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Smoking aggravates neovascular age-related
macular degeneration via Sema4D-PlexinB1
axis-mediated activation of pericytes

Kai He1,9, Xue Dong1,2,9, Tianjing Yang3,9, Ziqi Li1, Yuming Liu 1, Jing He4,
Meng Wu1,2, Selena Wei-Zhang1, Parhat Kaysar1, Bohao Cui1, Xueming Yao3,
Li Zhang5, Wei Zhou1, Heping Xu 6, Jun Wei 7, Qiang Liu 8, Junhao Hu 4 ,
Xiaohong Wang 1,2 & Hua Yan 1,3

Age-related macular degeneration (AMD) is a prevalent neuroinflammation
condition and the leading cause of irreversible blindness among the elderly
population. Smoking significantly increases AMD risk, yet the mechanisms
remain unclear. Here, we investigate the role of Sema4D-PlexinB1 axis in the
progression of AMD, inwhich Sema4D-PlexinB1 is highly activatedby smoking.
Using patient-derived samples and mouse models, we discover that smoking
increases the presence of Sema4D on the surface of CD8+ T cells that migrate
into the choroidal neovascularization (CNV) lesion via CXCL12-CXCR4 axis and
interact with its receptor PlexinB1 on choroidal pericytes. This leads to ROR2-
mediated PlexinB1 phosphorylation and pericyte activation, thereby disrupt-
ing vascular homeostasis and promoting neovascularization. Inhibition of
Sema4D reduces CNV and improves the benefit of anti-VEGF treatment. In
conclusion, this study unveils the molecular mechanisms through which
smoking exacerbates AMD pathology, and presents a potential therapeutic
strategy by targeting Sema4D to augment current AMD treatments.

Age-related macular degeneration (AMD) is a neuroinflammatory dis-
ease and is recognized as the predominant cause of irreversible vision
loss among the elderly population globally1, with its prevalence on the
rise due to an aging population1,2. The most prominent risk factors of
AMD are increasing age and cigarette smoking3. A substantial number
of research from various study types, including case-control,

population-based, and prospective studies, consistently establishes
cigarette smoking as the preeminent and widely recognized modifi-
able risk factor for AMD. It imparts an acceleration of disease onset by
approximately a decade3. Moreover, the correlation between smoking
and AMD exhibits a conspicuously dose-dependent correlation, with a
direct association between daily cigarette consumption and a
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heightened propensity to manifest choroidal neovascularization
(CNV) and geographic atrophy4.

AMD clinically manifests in two predominant forms: non-
neovascular and neovascular. The latter, known as neovascular AMD
(nvAMD), is characterized by CNV, where abnormal blood vessels
sprout into the subretinal space and neuroretina. This abnormal vessel
growth leads to blood vessel leakage, edema, and hemorrhage, cul-
minating in precipitous central vision decline when left untreated. The
introduction of anti-vascular endothelial growth factor (VEGF) therapy
in 2006 marked a pivotal advance in AMD management, offering an
efficacious approach to mitigate disease progression and restore
visual function. However, the effectiveness of anti-VEGF therapy
remains limited. Only a subset, ~ 30–35% of nvAMD patients, experi-
ence significant improvement in vision5, while a substantial cohort of
patients not achieving a complete response to this therapeutic regi-
men. Cigarette smoking has been linked to a two- to four-fold rise in
the occurrence of nvAMD6, along with a diminished effectiveness of
anti-VEGF treatment7. Despite oxidative damage to the retina caused
by smoking have been implicated, the specific mechanism through
which smoking impacts the retina remains largely unclear.

Pericytes andendothelial cells (ECs) are fundamental components
that constitute blood vessels. The function of blood vessels is not
solely regulatedbyECsbut is also influencedbypericytes. Pericytes are
defined as mural cells that envelop the endothelium of microvessels.
They are embedded within the same basement membrane as ECs and
interact closely with them. In contrast, the other mural cell type, vas-
cular smooth muscle cells (vSMCs), covering large arteries and veins,
are physically separated from the ECs by an intimal layer of extra-
cellular matrix (ECM)8. Pericytes play a pivotal role in the formation
andmaintenance of the vasculature, and their dysfunction contributes
to vascular-related disorders. In cases where pericyte coverage is
reduced, or interactions between ECs and pericytes are compromised,
blood vessels become unstable and exhibit increased leakage in var-
ious pathological conditions9,10. Pericytes have also been revealed to
have significant implications in the context of cancer, lung injury, and
fibrosis11. Studies have shown that pericytes can shield ECs from anti-
angiogenic drugs, such as bevacizumab, particularly in tumor settings.
Combination treatment with a PDGFRβ tyrosine kinase inhibitor
(eliminating PDGFRβpositive pericytes) alongwithVEGF inhibitionhas
proven to be more effective in blocking tumor angiogenesis than anti-
VEGF therapy alone in various animalmodels12. In the context of CNV, it
is established that pericytes also cover the newly formed capillaries,
playing a crucial role in the growth and stability of the choroidal vessel
network6. However, the precise contributions of pericytes to angio-
genesis and anti-angiogenic therapy in CNV, along with their reg-
ulatory mechanisms, remain enigmatic.

The semaphorin-plexin system serves as a versatile intercellular
signaling network, playing crucial roles during both development and
in the mature organism. These interactions are pivotal for cell-to-cell
communication processes that regulate cell migration, proliferation,
and differentiation across various systems, including the nervous,
immune, and skeletal systems. Moreover, the semaphorin-plexin sig-
naling has demonstrated its importance in various vascular patho-
physiological processes13,14. Sema4D is a semaphorin that exists in both
transmembrane and secreted forms, and it interacts with its high-
affinity receptor, PlexinB115.

In this study, we unveil a previously undiscovered function of the
Sema4D-PlexinB1 signaling pathway as a critical regulator of CNV, a
condition potentially induced by smoking. Specifically, CD8+ T cells
express Sema4D in response to smoking, initiating signals to PlexinB1
on pericytes, thereby activating pericytes and promoting the pro-
gression of CNV. We comprehensively investigated the role of the
Sema4D-PlexinB1 signaling pathway in CNV and delved into the
underlying mechanisms using samples from AMD patients and rele-
vant mouse models.

Results
Cigarette smoking reduces anti-VEGF therapy efficacy in nvAMD
patients
First, we aimed to explore whether cigarette smoking affects the
responsiveness to anti-angiogenic therapy in nvAMD patients. 97
AMD patients were divided into two groups: active smokers (50
individuals, including 27 males and 23 females) and non-smokers (47
individuals, including 27 males and 20 females) (Supplementary
Table 1). All patients received standard 3 + pro re nata (PRN; as
needed) anti-VEGF therapy. Retinal thickness and the thickness of the
damaged area in nvAMD were measured using optical coherence
tomography (OCT) before treatment and after each treatment
(Fig. 1A). While there were no differences in retinal and lesion
thickness between the two groups before treatment (Fig. 1B, C), after
three treatments, both retinal thickness and lesion thickness were
significantly higher in the active smokers’ group compared to the
non-smokers’ group (Fig. 1D, E). This suggests that cigarette smoking
reduced the responsiveness to anti-VEGF therapy. Furthermore, only
the age-onset of nvAMD in the active smokers’ group was sig-
nificantly lower than that in the non-smoking group (Fig. 1F, Sup-
plementary Table 1), while the probability of complications,
including macular edema, retinal detachment, ellipsoid zone reflec-
tivity, and pigment epithelial detachment were increased in the
active smokers’ group (Supplementary Fig. 1A).

Cigarette smoking aggravates laser-induced CNV in mice
Next, we tested the effect of cigarette smoking on CNV in mice. We
exposed one group of mice to a smoke exposure system for two
months, while another group ofmice received filtered air for the same
duration, serving as the control. During the exposure period, the
smoke-exposed mice failed to gain weight compared with the air-
exposed mice (Supplementary Fig. 1B). However, there were no sig-
nificant changes in the function and structure of the eyes, as evaluated
by OCT and electroretinography (ERG) (Supplementary Fig. 1C–M).
After two months of exposure, we employed a laser-induced photo-
coagulation model of CNV (laser-induced CNV model), in which laser
burns of Bruch’s membrane trigger vessel growth from the choroid16.
Fundus fluorescein angiography (FFA) results showed that smoke
exposure significantly increased vascular leakage on day 7 after laser
photocoagulation (Fig. 1G, H). CD31 staining of the whole-mount ret-
inal pigment epithelium (RPE)-choroid complex also demonstrated
that smoke exposure increased the CNV volume (Fig. 1G, I), suggesting
that it promoted choroidal neovessels formation.

Elevated Sema4D expression in retina-choroid complex of
smoke-exposed mice
To investigate the underlyingmechanismof smoking-aggravated CNV,
we conducted transcriptome analysis of the retina-choroid complex
from mice exposed to smoke or air, both with and without laser coa-
gulation (smoke group, Ctrl group, smoke+CNV group, and CNV
group, respectively). To identify the gene expression signature asso-
ciated with smoking, we first compared the smoke group to the Ctrl
group (mice without laser coagulation). A total of 1811 genes were
significantly altered (1237 upregulated and 574 downregulated genes).
Interestingly, gene ontology (GO) analysis revealed that semaphorin
receptor activity was one of the most significantly enriched biological
processes among the upregulated genes in the smoke group (Fig. 1J).
Gene set enrichment analysis (GSEA) further confirmed the significant
enrichment of the Sema/Plexin signaling pathway in the smoke group
(Fig. 1K). To identify the specific semaphorins, we screened the
expression of semaphorins in smoke-exposed and air-exposed mice,
both with and without laser coagulation, using RNA-seq data. While
multiple semaphorins were increased by CNV, Sema4D was the only
semaphorin that was increased in response to smoke exposure in both
control mice and CNV mice (Fig. 1L).
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The elevated expression of Sema4D in the retina-choroid complex
of smoke-exposedmice promptedus to analyze its function in theCNV
model using Sema4d−/− mice. Vascular leakage area quantification and
CD31 staining of the whole-mount RPE-choroid complex revealed that
Sema4d knockout significantly alleviated vascular leakage and reduced
CNV volume (Fig. 1M–O). Interestingly, while smoking increased the
vascular leakage area and CNV volume in Sema4d+/+ mice, the effect

wasdiminished inSema4d−/−mice (Fig. 1M–O), suggesting that Sema4D
is essential in mediating smoking-aggravated CNV in mice. We also
employed an ex vivo-choroid explant model for studying choroidal
sprouting angiogenesis after CNV, which we had previously
established17. Explants from Sema4d−/− mice displayed significantly
reduced sprouting length and sprouting area (Fig. 1P–R). Conversely,
when we treated CNV choroidal explants with either a vehicle or
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recombinant mouse Sema4D, we found that Sema4D treatment sig-
nificantly increased choroidal sprouting (Supplementary Fig. 1N–P),
further confirming that Sema4D is a positive regulator of choroidal
angiogenesis.

Sema4D expressed by CD8+ T cells is required for smoking-
aggravated CNV
To identify the cell type responsible for the increased Sema4D
expression, we analyzed single-cell RNA-seq (scRNA-seq) data of
choroids frompatients with nvAMDand healthy donors, sourced from
a previous study18 accessible under the entry GSE135922. Uniform
manifold approximation and projection (UMAP) visualization showing
SEMA4D was predominantly expressed by the T/NK cell cluster
(Fig. 2A). Furthermore, in nvAMD patients, SEMA4D expression was
slightly higher in nvAMD patients compared to healthy donors (Sup-
plementary Fig. 2A). We also observed that Sema4d expression was
changedby smoking inwhite bloodcells (WBCs), cervical lymphnodes
(CLN) and spleen, and also in brown adipose tissue (BAT) with very low
expression level. This effect, however, wasn’t noted in other solid
organs, including the white adipose tissue (WAT), brain, and lung in
smoke-exposedmice (Supplementary Fig. 2B). Sema4D is expressed in
both transmembrane and secreted forms. Analyzing the serum of the
mice revealed that the secreted form of Sema4D was not significantly
altered by smoke exposure (Supplementary Fig. 2C). Notably, Sema4D
is one of the best-characterized semaphorins expressed in the immune
system19. As multiple types of immune cells were found to infiltrate
into the CNV lesion, including CD8+ T cells, CD4+ T cells, B cells, NK
cells, CD11b+F4/80+ macrophages/microglia and neutrophils20, we
further analyzed the proportions of these cells, as well as Sema4D
expression, under smoke and non-smoke conditions. Our analysis
revealed that at CNV day 3, the proportion of CD8+ T cells (gating
strategy as indicated in Supplementary Fig. 2D)was increased in smoke
group (Fig. 2B and Supplementary Fig. 2E), as well as mean fluores-
cence intensity (MFI) of Sema4D on CD8+ T cells (Fig. 2C and Supple-
mentary Fig. 2F). In line with this, in the peripheral blood, we also
discovered higher Sema4D expression on CD8+ T cells of active smo-
kers compared to non-smokers in nvAMD patients (gating strategy as
indicated in Supplementary Fig. 2G) (Fig. 2D, Supplementary Fig. 2H),
as well as in smoking mice (Fig. 2E and Supplementary Fig. 2I).
Immunostaining in theRPE-choroid flat-mounts fromCNVmice at four
distinct time points (day 0 (Ctrl), 3, 7, and 14) revealed the presence of
CD8+ T cells in theCNV lesion (Supplementary Fig. 2J),with the number
of infiltrating CD8+ T cells increasing from the first 3 days after laser
injury and subsequently decreasing (Supplementary Fig. 2K). RPE-
choroidflat-mount staining further showed a significant increase in the
infiltration of CD8+ T cells in the CNV lesion after smoking, and this
effect is not influenced by Sema4D knockout (Supplementary
Fig. 2L, M). However, there were no significant differences neither in
the proportions nor MFI of Sema4D between the smoke and non-
smoke groups in the rest immune cells (gating strategy as indicated in

Supplementary Fig. 3A, B), including CD4+ T cells (Fig. 2B, C and
Supplementary Fig. 2E, F), B cells (Supplementary Fig. 3C–F), NK cells
(Supplementary Fig. 3G–J), macrophages/microglia (Supplementary
Fig. 3K–N), and neutrophils (Supplementary Fig. 3O–R). This suggests
that smoking only primarily influences the infiltration of CD8+ T cells
and the expression levels of Sema4D on these cells. Moreover, FACS
analysis of splenocytes from Sema4d+/+ wild-type mice showed that
100% of CD8+ T cells are Sema4D+, while in Sema4d−/−mice, no Sema4D
could be detected (Supplementary Fig. 3S).

