects of OX40 signaling in ECs may contribute to improving
the therapeutic effect of OX40 agonists. To achieve this, we used
verteporfin, a potent inhibitor of the YAP-TEAD interaction, which
has shown remarkable anti-angiogenic effects in vitro and in vivo
(43, 44). We implemented a therapeutic strategy using CRC PDX
models to evaluate the effects of OX40 agonists alone or in combi-
nation with verteporfin. Either drug alone decelerated tumor growth
(Figure 9A). However, the combination of aOX40 and verteporfin
synergistically restricted tumor growth and induced tumor regres-
sion, with an average tumor inhibition value of 97.88% (Figure 9,
A and B). In contrast to the data in Figure 1, treatment with aOX40
inhibited PDX tumor growth, although the same T cell-immuno-
deficient BALB/c nude mice were used. We inferred that human
donor tissue—derived T cells surviving in PDX tissues (45-48) may
be activated by OX40 agonists. As anticipated, increased prolifera-
tion of T cells (Figure 9, C and D) and augmented production of
intracellular cytokines including granzyme B, perforin, and IFN-y in
T cells (Supplemental Figure 18) from PDX tumors were observed
after «OX40 treatment. In addition, verteporfin treatment inhibited
angiogenesis (Figure 9, C and E), and the drug combination concur-
rently reinforced the T cell antitumor response and weakened vascu-
lar density (Figure 9, C-E, and Supplemental Figure 18).

We further compared the antitumor effects of 2 therapeutic reg-
imens: a combination of aOX40 and anti-programmed cell death
protein 1 antibody (aPD-1), and the combination of aOX40 and
verteporfin. We administered 2 combination therapy regimens to
C57BL/6J mice with subcutaneous tumors. We observed that either
aOX40, oPD-1, or verteporfin alone slowed tumor growth (Fig-
ure 10A), and both combination therapy regimens exhibited better
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tumor inhibition effects (Figure 10A). Importantly, the synergistic
effects of «OX40 and verteporfin were superior to those of a«OX40
and oPD-1, with average tumor inhibition values of 93.49% versus
83.64% (Figure 10B). Immunostaining results demonstrated that,
unlike the combination of «OX40 and oPD-1, which only enhanced
T cell proliferation (Figure 10, C and D), «OX40 combination
with verteporfin simultaneously boosted T cell proliferation and
decreased vascular density (Figure 10, C and E). Overall, these data
suggest that verteporfin effectively supplements OX40 activation by
disrupting the adverse protumor effects of OX40 signaling in ECs.

