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Abstract
The abnormal tumor vasculature can present a barrier to the infiltration of anti-tumor immune cells, which impairs immune 
surveillance and response to immunotherapy. Here, we show that genetically deleting the epigenetic factor DNA meth-
yltransferase 1 (Dnmt1) in endothelial cells (ECs) reduces angiogenesis while imparting profound changes to the tumor 
immune microenvironment (TIME), including increased proportions of CD4+ memory T cells and NK cells. Depleting 
CD4+ T cells, or blocking lymphocyte egress from the lymph nodes, rescues tumor growth in mice with conditional dele-
tion of Dnmt1 in ECs (Dnmt1iECKO) and dramatically shortens overall survival, whereas NK cells are dispensable. Tumors 
implanted in Dnmt1iECKO mice show reduced vascular branching, elevated expression of VCAM1, increased vessel-asso-
ciated T cells, and a shift in vascular specification, including increased proportions of immune-permissive post-capillary 
venules (PCVs) and interferon-stimulated ECs (IFN-ECs). Deleting Dnmt1 in EC cultures strikingly potentiates responses 
to combinations of IFNγ and TNFα and, notably, up-regulates important T-cell co-stimulatory molecules for memory CD4+ 
T cells, including Icosl, Cd40, and Tnfsf4. Finally, immune checkpoint blockade (ICB) administered to Dnmt1iECKO mice 
with experimental melanoma lung metastasis reduces tumor burden, with some mice showing tumor eradication. Our 
findings identify endothelial Dnmt1 as a key regulator of vascular-mediated anti-tumor immunity, providing a rationale 
for integrating epigenetic modulation of the vasculature with cancer immunotherapy regimens.
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Introduction

Tumor-associated blood vessels are a point of entry for 
anti-tumor immune cells into the tumor immune micro-
environment (TIME) [1]. However, abnormalities in the 
vasculature, including disruptions in blood flow, aberrant 
or reduced expression of cell adhesion molecules (CAMs) 
that are critical for T-cell entry, or elevated expression of 
PD-L1 act to dampen a robust anti-tumor immune response 
[2–4]. In these tumors, the absence of effector T cells or 
T-cell exhaustion, coupled with insufficient antigen pre-
sentation, allows cancer cells to escape elimination [5]. 
Recently, immune checkpoint blockade (ICB) has emerged 
as a promising treatment option to reinvigorate anti-tumor 
immunity, resulting in improved survival for many patients; 
this is especially true in advanced-stage melanomas with 
high tumor mutational burden (TMB) and in certain hyper-
mutant colorectal cancers with defective mismatch repair 
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[6, 7]. However, not all of these patients respond to ICB, 
and resistance mechanisms can develop, indicating there 
is potential to improve the efficacy of ICB by either cus-
tomizing dose regimens or by adding a secondary drug. For 
example, drugs that target the epigenome are frequently 
combined with ICB and have proven safe and effective in 
pre-clinical models and clinical trials [8, 9]. In this context, 
epigenetic regulation refers to heritable but reversible con-
trol of gene expression that occurs without changes to the 
DNA sequence, primarily through DNA methylation and 
histone modifications that alter chromatin accessibility.

Similarly, combinations of ICB with anti-angiogenic 
(AA) therapies are beneficial in mice and humans, which 
has motivated several new clinical trials across a spec-
trum of cancer types [10–13]. Multiple mechanisms could 
account for the beneficial effect of combining AA therapy 
with ICB. For example, it is suggested that judicious doses 
of AA therapies normalize the tumor vasculature and dere-
press the expression of CAMs and chemokines that are 
essential for T-cell entry [14, 15]. It is also possible that 
AA therapies reprogram tumor blood vessels by down-
regulating the expression of endothelial cell EC-derived 
chemokines or other factors that recruit immunosuppressive 
myeloid cells or regulatory T cells [16]; thus, AA therapies 
have the potential to promote large-scale changes in the 
TIME by changing the function or phenotype of the tumor 
vasculature. A good example is the therapeutic induction of 
high endothelial venules (HEVs), which are specialized for 
lymphocyte trafficking [17]. As a corollary, combining anti-
VEGF therapy with lymphotoxin beta receptor (LTβR) ago-
nists, or ICB, promotes the de novo formation of HEVs or 
HEV-like vessels in preclinical models, suggesting that vas-
cular specification in tumors can be strategically tailored to 
promote T-lymphocyte entry [18–21]. These types of strat-
egies could be especially beneficial for CAR-T therapies, 
which often fail due to the poor homing to or extravasation 
of engineered T cells from the vasculature [22].