To investigate the role of CD8+ T cells in cigarette-exposure mice,
firstly, we employed Rag1−/− mice (lacking T and B cells) and Rag1+/+

mice and exposed them to smoke or air, after twomonths, we induced
CNV (Fig. 2F). Notably, a reduction in both leakage area and CNV
volume was observed 7 days post-laser injury in Rag1−/− mice
(Fig. 2G–J), implying a detrimental role of T and B cells in CNV pro-
gression. Intriguingly, while smoking increased the vascular leakage
area andCNVvolume inRag1+/+mice, this effectwasnotably reduced in
Rag1−/− mice (Fig. 2G–J), indicating the mediation of smoking-
aggravated CNV by T and B cells. Sema4D is also expressed in B cells
(Fig. 2A and Supplementary Fig. 2A), and the Rag1−/− murine model is
deficient in both T cells and B cells. However, neither in the propor-
tions of B cells nor surface expression of Sema4D on B cells were
observed in the mouse retina-choroid complex samples after smoke
(Supplementary Fig. 3C–F). To further exclude the involvement of B
cells, weconductedflowcytometry analysis to compare the expression
of Sema4D on B cells from peripheral blood samples of smoke-
exposed mice and patients with nvAMD. The results showed no sig-
nificant difference in Sema4D expression on B cells between smoking
and non-smoking patients (Supplementary Fig. 3T, U). Similarly, there
was no difference in Sema4D expression on B cells from the peripheral
blood of smoke-exposed mice (Supplementary Fig. 3V, W).

To confirm that Sema4D on CD8+ T cells is required for smoking-
aggravated CNV, we infused Sema4d+/+ and Sema4d−/− CD8+ T cells into
Rag1−/− mice (Fig. 2K). Immunofluorescence was used to confirm the
presence of transplanted T cells at the site of injury in recipient mice
(Supplementary Fig. 4A, B). Mice transplanted with Sema4d+/+ CD8+

T cells exhibited more severe vascular leakage and neovascularization
than those transplanted with normal saline (NS) (Fig. 2L–N). While in
mice transplanted with Sema4d−/− CD8+ T cells, vascular leakage and
CNV volume were significantly reduced compared to those trans-
planted with Sema4d+/+ CD8+ T cells (Fig. 2L–N).

To further clarify that the observed effects are attributable to
Sema4D expressed by CD8+ T cells, we generated CD8+ T-cell-specific
Sema4d knockout (E8iCre; Sema4dfl/fl) mice by crossing E8iCre and
Sema4dfl/fl mice (Sema4dfl/fl littermates were used as control). The
knockout efficiency was validated by fluorescence-activated cell sort-
ing of CD8+ T cells followed by qRT-PCR analysis (Supplementary
Fig. 4C). These mice were subjected to smoke exposure and CNV
modeling (Supplementary Fig. 4D). Quantification of the vascular
leakage area and CD31 staining of the whole-mount RPE-choroid

Fig. 1 | Impact of Smoking onAnti-VEGF Treatment in nvAMDand CNV inMice.
A OCT images show baseline and post-treatment retinas in non-smokers and
smokers with nvAMD. B, C Baseline retinal (B), lesion (C) thickness in nvAMD
patients (n = 47/50). Mean ± SEM, P =0.2949, 0.4062 (two-tailed Student’s t test).
D, E Changes in retinal and lesion thickness post-treatment (n = 47/50). Mean ±
SEM, P = <0.0001, 0.0003 (two-way ANOVA, Sidak’s test). F Age of nvAMDonset in
non-smoking/smoking patients (n = 47/50). Mean ± SEM, P =0.0012 (two-tailed
Student’s t test). G FFA and CD31-stained RPE-choroid flat mounts (CNV day 7) in
Ctrl and Smokemice.H, IQuantification of leakage area (n = 10/11) andCNVvolume
(n = 5/6). Mean ± SEM, P =0.0092, 0.0097 (two-tailed Student’s t test). J RNA-seq in
retina-choroid complex of Ctrl/Smoke mice. GO annotation shows enriched path-
ways (P =0.001 for semaphorin receptor activity, Fisher exact test). K GSEA indi-
cates enriched Sema/Plexin signaling in Smokemice. LHeatmap of Sema ligands in

rthe etina-choroid complex of Ctrl and Smoke mice with/without CNV (day 3). Z
scores of TPM values (n = 4/4/4/4, * indicates Ctrl vs. Smoke difference, & indicates
Ctrl vs. CNV difference, # indicates Smoke vs. Smoke +CNV difference). Mean ±
SEM, P =0.0047, < 0.0001, 0.022 (one-way ANOVA, Tukey’s test).M FFA and CD31-
stained RPE-choroid flat mounts of Sema4d+/+ and Sema4d−/− mice with/without
smoking (CNV day 7). N, O Quantification of leakage area and CNV volume (n = 13/
10/10/12). Mean ± SEM, P = <0.0001, < 0.0001, 0.9836, 0.0119, 0.0474, 0.8734
(one-way ANOVA, Tukey’s test). P Phalloidin-stained choroid explants from
Sema4d+/+ and Sema4d−/− mice. Q, R Quantification of sprouting vessel length (Q)
and area (R) (n = 4/5). Mean ± SEM, P =0.0007, 0.0065 (two-tailed Student’s t test).
*P <0.05, **P <0.01, ***P <0.001, ****P <0.0001. Scale bars: 50 µm (G right, M
lower), 80 µm (Gmiddle, M middle), 200 µm (A, G left, M upper), 1mm (P). Source
data are provided as a Source Data file.
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complex revealed that Sema4d conditional knockout in CD8+ T cells
significantly alleviated vascular leakage and reduced CNV volume.
Furthermore, while smoking increased the vascular leakage area and
CNV volume in Sema4dfl/fl mice, this effect was diminished in E8iCre;
Sema4dfl/fl mice (Fig. 2O–R). Explants from E8iCre; Sema4dfl/fl CNV mice
also displayed significantly reduced sprouting length and sprouting
area (Supplementary Fig. 4E–G).

Collectively, these results suggest that Sema4D on CD8+ T cells
promotes CNV formation.

PlexinB1 expressed by pericytes mediates smoking-
aggravated CNV
Next, we aimed to elucidate how increased Sema4D contributes to
CNV progression. PlexinB1 is the high-affinity receptor of Sema4D21. By
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analyzing the scRNA-seq data of choroids from patients with nvAMD
and healthy donors, we found that PLXNB1 was highly expressed by
pericytes, smooth muscle cells, and fibroblasts (Fig. 3A). Since peri-
cytes and smooth muscle cells are both mural cells that directly
interact with ECs to regulate vascular function, we used a genetic
lineage approach to explore the contribution of pericytes and smooth
muscle cells in CNV. To trace pericyte-derived cells during CNV, we
used PdgfrbCreERT2 mice and crossed them with Rosa26-tdTomato
reporter alleles (hereafter referred to as PdgfrbCreERT2; R26-tdTom). To
trace smooth muscle cells, we used Sm22aCreERT2 or Myh11CreERT2 mice
and crossed them with Rosa26-tdTomato reporter alleles (hereafter
referred to as Sm22aCreERT2; R26-tdTom or Myh11CreERT2; R26-tdTom)
(Fig. 3B). Upon tamoxifen-mediated genetic recombination, Pdgfrb-
expressing pericytes, Sm22a-expressing smooth muscle cells, and
Myh11-expressing smooth muscle cells were inherently labeled by
tdTomato expression. Laser coagulation was performed after a 7-day
clearing period without tamoxifen, ensuring that all recombination
occurred before the insult (Fig. 3B).

Due to the melanin content in the RPE layer, fluorescence signals
from tdTomato and CD31 were not detectable in the no-laser control
group (Fig. 3C). We then analyzed the tdTomato+ cells in the CNV
lesion at three distinct time points (day 3, 7, and 14) and found that
only a few tdTomato+ cells could be found in Sm22aCreERT2; R26-tdTom
and Myh11CreERT2; R26-tdTom mice. Meanwhile, a large number of
tdTomato+ cells were observed in the CNV lesion of PdgfrbCreERT2; R26-
tdTommice, suggesting that Pdgfrb-expressing pericytes are themajor
mural cell population contributing to CNV lesion formation
(Fig. 3C, D).We also performedKi67 staining to label proliferating cells
on day0 (Ctrl), CNVday 1, 2, 4, and 7 in the threemouse lines. Ki67 and
tdTomato double-positive cells were barely detected in Sm22aCreERT2;
R26-tdTom andMyh11CreERT2; R26-tdTommice but were highly present in
PdgfrbCreERT2; R26-tdTom mice (Supplementary Fig. 5A). The quantifi-
cation also indicated that the proliferating pericytes (Ki67+ tdTomato+

cells) reached a high level at day 2 and day 4 and then decreased
sharply (Supplementary Fig. 5B).

To confirm the contact between Sema4D on CD8+ T cells and
PlexinB1 on pericytes, we employed proximity ligation assay (PLA), a
technique that detects protein-protein interactions in situ within a
distance of less than 40nm at endogenous protein levels22. CD8 was
used to identify CD8+ T cells, and PDGFRβ was used to identify peri-
cytes (we used PdgfrbCreERT2; Rosa26-zsGreen reporter mice to label
pericytes) (Fig. 3B). The PLA results demonstrated the association
between Sema4D and PlexinB1 at the contact points between CD8+

T cells and pericytes (Fig. 3E), providing further evidence of the
interaction between Sema4D and PlexinB1 in these cell types.

To understand the role of PlexinB1 in pericytes when interacting
with Sema4D on CD8+ T cells, we transfected mouse brain vascular
pericyte cells (MBVPCs) with siCtrl or siPlxnb1 and co-cultured them
with CD8+ T cells isolated from spleens of wild type mice (Supple-
mentary Fig. 5C, D). Our results showed that the expression of p-MLC,

α-SMA, andCOL-I was significantly reduced in the siPlxnb1 group upon
binding to Sema4D-positive CD8+ T cells (Supplementary Fig. 5E, F).
This indicates that Plxnb1 expression is essential for pericyte con-
tractility and ECM deposition signature in response to Sema4D
binding.

Due to the widely reported toxic effects of Cre/CreERT recombi-
nase in vascular development and disease-related angiogenesis23,24,
before applying pericyte-specific knockout of Plxnb1, we investigated
the impact of the inducible Pdgfrb-driven CreERT recombinase in the
CNV model and in retinal vascular development. The results showed
no significant differences in the FFA leakage area or in the volume of
choroidal neovascularization marked by CD31 between tamoxifen-
treated PdgfrbCreERT2 (PdgfrbCreERT2-positive) and wild-type mice
(PdgfrbCreERT2-negative) (Supplementary Fig. 6A–D). Similarly, there was
no difference in the expression of inflammatory factors, which are
known to be triggered by Cre toxicity-induced DNA damages24 (Sup-
plementary Fig. 6E–J). Concurrently, after applying tamoxifen to
newborn mice (Supplementary Fig. 6K), the vascularization of the
retina was unaffected (Supplementary Fig. 6L–N). This suggests that
PdgfrbCreERT2 does not severely impair retinal angiogenesis nor affect
the pathological process ofCNV in our experimental conditions. Based
on those results, we generated pericyte-specific PlexinB1 knockout
mice by crossing PdgfrbCreERT2 mice with Plxnb1fl/fl mice. The knockout
efficiency was validated using FACS-sorted brain pericytes and con-
firmed by qRT-PCR (Supplementary Fig. 6O, P). To explore whether
PlexinB1 expressed by pericytes contributes to smoking-aggravated
CNV,we exposed PdgfrbCreERT2, Plxnb1fl/fl, and Plxnb1fl/flmice to smoke or
filtered air. Twomonths later, we induced CNV (Fig. 3F). A reduction in
leakage area and CNV volume was observed 7 days after laser injury in
PdgfrbCreERT2; Plxnb1fl/fl mice exposed to air, suggesting that inhibiting
PlexinB1 in pericytes alleviates CNV progression (Fig. 3G–I). Moreover,
while smoking increased the vascular leakage area (Fig. 3H), CNV
volume (Fig. 3I) and PDGFRβ positive pericyte area (Supplementary
Fig. 6Q) in Plxnb1fl/fl mice, the effect was diminished in PdgfrbCreERT2;
Plxnb1fl/fl mice, further indicating that pericyte PlexinB1 mediates
smoking-aggravated CNV.