Discussion
To date, no successful monotherapies using OX40 agonists have
been reported. Owing to the lack of clinical effectiveness, many
pharmaceutical giants have terminated research and development
of OX40 agonists. Moreover, the therapeutic efficacy of combining
0OX40 agonists and PD-1 inhibitors is not superior to that of con-
tinuous use of OX40 agonists (19, 49). These findings suggest that
single-agent or combined application of OX40 agonists and ICBs
failed to achieve satisfactory outcomes, prompting us to address
this issue through NIM dimensions. In this study, we profiled the
expression of OX40 in various cell types of tumor tissues and iden-
tified an unrecognized cell type that expresses OX40 and performs
unique biological functions. We demonstrated that OX40 signaling
exerted protumor effects by inducing EndMT in tumor ECs, which
may explain the poor efficacy of OX40 agonists in clinical trials.
This study revisits the impact of immunotherapy on NIM repro-
gramming and the duality of T cell activation therapeutic strategies.
It is generally believed that OX40 is almost exclusively expressed
in T cells and is an important costimulatory molecule for T cell
expansion and survival (50). OX40 signaling plays an important role
in T cell survival and differentiation through ligation with OX40L
(51, 52). Activation of OX40 induces high production of cytokines
and generation of memory and effector T cells through various sig-
naling pathways, including NF-kB and PI3K/AKT signaling (27).
Until now, research on OX40 signaling has almost entirely focused
on immune cells; however, its functions in the NIM have rarely been
explored. This study revealed the biological functions of OX40 sig-
naling in tumor ECs and elucidated its important role in tumor devel-
opment and progression. Considering that NF-kB and PIK3 signals
were not activated in ECs as in T cells, we believe that OX40 signal
carries out its own biological functions in ECs through molecular
mechanisms distinct from those in T cells. This notion was supported
by the unaffected YAP protein abundance and phosphorylation after
0OX40 activation in T cells, as well as marginal S1P abundance in T
cells compared with that in tumor ECs. The distinct signaling path-
ways affected by OX40 signals in T cells and tumor ECs provide a
theoretical basis for the proposal of a combined therapeutic scheme.
We confirmed that OX40 activation promotes angiogenesis and con-
tributes to tumor cell infiltration into the blood vessels by triggering
EndMT, which counteracts the monitoring and elimination of tumor
cells by T cells. Thus, this study highlights the impact of immune
activation therapy on NIM and proposes that crosstalk between the
two affects the therapeutic outcome of immune activation therapy.
Furthermore, we identified YAP as a potential S1P-interacting
intracellular target. S1P, a bioactive lipid secondary messenger (53),
regulates complex cellular functions in the TME, acting as a signaling
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Figure 9. The combination of verteporfin and 0X40 agonist synergistically leads to tumor repression in PDX tumors. (A and B) Subcutaneous xeno-
graft tumors established using 3 CRC patient-derived xenografts (PDXs) in BALB/c nude mice were treated with anti-human a0X40 (20 pg/mouse, i.p.),
verteporfin (60 mg/kg, i.p.), or a combination of both (A; n = 6 or 7 mice per cohort). Tumor inhibition values for «0X40, verteporfin, and drug combinations
were calculated and compared (B). (C-E) Subcutaneous tumors generated from CRC PDX-1 were immunostained using anti-CD31 (white), anti-CD3 (red),
and anti-Ki67 (green) antibodies. (C) Representative images of multicolor immunofluorescence (n = 5). Scale bars: 50 um. (D and E) Quantification of Ki67*
T cell percentages (D) and vascular density (E) (n = 5). Two-way ANOVA (A) or 1-way ANOVA (B, D, and E) was used for statistical analysis.
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Figure 10. The synergistic effects of the 0X40 agonist and verteporfin were superior to the 0X40 agonist and PD-1 antibody combination. (A and
B) Subcutaneous tumors established using MC38, 1D8, or GL261 cells in C57BL/6) mice were treated with anti-mouse «0X40 (100 pg/mouse, i.p.),
anti-mouse PD-1 antibody (aPD-1; 200 ug/mouse, i.p.), verteporfin (60 mg/kg, i.p.), a0X40 plus aPD-1, or a0X40 plus verteporfin (A; n = 8 mice per
cohort). Tumor inhibition values for «0X40, aPD-1, verteporfin, and drug combinations were calculated and compared (B). (C-E) Subcutaneous tumors
generated from MC38 cells were immunostained using anti-CD31 (white), anti-CD3 (red), and anti-Ki67 (green) antibodies. (C) Representative images
of multicolor immunofluorescence staining (n = 5). Scale bars: 50 um. (D and E) Quantification of Ki67* T cell percentages (D) and vascular density (E)
(n = 5). Two-way ANOVA (A) or 1-way ANOVA (B, D, and E) was used for statistical analysis.
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molecule in cell-cell communication (54). S1P exerts its physiolog-
ical functions predominantly by binding to S1PRs (S1PR1-5) (39,
55), members of the G protein—coupled receptor superfamily. In
this study, YAP phosphorylation and protein abundance regulated
by OX40 activation were associated with an increase in intracellu-
lar S1P levels, which was not abolished by S1PR knockdown. These
findings imply that S1P may function intracellularly as a secondary
messenger, rather than activating signals through S1PRs present on
the endothelial surface. S1P can propagate signals by interacting with
intercellular targets. It regulates gene expression by binding to the
histone deacetylases HDAC1 and HDAC?2 (56). In mitochondria, the
interaction of S1P with prohibitin 2 (PHB2) is important for cyto-
chrome ¢ oxidase assembly and mitochondrial respiration (57). In
this study, based on biochemical characterization, we demonstrated
that S1P could directly bind to YAP, hampering its phosphorylation.
S1P acts as an upstream repressor of the Hippo pathway, inhibiting
YAP phosphorylation and activating YAP/TAZ via the SIP-S1PR2
interaction in hepatocellular carcinoma cells (58, 59). In the present
study, we observed that accumulated S1P disrupted the interaction
of YAP and LATSI1 kinase without affecting the phosphorylation of
several crucial kinases of the Hippo pathway, suggesting that regula-
tion of YAP phosphorylation and transcriptional activity by accumu-
lated S1P in ECs is a unique mechanism.