Other avenues for targeting tumor blood vessels to aug-
ment anti-tumor immunity, or boost ICB efficacy, include 
the activation of inflammatory pathways (e.g. cGAS/Sting 
agonism), irradiation/chemotherapy to reverse tumor EC 
anergy, metabolic rewiring of tumor EC functions, and epi-
genetic or transcription-factor driven reprogramming of 
tumor ECs [reviewed in [3]]. A commonality in many of 
these approaches is the upregulation of CAMs (e.g. VCAM1 
or ICAM1) and Th1 chemokines (e.g. CXCL9/10) that are 
displayed on the surface of the vasculature. Th1 chemo-
kines are essential for the recruitment of CXCR3+ cytolytic 
T cells and NK cells, whereas VCAM1 and ICAM1 mediate 
T-cell adhesion and diapedesis. However, not all blood ves-
sels are functionally equivalent in their expression/display 
of CAMs or chemokines. Instead, these factors predominate 

in HEVs, post-capillary venules (PCVs)/veins, and in the 
less well-characterized “IFN ECs” that are enriched in the 
expression of IFN signature genes, including Cxcl9/10, and 
appear in sites of local inflammation [23]. Thus, therapeuti-
cally controlling or shaping the plasticity of the tumor vas-
culature offers an intriguing solution to boost anti-tumor 
immunity and augment ICB efficacy. Understanding the 
genetic or epigenetic mechanisms that mediate this plastic-
ity will inform new strategies for altering blood vessel spe-
cialization in ways that drive anti-tumor immune cells into 
the TIME [24].

Our previous work showed that targeting DNA methyl-
transferase 1 (Dnmt1) in blood vessels inhibits mammary 
tumor growth via a mechanism requiring the recruitment of 
CD8+ T cells [25]. In the present work, we used a condi-
tional deletion approach in ECs to investigate how targeting 
Dnmt1 impacts angiogenesis, tumor progression, and modu-
lation of anti-tumor immunity. Knocking out Dnmt1 in ECs 
using in vitro and in vivo (Dnmt1iECKO) models potentiates 
striking activation of IFNγ/TNFα-driven pathways, boosts 
recruitment of memory CD4+ T cells that are required for 
tumor suppression, and augments ICB in a model of experi-
mental lung metastases. These results were especially pro-
found using melanoma cells with high tumor mutational 
burden, suggesting a link between tumor cell mutational 
heterogeneity and the epigenetic mechanisms that generate 
immune-permissive tumor vasculature.

Results

Dnmt1iECKO impairs tumor growth and angiogenesis 
in non-immunogenic tumors, whereas highly 
immunogenic tumors regress