Pericytes signature characterization in smoke-related CNV
During pathophysiological processes, pericytes become activated and
display altered marker profiles, including α-SMA, RGS5, NG2, and
PDGFRβ. They detach from the basement membrane, leading to
increased vessel permeability, and undergo transdifferentiation into
myofibroblasts, resulting in thedeposition of collagenous extracellular
matrix25. To better characterize the changes in pericytes under CNV
and smoking conditions, we performed scRNA-seq of retina-choroid
complexes from smoke-exposed mice and air-exposed mice with or
withoutCNV. Among the47,053 cells (11,299 cells fromcontrol, 10,608
cells from CNV, 13,737 cells from smoke, 11,409 cells from smoke-
exposed CNV mice), we classified the cell clusters based on the
expression of cell type-specific marker genes (Fig. 4A). UMAP

Fig. 2 | Sema4D in CD8+ T Cells Aggravates Smoking-Induced CNV. A ScRNA-seq
analysis of human choroid samples from four donors. UMAP shows SEMA4D
expression across cell types. B, C Flow cytometry analysis of CD8+ and CD4+ T cells
in the retina-choroid complex after 8 weeks of smoking at CNV day 3 (n = 3/3).
Mean ± SEM, P =0.0093, > 0.9999, 0.0169, 0.5751 (two-tailed Student’s t test).
D, E Flow cytometry of Sema4D on CD8+ T cells in peripheral white blood cells of
nvAMD patients (D) (n = 47/50) and mice after 2-months smoking (E) (n = 5/5).
Mean ± SEM,P =0.0059, 0.0161 (two-tailed Student’s t test).F Strategy for cigarette
smoke exposure andCNVmodeling in Rag1+/+ andRag1−/−mice.G,HRepresentative
FFA images (G) and quantification of leakage area (H) on CNV day 7 (n = 15/12/10/
15). Mean± SEM, P =0.0059, 0.0074, 0.7660 (one-way ANOVA, Tukey’s test).
I, J Representative CD31-stained RPE-choroid flat mounts images (I) and quantifi-
cation of CNV volume (J) on CNV day 7 (n = 13/10/10/12). Mean ± SEM, P =0.0003,

0.0492, > 0.9999 (one-way ANOVA, Tukey’s test). K Diagram of CD8+ T cell trans-
fusion from Sema4d+/+ or Sema4d−/− mice into Rag1−/− mice via tail vein. CNV mod-
eling was performed, followed by FFA and CD31 staining on day 7. L Representative
FFA and CD31-stained images of CNV mice treated as in (K) (NS: normal saline).
M, N Quantification of leakage area (n = 12/12/12) and CNV volume (n = 10/8/8).
Mean ± SEM, P =0.0086, 0.0487, 0.7542, 0.0003, 0.0133, 0.3289 (one-way ANOVA,
Tukey’s test). O, P Representative FFA, and CD31-stained RPE-choroid flat mounts
images onCNVday 7 as indicated in (Supplementary Fig. 4D).Q,RQuantificationof
leakage area (n = 14/15/16/14) and CNV volume (n = 12/13/12/12). Mean± SEM,
P =0.0016, 0.0043, 0.7942, 0.0215, 0.0356, 0.9690 (one-wayANOVA, Tukey’s test).
*P <0.05, **P <0.01, ***P <0.001. Scale bars: 50 µm (I, L lower, P), 80 µm (G lower,
O right), 200 µm (G upper, O left). Source data are provided as a Source Data file.
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visualization showed that vascularmural cells and fibroblasts could be
divided into seven distinct clusters: pericyte cluster 1-3, fibroblast
cluster 1-3, and vascular smooth muscle cells (Fig. 4B). Upon com-
paring the four treatment groups, we observed an increased percen-
tage of pericyte cluster 3 in CNV mice compared to control mice, and
smoke exposure further increased this population (Fig. 4C). We also

analyzed immune cell populations and identified nine distinct sub-
clusters: T cells, B cells, NK cells, macrophage, microglia, monocytes,
mast cells, neutrophils, and dendritic cells (Supplementary Fig. 7A).

Gene expression patterns and gene ontology (GO)-biological
processes of the three pericyte clusters indicated that the pericyte_1
cluster highly express cytokines, including Cxcl1, Cxcl10, and Cxcl12,
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Fig. 3 | PlexinB1 expressed by pericytes mediates smoking-aggravated CNV.
A Human choroid scRNA-seq analysis showing that PLXNB1 was expressed across
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data at different values. B Schematic illustrates the breeding strategy and CNV
modeling for lineage-tracing mice. PdgfrbCreERT2, Sm22aCreERT2 or Myh11CreERT2 mice
were crossed with Rosa26-tdTomato or Rosa26-zsGreen reporter alleles to generate
PdgfrbCreERT2; R26-tdTom, PdgfrbCreERT2; R26-zsGreen, Sm22aCreERT2; R26-tdTom, and
Myh11CreERT2; R26-tdTom mice. After four consecutive intraperitoneal injections of
tamoxifen, followed by a one-week clearing period, CNV was induced. The RPE-
choroid flat mounts were harvested for analysis at 3, 7, and 14 days.
C Representative confocal images showing RPE-choroid flat mounts stained for
CD31 (white) and tdTomato (red) from CNV mice at indicated time points.
D Quantification of tdTomato positive area within CNV lesions of (C): PdgfrbCreERT2;
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day 3, 7, and 14, respectively). Mean ± SEM. E PLA analysis showing the interaction
of Sema4D and PlexinB1 in CNV lesion of PdgfrbCreERT2; ZsGreenmice. CD8 staining
wasused to label CD8+ T cells. Negative control was performedbyomitting primary
antibodies, Sema4D control, and PlexinB1 control were performed byusing a single
primary antibody. F Schematic illustrates tamoxifen administration, smoking
exposure, and CNV modeling in Plxnb1fl/fl and PdgfrbCreERT2; Plxnb1fl/fl mice.
G Representative FFA images (upper) and confocal images of RPE-choroid flat
mounts (lower) from mice treated as in (F). Pericytes were labeled by PDGFRβ
(green), and neovascular was labeled by CD31 (red). H, I Quantification of leakage
area (H) (n = 8/11/8/8) and CNV volume (I) (n = 8/11/8/8) of (G). Mean ± SEM,
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(G middle), 200 µm in (G upper). Source data are provided as a Source Data file.
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pericyte_2 cluster demonstrate higher expression of genes associated
with cell contractility such as Acta2, and pericyte_3 with strong
expression of many genes associated with ECM components, such as
Col1a1 and Col1a2 (Fig. 4D). Gene set variation analysis (GSVA) analysis
also revealed that pericyte_1 displayed the highest score in cytokine-
mediated signaling, pericyte_2 with positive GSVA score enrichment
for features associated with contractility, and pericyte_3 showed

fibroblast proliferation (Supplementary Fig. 7B–D). GSEA further illu-
strated significant enrichments in cytokine production signatures in
pericyte_1, muscle contraction in pericyte_2, and fibroblast activation
in pericyte_3 among smoke-exposed mice in both CNV and control
conditions (Supplementary Fig. 7E–J). Notably, smoking led to
increased myofibroblast and ECM deposition features, including p-
MLC, α-SMA, and COL-I in the CNV lesion (Supplementary Fig. 7K). As
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we observed an increased proportion of pericyte_3 due to CNV and
smoke exposure, we performed RNA velocity analysis on the four
groupsof single-cell sequencingdata. In the Smoke +CNVgroup, there
was a clear transition from Pericyte_3 to Fibroblast_1, which was not
seen in the other groups.Moreover, our analysis showed that no other
cell type transitioned into Pericyte_3 across all groups (Fig. 4E). As
GSVA analysis showed that pericyte 3 had the highest score in fibro-
blast proliferation (Supplementary Fig. 7D), and GSEA displayed a
notable enrichment in the positive regulation of cell proliferation
signature in smoke-exposed mice under both CNV (Fig. 4F) and Ctrl
(Supplementary Fig. 7L) conditions, indicating the likelihood that the
expanded population of pericyte_3 in CNV and smoke exposure might
result from cell proliferation.

To assess the relevance in human disease conditions, we also
performed this analysis using scRNA-seq data of choroids from
patients with nvAMD and healthy donors. Pericyte clusters 1–4, fibro-
blast clusters 1–3, and vascular smooth muscle cells were divided and
visualized using UMAP (Supplementary Fig. 7M). All four pericyte
clusters showed an increased percentage in patients with nvAMD
comparedwith healthy donors, with cluster 3 showing the highest fold
induction (Supplementary Fig. 7N). GO-biological processes of the
four pericyte clusters indicated that while pericyte cluster 4 exhibited
apoptosis and cell death features, the other three clusters (clusters
1–3) showed similar features as the mouse data (Supplemen-
tary Fig. 7O).

UMAP showed that all three pericyte clusters express Plxnb1, with
Cluster 2 exhibiting the highest level (Fig. 4G, H). To investigate whe-
ther Plxnb1+ pericytes in CNV are transitioning intomyofibroblasts, we
divided the pericytes into two subgroups: Plxnb1+ and Plxnb1-. GSEA
revealed that pathways related to fibroblast proliferation (Fig. 4I),
muscle cell proliferation (Fig. 4J), muscle cell differentiation (Fig. 4K),
and smoothmuscle contraction (Fig. 4L) were significantly enriched in
Plxnb1+ pericytes. These findings suggest that in the CNV model,
Plxnb1+ pericytes are more likely to undergo transformation into
myofibroblasts.

PlexinB1 regulates pericytes activation and vascular stability
Loss of Plxnb1 in pericytes significantly reduced myofibroblasts/ECM
deposition features p-MLC, α-SMA and COL-I in the CNV lesion
(Fig. 5A). To further validate the role of PlexinB1 in pericytes in vitro,
we knocked down PLXNB1 using siRNA in primary human brain vas-
cular pericytes (HBVPCs) (Supplementary Fig. 8A, B) and found that
this significantly reduced the expression of p-MLC, α-SMA and COL-I
with or without Sema4D stimulation (Fig. 5B, C). The transdiffer-
entiated pericytes with myofibroblast features also contribute to the
ECM remodeling25. The collagen gel contraction assay is a widely used
method to investigate cell-ECM interactions in 3D environments,
providing insight into cellular contractility in a three-dimensional
context26. Using this assay, we observed that Sema4D treatment sig-
nificantly increased gel contraction. In contrast, PLXNB1 knockdown

significantly reduced gel contraction and diminished the effect of
Sema4D (Fig. 5D, E). A scratch migration assay also indicated that
Sema4D increased pericyte migration, while PLXNB1 knockdown
diminished this effect (Supplementary Fig. 8C, D). Moreover, the
ex vivo explant system further proved that while Sema4D stimulus
increased sprouting in Plxnb1fl/fl mice, the effect was diminished in
PdgfrbCreERT2; Plxnb1fl/fl mice (Fig. 5F–H).

In the CNV lesion at day 7, we found that CD8+ T cells are in
contact with pericytes (labeled as PDGFRβ) (Fig. 5I). To further
demonstrate that CD8+ T cells derived Sema4D signals to pericytes for
activation, we sorted CD8+ T cells from Sema4d−/− and Sema4d+/+ mice
and cultured them with MBVPCs (Fig. 5J). The expression of p-MLC, α-
SMA, and COL-I was significantly lower in pericytes co-cultured with
CD8+ T cells from Sema4d −/−mice (Fig. 5K–N). Consequently, pericytes
co-cultured with CD8+ T cells from Sema4d−/− mice exhibited reduced
gel contraction and migration compared to those co-cultured with
CD8+ T cells from Sema4d+/+ mice (Supplementary Fig. 8E–H).

Pericytes communicate with ECs and play a crucial role in stabi-
lizing blood vessels27,28. CellChat analysis between ECs and pericytes
revealed that smoking indeed altered their signaling interactions
(Fig. 5O). To understand whether PlexinB1 regulates pericytes for
vessel stability, we utilized a microfluidic chip-based, lumenized vas-
cular network containing only ECs and pericytes (Fig. 5P)29. HBVPCs
were transfected with scramble or PLXNB1 siRNA and co-cultured with
human umbilical vein endothelial cells (HUVECs) in the microfluidic
chips for 10 days to facilitate the formation of a pericyte-covered
vascular network. Sema4D stimulation led to increased vascular leak-
age, as evidenced by the accumulation of fluorescent microbeads in
the extravascular space (Fig. 5Q, R). Meanwhile, we observed sig-
nificant morphological changes in pericytes upon Sema4D treatment,
characterized by the loss of elongated cytoplasmic processes and the
formation of lamellipodia. These alterations imply that pericytes
acquired a migratory phenotype. However, the knockdown of PLXNB1
impeded pericyte retraction and restricted the vascular leakage
induced by Sema4D (Fig. 5S).

ROR2 mediates PlexinB1 phosphorylation and activation in
pericytes
PlexinB1 contains a carboxy-terminal PDZ domain interaction motif
through which it binds to the RHO guanine nucleotide exchange fac-
tors (GEFs) 11 and 12 (also known as PDZ RHOGEF and LARG,
respectively)30–32. The PlexinB–RHOGEF complex mediates
semaphorin-induced RhoA activation to regulate many cellular
responses. It is known that PlexinB1 forms a receptor complex with
either erythroblastic leukemia viral oncogene homolog 2 (ErbB2)33 or
hepatocyte growth factor receptor (c-Met)34, two receptor tyrosine
kinases required for downstream signaling regulation in other cell
types. We first determined whether ErbB2 and c-Met also interact with
PlexinB1 in pericytes. We constructed AdC68-Flag-PlexinB1 and infec-
ted HBVPCs, followed by Sema4D stimulation. Afterward, co-

Fig. 4 | Pericytes characteristics in CNV. A, B ScRNA-sequencing analysis con-
ducted in the retina-choroid complex of Ctrl and Smoke mice after a two-month
smoking period with or without CNV modeling. After filtration, a total of 47,083
cells were included (A). Specific cell types exhibited varying cell counts: 1438 cells
for fibroblast_1, 510 cells for fibroblast_2, 304 cells for fibroblast_3, 2,211 cells for
pericyte_1, 618 cells for pericyte_2, 402 cells for pericyte_3, and 431 cells for smooth
muscle cells (B).CThe contribution of the four experimental groups to each cluster
is visualized with a stacked bar chart. Hypergeometric distribution analysis was
performed to quantify if an experimental condition was significantly enriched in
each cluster (asterisks). Asterisks are colored according to experimental conditions
andplaced above a cluster if the enrichment test was significant at theα =0.05 level
after Bonferroni correction. P = <0.0001, 0.0288, < 0.0001, 0.0017, < 0.0001,
< 0.0001, 0.0229. D Heatmap displays the expression of discriminative genes per

cluster. Top significantly enriched biological process GO terms are presented for
each cluster. E Visualizes RNA velocity based on the UMAP. Arrows represent the
local average velocity in the vector field, indicating the fate and speed of differ-
entiation events in these cells. F GSEA highlighting the positive regulation of cell
population proliferation pathway enriched in smoke-exposed CNVmice compared
with CNV mice. G and H Expression of Plxnb1 in different pericytes populations
from mouse scRNA-seq data. The width of the violin indicates the probability
density of the data at different values. P = <0.0001, < 0.0001, < 0.0001 (one-way
ANOVA, Tukey’s test). I–L GSEA showing fibroblast proliferation pathway (I),
muscle cell proliferation pathway (J), muscle cell differentiation pathway (K),
smooth muscle contraction pathway (L) enriched in Plxnb1+ pericytes compared
with Plxnb1- pericytes. **** P <0.0001. One-way ANOVA followed by Tukey’s mul-
tiple comparisons test in (H). Source data are provided as a Source Data file.
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immunoprecipitation (CO-IP) analysis of Flag-PlexinB1 and endogen-
ous ErbB2 and c-Met was performed. We did not detect any binding
toward ErbB2 and c-Met in pericytes (Fig. 6A), suggesting that alter-
native receptor tyrosine kinases are involved as co-receptors of Plex-
inB1 in pericytes.