In addition, our findings suggest that EGF may serve as a
serological biomarker for predicting the efficacy of OX40 agonists.
Standardizing clinical biomarkers to assess the response to immu-
notherapy remains challenging owing to variations in genetic
signatures, TME complexities, and epigenetic onco-mechanisms
(60, 61). Recently, interest has been focused on establishing neutro-
phil-to-lymphocyte and platelet-to-lymphocyte ratios as prognostic
biomarkers to predict ICB immunotherapy efficacy (62, 63). Ther-
apeutic effects of OX40 agonists have been observed; however, the
overall response percentages are still unsatisfactory, and individual
effects vary markedly (64). Thus, there is an urgent need to identify
an effective predictive indicator for treatment and survival bene-
fits that could markedly promote the clinical application of OX40
agonists. In this study, Lgr5* cancer stem cells induced high OX40
expression and subsequent protumor signaling in ECs through
paracrine EGF. By comprehensively evaluating the serological
EGF levels in patients with CRC, we discovered that PDX tumors
with low EGF levels exhibited a tumor inhibition value of approxi-
mately 40%, whereas those with high EGF levels exhibited a tumor
inhibition value of less than 20% with OX40 agonists. Therefore,
we preliminarily concluded that serum EGF levels could be used
to indicate the therapeutic effects of OX40 agonists. Further large-
scale and multicenter clinical trials are needed to identify EGF as
a practical serological biomarker to assess the therapeutic efficacy
of OX40 agonists in treating tumors.

Finally, we demonstrate that the combination of OX40 ago-
nists and anti-angiogenic drugs is more effective. Agonistic anti-
bodies against OX40 combined with ICBs have been tested against
various types of cancer in early-phase clinical trials (17). Available
reports on OX40 agonistic antibodies, including GSK3174998,
MOXR0916, BMS-986178, MEDI0562, and PF-04518600, did not
demonstrate the anticipated antitumor efficacy after combination
with PD-1 blockade (19). Currently, the combination of anti-angio-
genic drugs and immunotherapy has emerged as a promising strat-
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egy. The impressive response rates observed in preliminary studies
using PD-L1 and VEGF antibodies support the development of such
combinations (65). However, resistance to anti-angiogenic drugs
may be mediated by increased hypoxia, which can also aggravate
immunosuppression (66). This study provides a mechanistic expla-
nation for the poor efficacy of OX40 agonists. We demonstrated
that combining an OX40 agonistic antibody and the YAP inhibitor
verteporfin induces tumor regression. The synergistic effects of the
0OX40 agonist and verteporfin were superior to those of the OX40
agonist and PD-1 antibody combination. This indicates that com-
bining OX40 agonists with anti-angiogenesis therapy may be more
advantageous, as they synergistically activate the antitumor activity
of T cells and obstruct the protumor signals of ECs, as evidenced by
increased T cell proliferation and antitumor cytokine production,
and concurrently reduce vascular density in tumors. Given that we
have only tested one drug combination thus far, the effects of var-
ious combinations of OX40 agonists and different anti-angiogenic
drugs still need to be tested in patients with cancer.

Methods

Sex as a biological variable. Our study examined male and female ani-
mals, and similar findings are reported for both sexes.

Participants. Human primary CRC specimens for the PDX model
and tissue microarray data were obtained from the Affiliated Hos-
pital of Jining Medical University (Supplemental Table 5). None of
the patients had undergone preoperative radiation or chemothera-
py. Before inclusion in the study, the participants provided written
informed consent.

Mouse experiments. Detailed mouse experiments and additional
experimental procedures are described in Supplemental Methods.

Statistics. Statistical analyses were conducted using SPSS (version
19.0, IBM), GraphPad Prism 5, and ImageJ (NIH) software. Two-tailed
and unpaired Student’s ¢ tests were used to compare the 2 groups. The
data obtained from at least 3 independent experiments performed in
triplicate are presented as the mean + SEM or SD. Spearman’s correla-
tion test was used to analyze the correlation between 2 genes. Two-way
analysis of variance (ANOVA) was used for comparisons between 3 or
more groups with comparable variations. If the results showed a signifi-
cant difference, Student-Newman-Keuls analysis was used to determine
the difference between the 2 groups. Survival curves were estimated
using the Kaplan-Meier method and compared using the log-rank test.
All statistical tests and P values were 2-sided. Statistical significance
was set at Pless than 0.05.

Study approval. This study was approved by the Research Ethics Com-
mittee of the Affiliated Hospital of Jining Medical University. All animal
experimental protocols were approved by the Animal Ethics Committee
of the Affiliated Hospital of Jining Medical University (no. 2022B021).

Data availability. Original/source data of RNA sequencing and
scRNA-Seq were deposited in the Genome Sequence Archive and can
be accessed via accession numbers HRA006890 and HRA004557,
respectively.
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