To identify the associating kinase receptor, HBVPCs infected with
AdC68-Flag-PlexinB1 were stimulated with Sema4D, and PlexinB1 was

immunoprecipitated with anti-Flag beads from cell lysates for mass
spectrometry. We found that ARHGEF11 and 12 were identified as
PlexinB1 binding proteins (Fig. 6B). Interestingly, receptor tyrosine
kinase-like orphan receptor 2 (ROR2) was identified as the only
receptor tyrosine kinase associatedwith PlexinB1 in pericytes (Fig. 6B).
ROR2 is highly expressed in fibroblast, smooth muscle cells and peri-
cytes in both human and mouse samples (Supplementary Fig. 9A, B).
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To validate this result, we performed CO-IP analysis of Flag-PlexinB1
and endogenous ROR2 in HBVPCs, with or without Sema4D stimula-
tion. We found that PlexinB1 indeed associates with ROR2, and this
association is enhanced upon Sema4D stimulation (Fig. 6C). Further-
more, the phosphorylation of PlexinB1 was enhanced after Sema4D
stimulation (Fig. 6D). Importantly, when we knocked down ROR2, the
phosphorylation of PlexinB1 was substantially reduced, suggesting
that ROR2 serves as an associating kinase (Fig. 6D). PlexinB1 can bind
activated RhoA upon stimulation by Sema4D35. We also found that the
interaction between PlexinB1 and RhoA was enhanced by Sema4D
stimulation (Fig. 6E). Consequently, the activity of RhoAwas increased
by Sema4D stimulus in pericytes, and this effect was diminished when
PLXNB1 (Supplementary Fig. 8A, B)orROR2 (Supplementary Fig. 9C, D)
was knocked down (Fig. 6F). We also used isolated CD8+ T cells from
both Sema4d+/+ and Sema4d−/− mice and co-cultured with MBVPCs as
we did in (Fig. 5J). RhoA activity was also reduced in Sema4d−/− T cells
co-cultured MBVPCs (Fig. 6G).

To further prove Sema4D-PlexinB1 inhibits pericyte activation
through ROR2 and RhoA, we utilized Ozuriftamab (a human IgG1
kappa antibody specifically targeting ROR2) to inhibit ROR2 and
Rhosin hydrochloride (a specific RhoA GTPase inhibitor) to inhibit
RhoA GTPase. Our results showed that Sema4D treatment increased
the expression of p-MLC, α-SMA, and COL-I, while the presence of
Ozuriftamab or Rhosin hydrochloride significantly reduced these
effects (Fig. 6H–K). These results further confirmed the role of ROR2
and RhoA in the Sema4D-mediated pericyte activation.

CXCL12-CXCR4 signaling mediates T cell recruitment in CNV
To explore the signaling that mediates T cell recruitment in CNV, we
first analyzed our scRNA-seq data for cytokine signaling related to T
cell recruitment. Interestingly, UMAP indicated that, while the immune
cell population showed high expression of T cell recruitment cytokine
signaling as expected, the pericyte population also exhibited a high
expression (Fig. 7A). This suggested that pericytesmight contribute to
the recruitment of T cells. To dissect the specific signaling, we per-
formed a cell-cell communication analysis using CellChat. The results
revealed that the pericyte-to-CD8+ T cell signal pair CXCL12-CXCR4
interaction was enhanced in the CNV group (Fig. 7B, C). CXCL12-
CXCR4 is known as a T cell chemotaxis pathway36,37. Interestingly,
UMAP indicated that CXCL12was not highly expressed by the immune
cell population but was abundantly expressed by pericytes in both
mouse (Supplementary Fig. 10A, B) and human samples (Supplemen-
tary Fig. 10C, D), while the receptor CXCR4 was highly expressed by
immune cells, including T cells (Supplementary Fig. 10E–G). ELISA of
vitreous samples from CNV and control mice exposed to smoke or air
showed that CNV increased the level of CXCL12, and smoke exposure
further increased it (Fig. 7D).

Next, we aimed to test whether blocking the CXCL12-CXCR4
interaction could inhibit T cell infiltration and thus inhibit CNV.

Plerixafor, a selective antagonist of CXCR4,wasadministered to smoke
or air-exposed CNV mice (Fig. 7E). Smoking alone significantly
increased CXCR4+ CD8+ T cell infiltration in the retina-choroid com-
plex, as indicated by flow cytometry analysis, while this could be effi-
ciently inhibited by Plerixafor (Fig. 7F and Supplementary Fig. 10H).
Consequently, Plerixafor significantly reduced vascular leakage area
and CNV volume and diminished the effect of smoke exposure
(Fig. 7G–J). To evaluate the effect of Plerixafor on pericytes, we stained
PDGFRβ for pericytes and α-SMA for activated pericytes. CD8 staining
was also performed to label CD8+ T cells. Quantification showed that
consistent with the data on vascular leakage area and CNV volume,
Plerixafor significantly reduced both PDGFRβ and α-SMA positive
areas, as well as the number of CD8+ T cells, effectively counteracting
the effects of smoke exposure (Supplementary Fig. 10I–M).

As CXCR4 is expressed by various immune cells (Supplementary
Fig. 10E–G), we also analyze the presence of other immune cells in the
retina-choroid complex following CNV induction and Plerixafor treat-
ment (Supplementary Fig. 11A). The results indicated that Plerixafor
had no significant effect on the infiltration of B cells, NK cells or neu-
trophils after CNV (Supplementary Fig. 11B–G). However, we observed
a significant inhibitory effect on macrophage/microglia infiltration
(Supplementary Fig. 11H, I), which aligns with existing knowledge that
CXCR4 is critical for macrophage chemotaxis38.

To further demonstrate that the observed effects of smoking-
induced aggravation of the CNV phenotype are specifically due to
CD8+ T cell infiltration via the CXCL12/CXCR4 axis, we generated CD8+

T-cell-specific CXCR4 knockout (E8iCre; Cxcr4fl/fl) mice by crossing E8iCre

with Cxcr4fl/fl mice. The knockout efficiency was validated by
fluorescence-activated cell sorting of CD8+ T cells (Supplementary
Fig. 2D) followed by qRT-PCR analysis (Supplementary Fig. 11J). These
mice were subjected to smoke exposure and CNV modeling (Fig. 7K).
In Cxcr4fl/fl mice, smoking exacerbated vascular leakage and neo-
vascularization; however, this effect was significantly reduced in E8iCre;
Cxcr4fl/fl mice (Fig. 7L–O). This finding suggests that CD8+ T cell infil-
tration via the CXCL12/CXCR4 axis plays a crucial role in mediating
smoking-induced aggravation of the CNV phenotype.

Targeting Sema4D alleviates CNVprogression and enhance anti-
VEGF therapy
To explore whether T cell-expressed Sema4D contributes to the pro-
gression of nvAMD and might affect the responsiveness to anti-VEGF
therapy, we analyzed the expression of Sema4D on CD8+ T cells from
the blood samples of nvAMD patients who received 3 + PRN anti-VEGF
therapy. A significant correlation was found between the lesion
recovery rate and the Sema4D expression level on CD8+ T cells in
patients with nvAMD (Fig. 8A–C).

To determine the therapeutic potential of inhibiting Sema4D-
PlexinB1 signaling in nvAMD, we used a mouse Sema4D-specific neu-
tralizing antibody to see whether it could suppress CNV and enhance

Fig. 5 | PlexinB1 on Pericytes Mediates Smoking-Aggravated CNV.
A Immunofluorescence staining of frozen eye sections from Plxnb1fl/fl and
PdgfrbCreERT2; Plxnb1fl/fl mice. p-MLC/α-SMA/COL-I (green), CD31 (red), and DAPI
(blue) were stained. Quantification of p-MLC (n = 6/8), α-SMA (n = 8/12), and COL-I
(n = 8/7). Mean± SEM, P =0.0005, 0.0017, < 0.0001 (two-tailed Student’s t test).
B, C HBVPCs transfected with siCtrl or siPLXNB1 and treated with Sema4D or
vehicle. Representative blots (B) and quantification (C) of p-MLC/α-SMA/COL-I
expression (n = 4/4/4/4). Mean± SEM, P = <0.0001, < 0.0001, 0.4917, < 0.0001,
< 0.0001, 0.8724, 0.0008, < 0.0001, 0.1785 (one-way ANOVA, Tukey’s test).
D,EContracted gel (D) andquantification (E) of HBVPCs treatedas in (B) (n = 4/4/4/
4). Mean ± SEM, P =0.0007, 0.0389, 0.0944 (one-way ANOVA, Tukey’s test).
F Laser-induced choroid explants from Plxnb1fl/fl and PdgfrbCreERT2; Plxnb1fl/fl mice
stimulated with Sema4D or vehicle. Representative confocal images of phalloidin-
stained explants. G, H Quantification of sprouting vessel length (G) and area (H)
(n = 7/7/8/9).Mean ± SEM, P =0.0218, < 0.0001, 0.9037, < 0.0269, < 0.0001, 0.9993

(one-wayANOVA,Tukey’s test). IRPE-choroidflatmounts showingCD8+ T cells and
pericytes on CNV day 7. J Scheme of co-culture of CD8+ T cells (from Sema4d+/+ or
Sema4d-/- mice) and MBVPCs for 48h. K–N Representative blots (K) and quantifi-
cation of p-MLC/α-SMA/COL-I (L–N) in MBVPCs treated as in (J) (n = 4/4). Mean±
SEM, P =0.0004, 0.0013, 0.0255 (two-tailed Student’s t test). O Changes in
pericyte-endothelial cell interactions in CNV and CNV+Smoke groups. The bar
graph shows interaction probability. P Schematic of vascular leakage assay in
microfluidic chips.Q, R Representative images (Q) and quantification (R) of leaked
FITC-microbeads in ECM (asterisks) (n = 6/6/6/6). Mean± SEM, P = <0.0001,
0.1209, < 0.0001 (one-way ANOVA, Tukey’s test). S Representative images of the
vascular network. Arrowheads indicate pericyte cellular processes, asterisk indi-
cates detachedpericyte. *P <0.05, **P <0.01, ***P <0.001, ****P <0.0001. Scale bars:
5 µm(A right, I lower), 50 µm(A left,middle, Iupper,Q,S), 1mm (F). Sourcedata are
provided as a Source Data file.
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anti-VEGF (we used Conbercept, an anti-VEGF agent used for treating
nvAMD in clinics) treatment efficacy. A safety test through OCT
examination and TUNEL staining showed that the treatment led to no
obvious toxicity in the retina (Supplementary Fig. 12A–C). There were
also no significant changes in the function of the eyes, as evaluated by
ERG (Supplementary Fig. 12D–K). By analyzing vascular leakage and
CNV formation, we found that anti-Sema4D had a clear protective
effect, comparable to that of Conbercept (Fig. 8D, E). Importantly,
when Conbercept and anti-Sema4D were combined, the protective
effect became more robust and was significantly better than that of

Conbercept or anti-Sema4D alone (Fig. 8D, E). We also evaluated
whether the therapy affect the activation of pericytes and found that
Conbercept and anti-Sema4D treatment alone both reduced the
expression of p-MLC, α-SMA, and COL-I, while combining Conbercept
and anti-Sema4D resulted in a significantly stronger reduction, as
assessed by western blot and immunostaining (Fig. 8F–I). We further
analyzed CD8+ T cell content under these treatment conditions. CD8
and α-SMA staining of the whole-mount RPE-choroid complex
revealed that the number of CD8+ T cells was reduced in both the
Conbercept and the combination treatment groups, but anti-Sema4D
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treatment did not significantly affect the infiltration of CD8+ T cells in
CNV lesion. (Supplementary Fig. 13A, B). These results suggest that
anti-Sema4D treatment reduced vascular leakage, CNV formation, and
pericyte activation, but not CD8+ T cell recruitment, suggesting that
anti-VEGF and anti-Sema4D function through distinct mechanisms.

To further illustrate the effectiveness of the combined treatment,
we employed low-density lipoprotein receptor (VLDLR) knockoutmice
(Vldlr−/− mice), which exhibit characteristics of retinal angiomatous
proliferation and choroidal neovascularization. These features
resemble the neovascularization observed in conditions like macular
telangiectasia and nvAMD. In these mice, neovascularization extends
from the deep layer of the retinal vasculature into the outer plexiform
layer at postnatal day 12 (P12), reaches the RPE by P16, and progresses
to the subretinal space (Supplementary Fig. 13C), where it anasto-
moses with the choroidal vessels at about 6 to 8 weeks of age39. We
analyzed CD8+ T cell infiltration at P18 and P50, respectively, and there
was no significant change (Supplementary Fig. 13D-G). We then ana-
lyzed the expression of Sema4D on CD8+ T cells by flow cytometry
analysis and found that this was significantly increased in Vldlr−/− mice
at both P18 and P50 (Supplementary Fig. 13H-K). We administered
Conbercept, anti-Sema4D, or a combination of both at P11 and ana-
lyzed the neovascular lesions at P18. Similar to the results of the laser-
induced CNV model, while Conbercept or anti-Sema4D alone had
protective effects on neovascular formation, the combination treat-
ment achieved an even better outcome in the Vldlr−/− pups (Supple-
mentary Fig. 13L, M). In the adulthood of the Vldlr−/− mice, the
abnormal vessels integrated with the choroidal vessels, creating
retinal-choroidal anastomoses and choroidal neovascularization,
resulting in leaky vessels detectable through FFA39. In mice aged
3 weeks, we administered Conbercept, anti-Sema4D, or a combination
treatment. FFA analysis revealed that the combined therapy alleviated
vascular leakage, displaying a significantly greater effect than Con-
bercept alone (Supplementary Fig. 13N, O). In conclusion, the combi-
nation of anti-angiogenic therapy and Sema4D inhibition offers
substantial suppression of choroidal neovascularization, offering
promise for the ongoing clinical management of nvAMD.

Discussion
AMD is characterized by the accumulation of insoluble extracellular
lipid aggregates called drusen in the subretinal space during the early
stage, followed by RPE and photoreceptor atrophy in the late “dry”
stage, and eventually, choroid neovascularization in the late “wet”
stage. Approximately 10% of patients with dry AMD progress to wet
AMD, which accounts for 90% of vision loss40. Smoking is the most
significant environmental factor and the only controllable risk factor
for AMD, although its underlying mechanism remains elusive. In our
study, we identified that Sema4D-PlexinB1 signaling plays a crucial role
in mediating smoking-aggravated CNV via pericyte activation (Fig. 9).
Targeting Sema4D-PlexinB1 through genetic and pharmacological
approaches attenuated CNV and vascular leakage. Therefore, our

study provides mechanistic insight into smoking-aggravated AMD and
reveals the therapeutic potential of targeting the Sema4D-PlexinB1
pathway in the treatment of CNV.

In this study, we observed that smoking increased Sema4D
expression on CD8+ T cells, which were subsequently recruited to the
CNV site, potentially due to CXCL12 produced by local cells, including
pericytes. These cells activated PlexinB1 for downstream functions.
Although we didn’t elucidate the detailed mechanism of how Sema4D
was upregulated by smoking, our data indicated that smoking
increased Sema4D on CD8+ T cells in peripheral white blood cells, CLN
(the draining lymph nodes of the eye involved inmany ocular immune
diseases41,42, and the lung, but not in other solid organs. Moreover, it is
known that Sema4D is expressed in both transmembrane and secreted
forms. Aswe didn’t find a significant change in the secreted form in the
serum of the mice after smoking, it seems that the effect of smoking
was not mediated by the secreted forms of Sema4D.

Previous work has established that pericytes play critical roles in
blood-brain barrier function, vascular development, and control of
vessel contraction, blood flow, and hemostasis25. Although the role of
pericytes in nvAMDwas not completely understood, eye sections from
patients with AMD reveal activated pericytes exhibiting migratory
behavior near areas of macular degeneration, suggesting their invol-
vement in the AMD disease process43. Another study found that
choroidal-derived pericytes infiltrated the subretinal space, serving as
essential cellular components that promote the deposition of ECM in
the CNVmouse model44. In our model, using scRNA-seq, we identified
three distinct populations of pericytes, each responsible for cytokine
secretion, contraction, and matrix deposition, respectively. Interest-
ingly, in both human samples and the mouse model, the number of
pericytes in cluster 3, responsible for matrix deposition, was the most
significantly increased population by smoking.Moreover, the cytokine
secretion and fibroblast activation signatures were significantly enri-
ched in smoke-exposed mice, implying that smoking enhances these
signatures and may contribute to CNV progression. Recent studies
showed that pericyte-derived “pericine” signals could directly regulate
tumor cell growth as well as anti-tumor treatment sensitivity45,46, sug-
gesting that pericytes’ cytokine production plays a significant role in
disease progression. While we did not investigate whether Sema4D
affects the cytokine secretion of pericytes, we observed that smoking
altered the cytokine secretion signature in pericytes, suggesting that
smoking may induce “pericine” signals in AMD and other disease
situations, such as solid tumors.

It has been demonstrated that the activation or inhibition of
downstream GTPases by Sema4D/PlexinB1 complexes depends on
their interactionswith specific receptor tyrosine kinases, namely ErbB2
or c-Met47. In cells expressing ErbB2, the binding of Sema4D to Plex-
inB1 activates the intrinsic tyrosine kinase activity of ErbB2, resulting in
the phosphorylation of both PlexinB1 and ErbB233. This, in turn,
enables the activation of the ARHGEF11 and ARHGEF12, which con-
stitutively bind to the PDZ binding site of the carboxyl-terminal

Fig. 6 | ROR2 is Required for PlexinB1 Phosphorylation and Activation in
Pericytes. A HBVPCs infected with Flag-PlexinB1 adenovirus and stimulated with
Sema4D (1.6 µg/mL) for 30min. PlexinB1 interactions with ErbB2 or c-Met were
detected by CO-IP and immunoblot. Blots represent three independent experi-
ments.BHBVPCs infected with Flag-PlexinB1 adenovirus and treatedwith Sema4D.
Mass spectrometry identified ARHGEF11, ARHGEF12, and ROR2 were interacted
with Flag-PlexinB1. C Representative blots of CO-IP of Flag-PlexinB1 with ROR2 in
HBVPCs stimulated with Sema4D (1.6 µg/mL) for 30min. D HBVPCs were infected
with Flag-PlexinB1 and transfected with siCtrl or siROR2, then treated with Sema4D
or vehicle. PlexinB1phosphorylationwasdetectedbypan-phospho-tyrosine (p-Tyr)
antibody. CO-IP of Flag-tagged PlexinB1 with ROR2was also shown. Blots represent
three independent experiments. E Representative blots of CO-IP of Flag-PlexinB1
with RhoA in HBVPCs stimulated with Sema4D (1.6 µg/mL) for 30min. F G-LISA for
GTP-bound RhoA displayed that Sema4D-induced RhoA activation was diminished

after knockdown of ROR2 or PLXNB1 using siRNA in pericytes (n = 5/5/5/5).
Mean ± SEM, P <0.0001 (one-way ANOVA, Tukey’s test). G G-LISA for GTP-bound
RhoA displayed that RhoA activity was lower in MBVPCs after co-cultured with
Sema4d-/- CD8+ T cell compared with Sema4d+/+ CD8+ T cell treated group (n = 7/7).
Mean ± SEM, P <0.0001 (two-tailed Student’s t test). H, I HBVPCs were stimulated
with Sema4D (1.6 µg/mL) for 8 h in the presence or absence of RhoA inhibitor
Rhosin hydrochloride (40μM). Representative blots (H) and quantification (I) of p-
MLC, α-SMA, and COL-I (n = 4/4/4/4). Mean± SEM, P <0.0001 (one-way ANOVA,
Tukey’s test). J, K HBVPCs stimulated with Sema4D (1.6 µg/mL) for 8 h in the pre-
sence or absence of RhoA inhibitor Rhosin hydrochloride (40 µM). Representative
blots (J) and quantification (K) of p-MLC,α-SMA, andCOL-I (n = 4/4/4/4) are shown.
Mean ± SEM,P <0.0001 (one-wayANOVA,Tukey’s test). ***P <0.001, ****P <0.0001.
Source data are provided as a Source Data file.
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sequence of PlexinB1. The activated RhoGEFs ARHGEF11 and ARH-
GEF12 mediate the activation of the small GTPase RhoA, thereby sti-
mulating various pathways. In cells lacking ErbB2 expression but
containing c-Met, Sema4D/PlexinB1 recruits and activates c-Met.
Phosphorylation of c-Met results in its interaction with p190 RhoGAP,
leading to the inactivation of RhoA47. Interestingly, we observed that
neither ErbB2 nor c-Met associates with PlexinB1 in pericytes. Using

mass spectrometry, we identified ROR2 as an associating kinase of
PlexinB1. Furthermore, we demonstrated that ROR2 is essential for the
phosphorylation of PlexinB1 in pericytes, leading to the activation of
the small GTPase RhoA and the stimulation of downstream pathways.
Crucially, our analysis of scRNA seq data indicated that ROR2 is pri-
marily expressed by mural cells and fibroblasts, suggesting that ROR2
may serve as a pericyte/fibroblast-specific associating kinase of
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PlexinB1. Intriguingly, although the interaction between ROR2 and
semaphorin signaling has not been previously identified, ROR2 has
been recognized as a Wnt receptor and may play a role in cardiovas-
cular diseases48. Given existing studies suggesting a potential interac-
tion between Wnt signaling and Sema-Plexin signaling49, it is
conceivable that ROR2 may have a role in connecting these pathways.

The CXCL12-CXCR4 axis is a well-established pathway for T cell
chemotaxis36,37. Our cell-cell communication analysis using CellChat
revealed that the pericyte-to-CD8+ T cell CXCL12-CXCR4 interaction
was significantly enhanced in the CNV group. Interestingly, scRNA-seq
data analysis showed that CXCL12 is abundantly expressed by peri-
cytes in both mouse and human samples. ELISA of vitreous samples
from CNV and control mice exposed to either smoke or air, further
confirmed that CNV increased CXCL12 levels, with smoke exposure
leading to an even greater increase. Previous studies have identified
multiple upstream regulators of CXCL12 production, including
hypoxia, IL17A, and prostaglandin E2 (PGE2)50–52. During AMD patho-
genesis, macular drusenopathy is associated with relative hypoxia in
subretinal compartments, which contributes to the progression of
AMD. Hypoxia has long been considered a critical trigger for AMD
development53. In addition, PGE2 and IL17, important mediators of
inflammation, are elevated in both CNV mouse models and AMD
patients54,55 and are further increased by smoking56. Although this
study did not aim to identify the upstream regulatory mechanism by
which CNV and smoking increase CXCL12, it is plausible that these
factorsmight contribute to the elevationof CXCL12, thereby attracting
T cells to the site of inflammation.

Although our study focused on the interaction between T cells
andpericytes, it is important to note thatCXCL12-CXCR4 is also known
as a regulator of angiogenesis across various pathological conditions,
including tumors,myocardial infarction, and ocular diseases57–59. In the
context of CNV, previous studies have shown that CXCL12 promotes
choroidal angiogenesis in mouse models59,60. Furthermore, in AMD
patients, elevated CXCL12 levels in the vitreous fluid have been
reported to correlate negatively with sensitivity to anti-VEGF
treatment61. Therefore, it is plausible that CXCL12 produced by peri-
cytes contributes to angiogenesis by promoting endothelial cell pro-
liferation in CNV. In addition, as Plerixafor treatment significantly
reduced vascular leakage and CNV volume in our study, it is possible
that the protective effects of Plerixafor are partially mediated through
inhibition of the CXCL12-CXCR4 signaling axis between pericytes
and ECs.

Pathological angiogenesis is a significant characteristic of nvAMD.
Standard treatments for nvAMD involve anti-angiogenic therapies
targeting VEGF40. In addition, anti-angiogenic therapy is a primary
approach in treating other vision-threatening diseases like diabetic
retinopathy (DR), retinopathy of prematurity, and certain types of
solid tumors.However, anti-VEGF therapy’s efficacy is limited. In tumor
angiogenesis, various forms of resistance to antiangiogenic therapy
have been proposed62,63. These include the upregulation of alternative
pro-angiogenic signaling pathways, recruitment of vascular progenitor
cells and pro-angiogenicmonocytes from the bonemarrow, co-option

of normal vessels or vasculogenic mimicry without necessary angio-
genesis. Among these mechanisms, the protective role of pericyte
coating on tumor blood vessels during anti-angiogenic therapy is
considered crucial. Therefore, there is a rationale for targeting both
cell types. Notably, fibrosis is also considered a significant factor in
resistance to anti-angiogenic therapy64,65. Although this studyprimarily
focuses on pericytes, scRNA seq data from AMD patients and mouse
models indicate high levels of PlexinB1 expression in choroidal fibro-
blasts. Hence, it is highly probable that inhibiting Sema4D-PlexinB1
signaling could also target fibroblasts, potentially benefiting patients
receiving anti-VEGF therapy.

Originally identified as axonal guidance molecules, semaphorins
also regulate processes such as vascular development and angiogen-
esis. Sema3s, the secreted type of semaphorins in vertebrates, have
been reported as anti-angiogenic factors controlling both physiologi-
cal and pathological angiogenesis66. In the eye, Sema3C and Sema3F
have been shown to inhibit retinal and subretinal angiogenesis67,68. DR,
a leading cause of vision loss in working-age adults, exhibits abnormal
retinal angiogenesis and vascular dysfunction as its main pathological
characteristics. Sema3A has been found to regulate vascular perme-
ability in DR69, while Sema3A, Sema3E, and Sema3G have been shown
to suppress revascularizationduring ischemic retinopathy. In addition,
Sema6A has been proven to suppress reparative retinal
angiogenesis70–73. Conversely, certain semaphorins also elicit pro-
angiogenic signaling in ECs. Notably, PlexinB1 is believed to be highly
expressed in ECs, and Sema4D-PlexinB1 signaling is known to promote
EC migration and tube formation, driving angiogenesis in other dis-
ease conditions66,74. Interestingly, scRNA-seq data from both AMD
patients and mouse models revealed that in the choroid, the expres-
sion level of PlexinB1 in ECs is much lower compared to pericytes. This
disparity might be due to tissue- or disease-specific differences. While
this study primarily focuses on CNV, it would be intriguing to explore
whether PlexinB1 also plays a role in other disease conditions where
pericytes are believed to be significant, such as in liver fibrosis, lung
injury, and brain vascular-related diseases. Furthermore, although our
study centers on vascular disorders in CNV, it is worth noting that
semaphorins have been shown to play amodulatory role on T-cells75,76,
which warrants further investigation.

Semaphorins are emerging as attractive therapeutic targets. In
various pathological situations, the administration of semaphorins or
inhibitors of semaphorin or plexin function has demonstrated pre-
ventive or therapeutic effects in preclinical diseasemodels. VX15/2503
(Pepinemab) is a humanized IgG4 monoclonal antibody specific to
Sema4D, developed by Vaccinex. It possesses a binding affinity of
about 3–5 nM and inhibits the interaction between Sema4D and Plex-
inB1 across several species, including humans77. Presently, Pepinemab
has entered clinical development for patients with solid tumors
(NCT01313065, NCT03268057) and neurodegenerative diseases,
including early Huntington’s disease and Alzheimer’s disease
(NCT02481674, NCT04381468), demonstrating a favorable safety
profile78–81. Our study and its mechanistic insights suggest that AMD
may also be a promising area for further clinical development

Fig. 7 | CXCL12-CXCR4 Signaling Mediates T Cell Recruitment in CNV. A UMAP
illustrating the expression patterns of genes associated with cytokine signaling for
T cell recruitment using scRNA-seq data from mice. B, C CellChat analysis dis-
playing the up-regulated signaling in the CNV group compared with the Ctrl group
between CD8+ T cells and pericytes. D ELISA-measured CXCL12 concentration in
vitreous fluid from Ctrl, Smoke, CNV, and Smoke +CNV groups (n = 8/8/12/12).
Mean ± SEM, P =0.8047, 0.0158, 0.0190 (one-way ANOVA, Tukey’s test).
E Schematic of smoke exposure, CNV modeling, and Plerixafor treatment. Mice
received smoke exposure and Plerixafor injections, followed by CNV induction and
analysis on day 7. F Flow cytometry analysis of CD3+CD8+CXCR4+ cells in leukocytes
(CD45+) on CNV day 3 (n = 6/8/6/9). Mean ± SEM, P = <0.0001, < 0.0001, 0.9939
(one-way ANOVA, Tukey’s test). G, H Representative FFA images (G) and CD31-

stained RPE-choroid flat mounts (H) on CNV day 7. Mean ± SEM, P = <0.0001,
< 0.0001, 0.9939 (one-way ANOVA, Tukey’s test). I, JQuantification of leakage area
(I) and CNV volume (J) (n = 6/8/6/6). Mean ± SEM, P =0.0075, 0.0198, 0.5663,
0.0004, 0.0189, 0.8802 (one-way ANOVA, Tukey’s test). K Schematic of smoke
exposure and CNV modeling in Cxcr4fl/fl and E8iCre; Cxcr4fl/fl mice.
L,M Representative FFA images (L) and CD31-stained RPE-choroid flat mounts (M)
on day 7 after CNV modeling. N, O Quantification of leakage area (N) and CNV
volume (O) (n = 15/15/15/15). Mean ± SEM, P =0.0412, 0.0085, 0.5663, 0.0436,
0.0392, 0.9962 (one-way ANOVA, Tukey’s test). *P <0.05, **P <0.01, ***P <0.001,
****P <0.0001. Scale bars: 50 µm(H,M), 80 µm (G lower, L lower), 200 µm (G upper,
L upper). Source data are provided as a Source Data file.
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targeting Sema4D. The potential therapeutic benefits warrant further
exploration in clinical settings.

While our primary focus was on nvAMD, the primary cause of
vision loss, an independent study demonstrated that Sema4D can also
signal to PlexinB1 expressed by RPE, leading to impaired phagocytic
activity40,82. It has been suggested that the decline in RPE phagocytic
function due to aging could contribute to drusen deposition and
increased lipofuscin accumulation, ultimately resulting in RPE death
and AMD. Our findings, indicating elevated Sema4D levels in mice
exposed to smoke, both with or without CNV, strongly suggest that

Sema4D-PlexinB1 might also play a role in the pathogenesis of AMD at
an early stage.

Some limitations of this study need acknowledgment. The analy-
sis of Sema4D expression on CD8+ T cells was conducted solely in
peripheral blood in patients; further investigations are required to
examine this signature in the eye. Moreover, as AMD is an age-related
disease with age being the strongest risk factor, additional investiga-
tions should consider including elderly subjects.

In summary, by using clinical samples and animalmodels, wehave
identified a crucial role for Sema4D-PlexinB1 signaling in mediating
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smoking-aggravated CNV. While this finding was identified based on
smoking, we also observed clear protective effects when blocking this
pathway in non-smoking subjects. Thus, from a translational per-
spective, inhibiting the Sema4D-PlexinB1 pathway suppresses pericyte
activation and reduces neovascularization in age-related macular
degeneration. These insights underscore the potential therapeutic
value of targeting pericytes for treating nvAMD and suggest the con-
sideration of combination therapy with anti-VEGF treatment.

Methods
Study approval
Our study conformed to the Declaration of Helsinki. The protocol
pertaining to patient sample usage was approved by the ethics com-
mittee of Tianjin Medical University General Hospital (IRB2019-WZ-
101). Written informed consent were provided by donors to partici-
pate. All animal procedures were approved by the Institutional Animal
Care and Use Committee of Tianjin Medical University (TMUaMEC
2020005), following the ARVO guidelines for the use of animals in
vision research. The reporting of sex/gender in research and animal
experiments complies with the SAGER and ARRIVE guidelines. Sex and
gender are not relevant for any findings in this study and were there-
fore not considered in our study design, and participants was not
determined based on self-report nor assigned.

Participants
Ninety-seven nvAMD patients (aged 55–88 years) were enrolled in
3 + PRN currently available anti-VEGF treatment (i.e., Conbercept,
Aflibercept, or Ranibizumab) at the Department of Ophthalmology at
Tianjin Medical University General Hospital. The inclusion criteria for
this study included: (1) No other diseases thatmay affect the treatment
and observation of nvAMD, such as severe cataract, diabetic retino-
pathy, and vascular obstruction, etc. (2). No history of treatment for
wet-AMD, including anti-VEGF or laser therapy. Detailed information is
presented in Supplementary Table 1. Demographic information and
detailed medical histories were extracted from patient medical
records, with particular attention to smoking history. Peripheral blood
samples were collected during the initial patient visit and subjected to
immediate flow cytometry analysis, as outlined in the “Flow Cyto-
metry” section.

Spectral-domain OCT
Macular Cube 512 × 128 OCT scan was obtained using the same pro-
totype device (Cirrus HD-OCT 5000, Zeiss, Germany) both at the
baseline and during monthly follow-up visits. Structural parameters,
specifically lesion thickness and total retinal thickness at the site of the
lesion, were calculated with ImageJ software. The OCT results were
analyzed by two experienced ophthalmologists.

Fig. 8 | Targeting Sema4D alleviates CNV progression and enhances anti-VEGF
therapy efficacy. A Patients with nvAMD were segregated into groups based on
low and high levels of Sema4D onCD8+ T cells in peripheral blood. Representative
OCT images were captured at baseline and after initiating the 3 + PRN anti-VEGF
treatment strategy. B, C Pearson correlation coefficient analysis was conducted
between the MFI of Sema4D on CD8+ T cells and changes in central retinal
thickness (B) or lesion thickness (C) (normalized to baseline) in patients with
nvAMD (n = 97). P = < 0.0001, < 0.0001 (Pearson correlation coefficient analysis).
D CNV mice received intravitreal injections of IgG, Conbercept, Anti-Sema4D, or
Anti-Sema4D+Conbercept. Samples were examined on CNV day 7. Representative
FFA images (upper) and CD31 stained RPE-choroid-sclera flat mounts confocal
images (lower) were shown. E Quantification of leakage area (n = 8/6/6/7) (upper)
and CNV volume (n = 6/6/6/6) (lower) in (D). Mean ± SEM, P = 0.0039, 0.0038,
< 0.0001, > 0.9999, 0.0328, 0.0332, 0.0009, 0.0004, < 0.0001, 0.9774, 0.0124,

0.0297 (one-way ANOVA, Tukey’s test). F, G Representative blots (F) and quan-
tification (G) of p-MLC /α-SMA/COL-I in retina-choroid complexes frommice after
treatment (n = 4/4/4/4). Mean ± SEM, P = 0.0042, 0.0017, < 0.0001, 0.9524,
0.0007, 0.0017, 0.0001, 0.0002, < 0.0001, 0.9979, 0.0004, 0.0003, 0.0001,
0.0002, < 0.0001, 0.9341, 0.0384, 0.0138 (one-way ANOVA, Tukey’s test).
H, I Immunofluorescence staining of p-MLC/α-SMA/COL-I (green), CD31 (red),
and DAPI (blue) in CNV lesion in cross-section of eyes from mice treated as
indicated. Representative images (H) and quantification (I) of p-MLC, α-SMA, and
COL-I-positive area are presented (n = 4/4/4/4). Mean ± SEM, P = < 0.0001,
< 0.0001, < 0.0001, 0.7821, < 0.0001, < 0.0001, <0.0001, 0.6142, <0.0001,
<0.0001, <0.0001, 0.9693 (one-way ANOVA, Tukey’s test). * P < 0.05, ** P < 0.01,
*** P < 0.001, **** P < 0.0001. Scale bars: 50 µm in (D, H), 80mm in (D middle),
200 µm in (A, D upper). Source data are provided as a Source Data file.
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Fig. 9 | Working model. A schematic illustration presents the mechanisms.
Smoking increases the expression of Sema4d in peripheral CD8+ T cells, which are
then recruited to the CNV lesion area via the CXCL12-CXCR4 axis. These T cells act
on PlexinB1 of pericytes, activating them and thereby exacerbating CNV damage.

Meanwhile, ROR2 on pericytes is a co-activating receptor for Sema4D-mediated
PlexinB1 activation, promoting the phosphorylation of PlexinB1 and the activation
of RhoA, which subsequently regulates pericyte proliferation, migration, and
contraction.
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Mice
Mice weremaintained under a 12 h light-dark cycle at a temperature of
21–25 °C with a humidity level between 30 to 70% and were provided
unrestricted access to food (XTI01ZJ-012, Jiangsu Synergy Pharma-
ceutical Biological Engineering Co., Ltd.) and water. The mice were
then randomly designated into experimental groups. The mice were
anesthetized with ketamine/xylazine (90mg/10mg per kg body
weight) via intraperitoneal injection before the procedure. Adult
C57BL/6 J mice were purchased from the Model Animal Research
Center of Nanjing University. Cre recombinase activity was induced by
intraperitoneal injection of 200μL of Tamoxifen (Sigma, #T5648)
dissolved in corn oil (20mg/mL) for adult mice and intragastric
injection of 50μLTamoxifen (1mg/mL) for pups at indicated time
points. PdgfrbCreERT2 (Jackson Laboratory, Stock No. 030201),
Myh11CreERT2 (Jackson Laboratories, Stock No.019079) and Sm22aCreERT2

(Jackson Laboratories, Stock No.017491) mice were crossed with the
R26-tdTomato (Jackson Laboratory, Stock No. 007914) or R26-zsGreen
(Shanghai Model Organisms Center, Cat. NO. NM-KI-200045) for
genetic lineage tracing in CNV mice model. PdgfrbCreERT2 were crossed
with Plxnb1fl/fl mice (Shanghai Model Organisms Center, Cat. NO. NM-
CKO-2112373) to generate PdgfrbCreERT2; Plxnb1fl/fl mice and littermates
genotyped as Plxnb1fl/fl were used as control group. E8iCre (Jackson
Laboratories, Stock No. 008766) were crossed with Cxcr4fl/fl mice
(Shanghai Model Organisms Center, Cat. NO. NM-CKO- NM-KO-
190072) and Sema4dfl/fl mice (Cyagen Biosciences Inc, Cat. NO. S-CKO-
18139) to generate CD8+ T-cell-specific Sema4d or Cxcr4 knockout
mice, littermates genotyped as Sema4dfl/fl or Cxcr4fl/fl were used as the
control group. Sema4d−/− mice (Strain NO. T014199), Vldlr−/− mice
(Strain NO. T038259), and Rag1−/− (Strain NO. T004753) mice were
purchased from GemPharmatech (Nanjing, China).

Smoke exposure
Male mice (8 weeks old) were subjected to nose exposure to the
mainstream smoke of commercial cigarettes (Hongyun, China
Tobacco, China) containing 1.2mg of nicotine, 13mg of CO, and 13mg
of tar oil per cigarette. This smoke exposure was generated using a
smoke generator (BUXCO, NC, US), as previously described83. Mice
were exposed for 2 hper day,five days aweek, for twomonths.Control
mice were kept in an environment with filtered air.

Electroretinogram
Electroretinogram (ERG) recordings were carried out using the Celeris
D430 rodent ERG Testing system (Diagnosys LLC, MA, USA) as pre-
vious described84. Briefly,mice fromeach groupweredark-adapted for
more than 8 h in a light-proof dark room before recording. Mice were
anaesthetized, and the pupils were dilated with one drop of 0.5% tro-
picamide (SINQI, China) for 5min.

Dark adaptation was maintained throughout the recording. The
Celeris apparatus has the safety light LEDs [Red (670 nm) and infrared
(940 nm)] for lighting. Mice were placed on a heated platform to
maintain body temperature, and corneas were kept moist with 1–2%
hydroxypropyl methylcellulose (Allergan, US). Two corneal electrodes
with integrated stimulators were placed on the surfaces of lubricated
corneas. Impedances of ground and reference active electrodes were
kept between 1.5 and 2 kΩ during recording, we kept impedances of
two corneal electrodes between 2 and 5 kΩ. The stimulus intensity
range (0.01, 0.1, 1 cd s/m2) was chosen.

Laser-induced CNV Models
We used a laser-induced photocoagulation mouse model (laser-
induced CNV model) in which a laser burn of Bruch’s membrane trig-
gers vessel growth from the choroid as a model for CNV16. Mice were
anesthetized, and pupils were dilated with topical 1% tropicamide
(Santen, Osaka, Japan). Four spots of laser photocoagulation (532 nm,
200mW, 0.150 s, 100μm;Vovus Spectra, Lumenis, US) was performed

on both eyes of eachmouse around the optic disk at the 3, 6, 9, and 12
o’clockpositions using a slit lampdelivery systemanda cover glass as a
contact lens. The morphologic end-point of the laser injury was the
appearance of a cavitation bubble, which correlates with the disrup-
tion of Bruch’s membrane without hemorrhage. For Conbercept (anti-
VEGF treatment) or/and anti-Sema4D treatment, 0.75μg Conbercept
(Chengdu Kanghong Biotechnologies Co. Ltd. China) or/and 0.75μg
anti-Sema4D (eBioscience, #BMA-12) was injected intravitreally using a
33-gauge syringe needle (Hamilton, US) in 1.5μL volume immediately
after laser burn.

Quantification of FFA and OCT
Fundus fluorescein angiography (FFA) was performed at day 7 after
laser injury, using a digital fundus camera (Heidelberg Confocal Retina
Angiography, Germany). Mice were anesthetized, and pupils were
dilated with topical 1% tropicamide (Santen, Osaka, Japan). 100μL of
10% fluorescein sodium (Alcon, US) were injected intraperitoneally.
Fluorescent fundus images of four distinct laser burns were captured
after a fluorescein circulation of 5min. For the vascular leakage area
quantification was performed as previous described85–87. Using ImageJ
software, we delineated the high-fluorescence areas corresponding to
the laser spots. For eachmouse, we quantified lesions in both eyes and
calculated the average value per mouse.

Mice fundus graphs andOCT imageswere acquired using a retinal
imaging microscope (Micron IV, Phoenix Research Labs, USA). The
thickness of the whole retinal layer or each sublayer weremeasured by
the analysis software that came with the machine.

RNA Extraction and quantitative real-time PCR
Cells or tissueswere harvested forRNAextractionusingTRIzol reagent
(#101254514, Sigma, USA). RNA concentration was determined
through spectrophotometry with a Nanodrop ND-1000 (Thermo
Fisher Scientific, USA). Subsequently, RNA samples were converted
into complementary DNA (cDNA) using an mRNA Reverse Transcrip-
tion Kit (#A301, TransGen Biotech, China) following the provided
protocol instructions. Quantitative reverse transcription PCR (qRT-
PCR) was conducted using SYBR™ Green Master Mix (#AQ602,
TransGen Biotech, China) and the Real-Time PCR 96-well system
(Applied Biosystems QuantStudio 3, USA). Primer sequences: Plxnb1,
Forward-5’-CACACATCTACTACACTTGGCAA-3’, Reverse-5’-CAATCCC
GGCTGTCATTCAC-3’; Sema4d, Forward-5’-CCTGGTGGTAGTGTTGA-
GAAC-3’, Reverse-5’-GCAAGGCCGAGTAGTTAAAGAT-3’; Cxcr4, For-
ward-5’-GAAGTGGGGTCTGGAGACTAT-3’, Reverse-5’-TTGCCGACTAT
GCCAGTCAAG-3’; Il1a, Forward-5’-CGAAGACTACAGTTCTGCCATT-3’,
Reverse-5’-GACGTTTCAGAGGTTCTCAGAG-3’; Il1b, Forward-5’-GCAA
CTGTTCCTGAACTCAACT-3’, Reverse-5’-ATCTTTTGGGGTCCGTCAA
CT-3’; Il6, Forward-5’-TAGTCCTTCCTACCCCAATTTCC-3’, Reverse-5’-
TTGGTCCTTAGCCACTCCTTC-3’; Tgfb1, Forward-5’-CTCCCGTGGCTT
CTAGTGC-3’, Reverse-5’-GCCTTAGTTTGGACAGGATCTG-3’; Tnf, For-
ward-5’-CCCTCACACTCAGATCATCTTCT-3’, Reverse-5’-GCTACGACGT
GGGCTACAG-3’; Nos2, Forward-5’-GTTCTCAGCCCAACAATACAAGA-
3’, Reverse-5’-GTGGACGGGTCGATGTCAC-3’;Gapdh, Forward-5’-AGGT
CGGTGTGAACGGATTTG-3’, Reverse-5’-TGTAGACCATGTAGTTGAGGT
CA-3’. All qRT-PCR data presented in this study are the result of at least
three biological replicates.

RNA Sequencing and data analyses
The retina-choroid complex was freshly dissected frommice, and RNA
was extracted. Each sample was pooled of retina-choroid complexes
from both eyes of one mouse. RNA quality was analyzed using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
Sequencing was performed at the Majorbio (Shanghai, China) on an
Illumina Hiseq platform according to the manufacturer’s instructions
(Illumina, San Diego, CA, USA). The expression changes between
groups were calculated using the DESeq2 package88. For gene set
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enrichment analysis (GSEA), gene sets were acquired from the Mole-
cular Signatures Database (MSigDB), and GSEA_4.1.0 software was
used89–92.

Single cell RNA Sequencing
Retina-choroid complexes were harvested from mice at CNV day 3
after exposure to smoke or air for 2 months. For each group, we
combined ten eyes obtained from five mice. The choroid sclera and
retina were dissected and processed separately, following the estab-
lished cell preparation protocol as previously described93. Dissociated
cells from the retinaswere subsequently incubatedwith PE anti-mouse
CD73 (BioLegend, #127206, 1:300), followed by anti-PE microbeads
(130-048-801, Miltenyi Biotec, US) to remove rod cells. Single-cell
suspensions from both the retina and choroid-sclera were mixed and
then diluted to a concentration of 200 cells/μL in a solution of 0.2%
BSA/DPBS before being loaded into the 10x Genomics Chromium
system. In total, this experiment included 47,053 cells, with 11,299 cells
from the control group, 10,608 cells from the CNV group, 13,737 cells
from the smoke-exposed group, and 11,409 cells frommice exposed to
smoke and CNV.

We processed the raw data using the Cell Ranger pipeline (10 ×
Genomics) following the manufacturer’s guidelines for analysis.
Unsupervised cell clustering analysis was conducted using the Seurat
2.1 R package94. Cells of low quality and potential cell doublets were
filtered out, including those with fewer than 200 genes, over 7500
genes, or exhibiting high mitochondrial read counts (> 20%). To miti-
gate batch effects, principal component analysis (PCA) was computed
on the residuals for input into Harmony (version 0.1.0).We conducted
uniform manifold approximation and projection (UMAP) embedding
and clustering analysis on the integrated data. To identify markers for
each cluster, we compiled a list of conserved cell type-specific genes
using the Seurat Find Conserved Markers function. Immune cells
underwent a second round of unsupervised analysis, following the
same approach, utilizing the Seurat FindConservedMarkers function.
We applied Gene Set Variation Analysis (GSVA) and Gene Set Enrich-
ment Analysis (GSEA) to evaluate the changes in various gene sets
among the different groups. To further investigate pericyte changes in
the context of CNV and/or smoke exposure, we employed RNA velo-
city to identify pericyte transdifferentiation95. For the analysis of cell-
cell communication, we used the CellChat database96 to identify
crosstalk between pericytes and CD8+ T cells.

Immunofluorescence of RPE-choroid flat-mounts
Mice were sacrificed by cervical dislocation, eyes were dissected and
fixedwith 4% paraformaldehyde for 1 h at room temperature. The RPE-
choroid complex was dissected and permeabilized with 1% Triton for
12 h and then incubated in a blocking buffer (3% BSA, 0.3% Triton PBS)
at room temperature for another 12 h. Subsequently, samples were
incubatedwithprimary antibody (diluted inblockingbuffer) at4 °C for
36 h. primary antibodies used were as follows: anti-CD31 (Millipore,
#MAB1398Z, 1:200); anti-RFP (Rockland, #600-401-379, 1:200); anti-
CD8 (Abcam, #ab217344, 1:100); anti-α-SMA (Sigma, #A2547, 1:200);
anti-PDGFRβ (Santa Cruz, #sc-374573, 1:50). After triplicate washing in
0.1% Triton PBS, the tissues were incubated with the secondary anti-
body (all diluted at 1:300, Goat anti-Hamster 647(Jackson, #127-605-
099); Goat anti-Rabbit 594(Jackson, 111-585-003); Goat anti-Rabbit
488(Jackson, #111-545-003); Goat anti-Mouse 488(Jackson, #115-545-
003)) for 2 h and mounted with neutral resin (#0100-01, South-
ernBiotech, USA). Images were captured by a confocal fluorescence
microscope (LSM800, Carl Zeiss, Germany). The volume of choroidal
neovascularization was quantified using the surface rendering tool on
Imaris software (version 9.0.1). For each mouse, we quantified lesions
in both eyes and calculated the average value per mouse.

Proximity ligation assay
The experiments were conducted using the Duolink® In Situ Red
Starter Kit (Sigma, #DUO92008), with RPE-choroid flat-mounts from
CNV model mice. Mice were sacrificed by cervical dislocation, eyes
were dissected and fixed with 4% paraformaldehyde for 1 h at room
temperature. The RPE-choroid complex was dissected and permeabi-
lized with 1% Triton for 24 h, After blocking, samples were incubated
overnight at 4 °C with a mixture of anti-Sema4D (Abcam, #ab231961,
1:50), anti-PlexinB1 (Santa Cruz, #sc-28372, 1:20), and anti-CD8
(Abcam, #ab308264, 1:50) antibodies in blocking solution. Subse-
quently, the pre-diluted anti-rabbit plus and anti-mouse minus probes
were incubated with the cells for 1 h at 37 °C. Following incubation,
samples were incubated at 37 °C with ligation enzyme for 30min and
polymerase for 100min. and the samples were incubated with the
secondary antibody Goat anti-Rat 647(Jackson, #112-605-020, 1:200)
before mounting and imaging.

Immunofluorescence of cross sections
The eyes were fixed in 4% paraformaldehyde at room temperature
for 1 h, followed by dehydration in 30% sucrose solution for 8 h.
Subsequently, they were embedded in optimal cutting temperature
compound (OCT, Sakura, Japan) and snap-frozen. We then cut serial
sections, each 20 μm thick, using a cryostat (CM1950, Leica, Ger-
many), 5 slices containing CNV lesion per eye were obtained. The
cross sections were brought to room temperature for 30min,
washed in PBS for 10min, permeabilized in 0.3% Triton X-100 PBS for
15min, and then blocked in 3% BSA, 0.3% Triton X-100 PBS for 1 h.
Immunofluorescence staining with primary antibodies was carried
out at 4 °C overnight, primary antibodies used were as follows: anti-
CD31(Millipore, #MAB1398Z, 1:200); anti-RFP(Rockland, #600-401-
379, 1:200); anti-α-SMA(Sigma, #A2547, 1:200); anti-p-MLC (Cell
Signaling Technology, #3671S, 1:100); anti-COL-I (Abcam,
#ab270993, 1:200)l anti-Ki67(Abcam, #ab16667, 1:200). Following
washing, the sections were incubated with the corresponding sec-
ondary antibodies (all diluted at 1:300, Goat anti-Hamster 647
(Jackson, #127-605-099); Goat anti-Rabbit 594 (Jackson, #111-585-
003); Goat anti-Rabbit 488 (Jackson, #111-545-003); Goat anti-Mouse
488 (Jackson, #115-545-003)) for 2 h at room temperature. Image
acquisition was performed using a confocal fluorescencemicroscope
(LSM800, Carl Zeiss, Germany). For each set of experiments, the
same settings were used for collecting confocal images. The images
were quantified by ImageJ software. Three images from each tissue
were used for analysis.

Fluorescence-activated cell sorting
To isolate CD8+ T cells, spleens of the mice (Sema4d−/− or Sema4d+/+,
E8iCre; Sema4dfl/fl or Sema4dfl/fl, E8iCre; Cxcr4fl/fl or Cxcr4fl/fl) were removed
immediately after scarified, ground gently in a 40μm strainer, and
stained for cell surface antigen after lysis of post-red blood cells by
ACK Lysis Solution (R1010, Solaribio, China). Antibodies were as fol-
lows: FITC anti-mouse CD45 (BioLegend, #103108, 1:300); APC anti-
mouse CD3 (BioLegend, #100236, 1:300); PerCP/Cyanine5.5 anti-
mouse CD8 (BioLegend, #100734, 1:300).

To confirm the effectiveness of Plxnb1 deletion in Plxnb1CreERT2

Pdgfrbfl/fl mice, we isolated pericytes from the mouse brain. The brain
samples were dissected and disassociated (in 1640 basic medium
containing 0.25mg/mL DNase I, 3mg/mL collagenase/Dispase) for
10min at 37 °C. For myelin depletion, we employed a magnetic cell
separation method involving myelin depletion magnetic beads from
Miltenyi Biotec. Pericytes sorting (CD31-CD140b+) was performed
using FACS Aria Fusion (BD Biosciences, US). Antibodies were as fol-
lows: FITC anti-mouse CD31 (BioLegend, #102405, 1:300); APC anti-
mouse CD140b (BioLegend, #136008, 1:300).
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Cell transfusion
CD8+ T cells were sorted from Sema4d+/+ or Sema4d−/− mice by FACS as
described above. After centrifuged, cells were resuspended in normal
saline for 1 × 107 cells/mL, and each Rag−/− mouse received 100 µL cell
suspension (1 × 106 cells) through tail vein injection, or 100 µL saline. At
the same time, a laser-induced CNV model was established, and the
success of blood transfusion was verified by a frozen section for eye-
ball on day 3 of CNV. FFA and choroid flat-mounts on day 7 after CNV
modeling were used to compare the effect of blood transfusion.

Flow cytometry
For flow cytometry analysis of the peripheral blood samples from
nvAMD patients or mice, blood samples were collected in antic-
oagulant tubes containing heparin sodium. Subsequently, the blood
samples were centrifuged at 4 °C for 10min at 3000 rpm using la
ymphocyte separation medium. Afterward, we selectively lysed the
erythrocytes by applying ACK lysis solution (#R1010, Solaribio, China).
The resulting peripheral blood mononuclear cells (PBMCs) were
stained with labeled antibodies on ice for 30min before flow cyto-
metry analysis.

For flow cytometry analysis of the spleen samples, the spleens of
the mice were promptly removed upon sacrifice and were gently
ground through a 100μm strainer and subjected to cell surface anti-
gen staining following the lysis of red blood cells using ACK Lysis
Solution. For the eye, CLN, and lung samples, the tissues were col-
lected immediately after sacrifice and were minced into small pieces
using micro scissors. The tissue fragments were then incubated in a
digestbuffer (comprising 1640basicmediumwith0.25mg/mLDNase I
and 3mg/mL collagenase/Dispase) for 10min at 37 °C. Single cells
were isolated using a 40μm strainer, and the digestion process was
terminated by introducing 5% BSA. The antibodies were as followed:

PerCP/Cyanine5.5 anti-mouse CD45 (BioLegend, #103131, 1:300);
FITC anti-mouse CD45 (BioLegend, #103108, 1:300); APC anti-mouse
CD3 (BioLegend, #100236, 1:300); APC/Cyanine7 anti-mouse CD3
(BioLegend, #100221, 1:300); PerCP/Cyanine5.5 anti-mouse CD8 (Bio-
Legend, #100734, 1:300); PE/Cyanine7 anti-mouse CD4 (BioLegend,
#100422, 1:300); FITC anti-mouse NK1.1 (BioLegend, #156508, 1:300);
APC anti-mouse CD19 (BioLegend, #115512, 1:300); PerCP/Cyanine5.5
anti-mouse CD11b (BioLegend, #101228, 1:300); PE-Cyanine7 anti-
mouse F4/80 (BioLegend, #123114, 1:300); APC/Cyanine7 anti-mouse
Ly6G (BioLegend, #127624, 1:300); PE anti-mouse Sema4D (BioLegend,
#147603, 1:300); PE anti-mouse CXCR4 (BioLegend, #146505, 1:300);
anti-PlexinB1 (Santa Cruz, #sc-28372, 1:100); PE Goat anti-mouse IgG
(BioLegend, #405307, 1:300); FITC anti-mouse CD31(BioLegend,
#102405, 1:300); APC anti-mouse CD140b (BioLegend, #136008,
1:300); APC/Cyanine7 anti-human CD45 (BioLegend, #304014, 1:300);
APC anti-human CD3 (BioLegend, #317317, 1:300); FITC anti-human
CD4 (BioLegend, #344604, 1:300); PerCP anti-humanCD8 (BioLegend,
#344708, 1:300); FITC anti-human CD19 (BioLegend, #302206, 1:300);
PE anti-human Sema4D (BioLegend, #328407, 1:300).

Cells were washed twice and analysis were performed using a
FACSVerse flow cytometer (BD Biosciences, US), and the FlowJo (Ver-
sion 10) software.

Cell culture
Human brain vessel pericyte cells (HBVPC) were obtained from Sci-
encell (#1200, US) and cultured in a pericyte medium (PM, #1201,
Sciencell, US). For HBVPCs wound closure assays, confluent cells were
starved in a medium without FBS overnight. Linear scratch wounds
were gently createdusing a sterile 200μl pipette tip. Subsequently, the
cells were treated with Sema4D (1.6μg/mL) (#CD0-H5257, ACROBio-
systems, China) in PMwith 2% FBS and 1% pericyte growth factor for an
additional 8 h. The progress of wound closure was observed at speci-
fied time points using a microscope equipped with a digital camera.
ImageJ software was employed to analyze the wound area. For the

collagen gel contraction assay, the procedure followed the previous
descriptions65. In summary, the gelmixturewaspreparedwith collagen
type I (#354249, Corning, US) and Matrigel (#354230, Corning, US). A
100μL mixture of cells and gel was placed in a 96-well plate, with final
concentrations of 2.5 × 105 MBVPCs cells/mL, 4mg/mL collagen, and
2mg/mLMatrigel, respectively. After the gel polymerized, the culture
was incubated with 200μL of fresh media containing different treat-
ments. Gel contraction was observed at specific time points using a
stereomicroscope (Leica M12, Germany), and the images were ana-
lyzed using ImageJ software. For ROR2 and RhoA inhibition experi-
ments, we treatedHBVPCs at a density of 90%with Sema4D (1.6ug/mL)
for 8 h in the presence or absence of anti-ROR2 (MedChemExpress,
#HY-145626) (1 µg/mL) or the RhoA inhibitor Rhosin hydrochloride
(MedChemExpress, #HY-12646) (40μM). After the treatment, the cells
were harvested for further analysis.

Mouse brain vessel pericyte cells (MBVPCs) were obtained from
Procell (#CP-M194, Procell, China) and cultured in pericyte medium
(#CM-M194, Procell, China). For the CD8+ T cell andMBVPC co-culture
assay, CD8+ T cells were isolated from the spleens of C57BL/6 J, Sema4d
−/− or Sema4d +/+ mice through fluorescence-activated cell sorting
(FACS). 1 × 106 CD8+ T cells were co-cultured with pre-starved MBVPCs
or siRNA transfected MBVPC per well in a 6-well plate. Gel contraction
analysis, wound closure assays, and immunoblotting were conducted
after 48 h of co-culture.

siRNA transfection
Sixteen hours prior to transfection, cells were seeded in a six-well plate
and allowed to reach 70 to 80% confluency. Transfection was per-
formed using Lipofectamine™ RNAiMAX (#13778150, Invitrogen, US)
and either control siRNA (siCtrl) or siRNA targeting HBVPC PLXNB1 or
ROR2, and MBVPC Plxnb1, following the manufacturer’s instructions.
The siRNA solution was used at a final concentration of 160 nM. The
sequences of siRNA for HBVPCs: siPLXNB1, 5’-ACCACGGU-
CACCCGGAUUCTT-3’. siROR2, 5’-TACGTCACACAGTTCCACT-3’. The
sequences of siRNA for MBVPCs: siPlxnb1, 5’- AATTCATGGAA-
CATGAATGGC-3’.

Immunoprecipitation and immunoblotting
Coimmunoprecipitation assays were performed as previously
described97. Cells were lysed usingmild lysis buffer [20mM tris at pH
7.5, 150mM NaCl, 5mM EDTA, 1% NP-40, 10% glycerol, 1 × protease
inhibitor cocktail, and 1 × phosphatase inhibitor (Roche)]. Cell lysates
were centrifuged for 10min, and supernatants were used for immu-
noprecipitation. To immunoprecipitate Flag-tagged proteins, super-
natants were collected and incubated with anti-Flag M2 magnetic
beads (Sigma-Aldrich, #M8823). The beads were washed, and 3 × Flag
peptide was applied to elute the Flag-protein complex. The anti-
bodies used for immunoblotting were as follow: anti-p-MLC (Cell
Signaling Technology, #3671S,1:2000); anti-t-MLC (Cell Signaling
Technology, #2672S, 1:2000); anti-α-SMA (Sigma, #A2547, 1:2000);
anti-Collagen-I (Abcam, #ab34710,1:2000); anti-Collagen-I (Abcam, #
ab270993,1:2000); anti-Flag (Sigma, #A8592-0.2MG, 1:4000); anti-
ROR2 (Santa Cruze, #sc-374174, 1:500); anti-RhoA (Santa Cruze, #sc-
418, 1:1000); anti-c-MET (Cell Signaling Technology, #8198 T,
1:2000); anti-ErbB2 (Cell Signaling Technology, #4290T, 1:2000);
1:3000; anti-PlexinB1 (Santa Cruze, #sc-28372, 1:500); anti-p-Tyr
(Millipore, #05-321, 1:1000); anti-GAPGH (ABclonal, #AC033,
1:5000); Peroxidase AffiniPure Goat anti-Mouse IgG (H + L) (Jackson,
#115-035-003,1:3000); Peroxidase AffiniPure Goat anti-Rabbit IgG
(H + L) (Jackson, #111-035-003, 1:3000). All the uncropped scans of
the blots are provided in the Source Data file.

Choroid sprouting assay
The choroid explant sprouting assay was performed as the previously
described17. Briefly, the choroid- RPE complex was dissected and cut
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into 1mm× 1mm pieces, followed by incubation in M199 medium
(containing 1%Penicillin and streptomycin, 10% FBS, 1% endothelial cell
growth factor) for a duration of 6 h. Subsequently, the choroid
explants were embedded into Matrigel (354230, Corning, US) and
cultured in M199 medium for 48 h. Afterward, the explants were
treated with 1.6μg/mL of mouse Sema4D (R&D, #5235-S4B) for
another 48h, while the control group received IgG protein (R&D, #
MAB002). The sprouting choroidal explants were then fixed using 4%
paraformaldehyde, stained with phalloidin, and subjected to imaging
with a confocal fluorescence microscope (LSM800, Carl Zeiss, Ger-
many). The sprouting area and vessel length were quantified through
the utilization of ImageJ software.

ELISA Analysis
Vitreous humor samples were collected from the vitreous cavity using
a 31 G insulin syringe. ELISA tests for the detection of mouse CXLC12
(ml063391-1, Shanghai Enzyme-linked Biotechnology Co., Ltd., China)
and soluble Sema4D (YK-E2675, Shanghai Yukang Electromechanical
Equipment Co., Ltd., China) were performed following the manu-
facturer’s instructions.

TUNEL Assay
TUNEL assays were conducted using a one-step TUNEL Apoptosis
Assay Kit (C1088, Beyotime, China), following the instructions pro-
vided by the manufacturer. In brief, cryosections were brought to
room temperature, washed in PBS for 10minutes, and subsequently
incubated in 3% BSA, 0.3% Triton X-100 PBS for 5min. Nuclei were
labeledwithDAPI. To count the TUNEL-positive cells, the sectionswere
mounted with neutral resin, and images were captured using a con-
focal laser scanning microscope (LSM 800; ZEISS, Germany).

Adenoviral production
The DNA fragment of Plexin-B1 (Ensembl: ENSG00000164050) were
obtained from Addgene (Addgene_70469). AdC68-Flag-PlexinB1 were
generated as previously described98, HEK 293 A cell line (ATCC CRL-
1573) was used for the package the adenovirus. HBVPCs were infected
with adenovirus at themultiplicity of infectionof ~ 100. Cellswere used
for analysis 36 h after infection.

Mass spectrometry analysis
Trypsin digestion. HBVPCs were infected with AdC68-Flag-PlexinB1
and then subjected to Sema4D stimulation. Anti-FLAG M2 Magnetic
Beads (Sigma-Aldrich, St. Louis, MO), were utilized to capture the
FLAG protein complex in the cell lysates. Following binding, the
magnetic beads underwent washing with cold PBS plus 0.1% NP-40.
The elution of the FLAG-protein complex was conducted using a
FLAG peptide. After gel electrophoresis, gel bands were cut into
small pieces (1mm). These gel pieces were destained with 25mM
ammonium bicarbonate in ethanol/water (1:1, v/v). Then, the
destained gel pieces were rinsed in an acidic buffer (acetic acid/
ethanol/water, 1:5:4, v/v/v) two times, each for 1 hour, and twice in
water, each for 10min. Afterward, the gel pieces were dehydrated in
acetonitrile and dried in a SpeedVac (Thermo Fisher). Disulfide
bonds were cleaved using dithiothreitol (10mM) at 56 °C for 1 h and
the cleaved bonds were protected by Iodoacetamide (55mM) at
room temperature for 45minutes. After two water washes, the gel
pieces were dehydrated in acetonitrile and dried in a SpeedVac
(Thermo Fisher). Subsequently, 200 nanograms of trypsin (Pro-
mega), dissolved in 50mM ammonium bicarbonate, was added to
the dried gels and incubated overnight at 37 °C. Tryptic peptides
were then extracted sequentially from the gel pieces using 50%
acetonitrile (acetonitrile/water/TFA, 50:45:5, v/v/v), 75% acetonitrile
(acetonitrile/water/TFA, 75:25:0.1, v/v/v), and acetonitrile. The pep-
tide extracts were pooled, dried in a SpeedVac, and desalted using a
μ-C18 Ziptip.

MS/MS Analysis. The digested sample was injected into a Nano-LC
system (EASY-nLC 1200, Thermo Fisher Scientific). Each sample was
separatedby aC18 column (75μminner diameter × 25 cm,3μmC18) at
a flow rate of 300 nL/min. The HPLC gradient was as follows: 5% to 10%
solvent B (0.1% formic acid in 80% acetonitrile) in 16min, 10% to 22%
solvent B in 35min, 22% to 30% solvent B in 15min, 30% to 90% solvent
B in 1min, and holding for 8min at 90% solvent B. TheHPLC eluatewas
electrospray directly into an Orbitrap Eclipse mass spectrometer
(Thermo Fisher Scientific). The source operated at 2.2 kV. The mass
spectrometric analysis was performed in a data-dependent mode. For
theMS1 survey scan, the automatic gain control (AGC) targetwas set to
5e4, and the resolution was 70,000. The MS2 spectra were acquired
with a resolution of 17,500.

Data processing. The resulting MS/MS data were processed using
Proteome Discoverer 3.0 with an overall false discovery rate (FDR) for
peptides of less than 1%. Trypsin (Full) was specified as the cleavage
enzyme, allowing up to twomissing cleavages. The mass tolerance for
precursor ions was set to 10 ppm in the first search, and the mass
tolerance for fragment ions was set to 0.02Da. Carbamidomethyl on
Cys was designated as a fixed modification, and Met acetylation and
oxidation were designated as variable modifications. Mass tolerances
for precursor ions were set at ±10 ppm for precursor ions and ± 0.02
Da for MS/MS.

RhoA activation assay
RhoA activity in HBVPCs or MBVPCs was detected by G-LISA (BK124-
S, Cytoskeleton, US) according to themanufacturer’s instructions. To
examine the effect of PlexinB1 and ROR2, cells were transfected with
siPLXNB1, siROR2, or control siRNA for 48 h before Sema4D stimu-
lation. For the co-culture of CD8+ T cells and MBVPCs, CD8+ T cells
were sorted from Sema4d−/− or Sema4d+/+ mice through FACS. 1 × 106

CD8+ T cells were co-cultured with pre-starved MBVPCs per well in a
6-well plate. RhoA activation assay were conducted after 48 h of co-
culture.

Microfluidic chip assay
Microfluidic chip assay was performed as previously described99,100. In
summary, HUVECs (labeled with lenti-mCherry) and HBVPCs (labeled
with lenti-EGFP, and transfected with siCtrl or siPLXNB1) were trypsi-
nized and suspended in a mixture containing 5mg/mL fibrinogen
(Sigma, #F8630) with 0.15 U/mL aprotinin (Sigma, #A1153-25 MG) at a
density of 8 × 106 cells/mL forHUVECs and8 × 105 cells/mL forHBVPCs.
The cell suspension was combined with 1 U/mL thrombin (Sigma,
#T4648-1KU) before being injected into themicrofluidic channel. After
the gel had polymerized, the chips were placed in a humid chamber
and received fresh EBM-2 (#CC-3156, LONZA), every 2 days. Sema4D
(1.6μg/mL) was introduced into the medium for an additional 2 days
on day 4. On day 10, the cells were fixed by adding 4% paraformalde-
hyde to the medium channel for 6 h. Images were captured by a con-
focal fluorescence microscope (Andor Dragonfly, UK). The images
were processed by Imaris v9.0.1 software.

To perform the fluidic-based leakage assay, the chips were
positioned on an inverted microscope equipped with a humid CO2

culturing thermo chamber. The medium in the channel was aspi-
rated, and 0.01% 100 nm FITC-conjugated microbeads (Hugebio,
#GF100C) were added into one end of the channel, allowing them to
flow into the vessel due to the difference in height. Images were
taken at 3-minute intervals by a confocal fluorescence microscope
(Andor Dragonfly, UK). Leakage assessment was carried out using
Image J by analyzing the fluorescence intensity from the lumen side
of the vessel wall to the ECM side. Fluorescence intensity was stan-
dardized within each measurement. The ratio of fluorescence
intensity between the ECM and the vessel lumen was employed for
subsequent statistical analysis.
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Statistical analysis
All experiment statistical analyses were performed using GraphPad
Prism 8.0.1 software (GraphPad Software, San Diego, CA). Results are
presented as the mean± SEM of biological replicates. Statistical
methods for comparison of experimental groups in each experiment
are indicated in the figure legends. To calculate the statistical sig-
nificance of differences between the two groups, a two-tailed unpaired
Student’s t test was used. One-way analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparisons was used to determine the
statistical significances three or more groups. Two-way ANOVA was
used to compare the relative lesion recovery in patients with nvAMD
and body weight change of smoking mice. Pearson’s chi-square test is
used to detect differences in the incidence of AMD-related complica-
tions between the two groups of patients. Pearson correlation coeffi-
cient analysis wasperformed to examine the relationships between the
MFI of Sema4DonCD8+ T cells and the lesion recovery rate in patients.
A value of P <0.05 was considered significant. * P <0.05, ** P <0.01, ***
P <0.001, **** P <0.0001. The sample size was determined according
to a previous publication where at least three animals per group were
analyzed101. Mice were randomly assigned for different treatments. No
animals were excluded from the study. All experimenterswere blinded
both during the execution and analysis of experiments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-seq data generated in this study have been deposited in the
Gene Expression Omnibus (GEO) database under accession code
GSE288035 for bulk RNA-seq and GSE288036 for scRNA seq. Themass
spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE72 partner repository with the
dataset identifier PXD059165. The remaining data are available within
the Article, Supplementary Information, or Source Data file. Source
data are provided in this paper.
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