In this study, we used a conditional, inducible endothelial-
specific knockout model to define the EC intrinsic function 
of DNMT1 during tumor growth and immune surveillance. 
In Dnmt1iECKO mice (Cdh5CreERT2;Dnmt1fl/fl;ZsGreenl/s/l), 
tamoxifen activates Cdh5CreERT2 to delete Dnmt1 selec-
tively in Cdh5⁺ ECs prior to tumor challenge [26]. As we 
previously reported in this model, breast tumors develop a 
more “normalized” vascular architecture characterized by 
a modest reduction in microvessel density but narrower 
vessels with fewer and shorter lateral branches, reduced 
EC-to-pericyte distance, and reduced vascular leaki-
ness. Mechanistically, endothelial Dnmt1 loss reprograms 
tumor blood vessels toward an immune-permissive state 
by increasing cytokine-inducible adhesion molecules and 
Th1 chemokines (e.g., VCAM1/E-selectin and CXCL9/10), 
which promotes CD8⁺ T-cell trafficking/extravasation to 
enhance responsiveness to ICB [26]. In the present study, 
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we implanted two isogenic melanoma cell lines, YUMM1.7 
(low immunogenicity) and YUMMER1.7 (high immunoge-
nicity), into control or Dnmt1iECKO mice [27]. We observed 
distinct growth patterns depending on tumor immunoge-
nicity. YUMM1.7 tumors displayed rapid growth in con-
trol mice (Cdh5Cre:ZSGreenl/s/l) but grew more slowly in 
Dnmt1iECKO mice (Fig. 1a, b). In contrast, ~ 60% of YUM-
MER1.7 tumors regressed in Dnmt1iECKO mice with occa-
sional mice showing no detectable tumor burden at the time 
of euthanasia (Fig.  1c, d). Given this regression pheno-
type, we next asked whether angiogenesis was selectively 
impaired in YUMMER1.7 tumors. We quantified tumor-
associated angiogenesis using whole-tumor vascular imag-
ing followed by binary and skeletonized analyses to extract 
network-level parameters (number of vessel branches, 
branch length, and number of vessel junctions) (Fig. 1e–g, 
Supplementary Fig.  1). Although whole-tumor vascular 
maps suggested reduced vessel coverage in Dnmt1iECKO 
tumors (Supplementary Fig.  1), the skeleton-based mor-
phometric parameters did not show statistically significant 
differences between control and Dnmt1iECKO mice between 
tumor models (Fig. 1e–g). Collectively, these data indicate 
that altered angiogenesis alone is unlikely to explain the 
selective regression of YUMMER1.7 tumors in Dnmt1iECKO 
mice, suggesting that additional mechanisms contribute to 
this phenotype.

Dnmt1iECKO reshapes the tumor immune 
microenvironment, increases memory CD4+/CD8+ 
T cells, vessel-associated T cells, and VCAM1+ 
vasculature

To investigate the impact of Dnmt1iECKO on the TIME, we 
compared and contrasted selected immune cell popula-
tions using FACS in collagenase-dispersed YUMM1.7 and 
YUMMER1.7 tumors [26]. No differences were observed 
in the fractions of myeloid-lineage cells or regulatory T 
cells between the two tumor types except for YUMM1.7; 
namely, in the YUMM1.7 model, a significant reduction in 
intratumoral FOXP3+ naïve-like CD4+ T-regs was found 
(Supplemental Fig. 2a–c). In contrast, NK cells, while not 
different in control versus Dnmt1iECKO mice in YUMM1.7 
tumors, were increased by ~ twofold in YUMMER1.7 
tumors in Dnmt1iECKO mice (Supplemental Fig. 2d). To our 
surprise, depleting NK cells, while slightly increasing tumor 
growth in YUMMER1.7 tumors, did not rescue the growth 
of YUMMER1.7 tumors in Dnmt1iECKO mice (Supplemen-
tal Fig. 2e, f). These findings suggest that different immune 
cells, such as CD4⁺ or CD8⁺ T cells, may be responsible for 
tumor regression in YUMMER1.7 tumors in Dnmt1iECKO 
mice.

In contrast to myeloid-lineage cells or regulatory T 
cells, significant alterations in T-cell subset populations 

Fig.  1  Dnmt1iECKO impairs tumor growth and angiogenesis in non-
immunogenic tumors, whereas highly immunogenic tumors regress. 
a–d Growth of YUMM1.7 and YUMMER1.7 tumors subcutaneously 
inoculated in control versus Dnmt1iECKO mice. Tumor volumes were 
measured with calipers every other day. Data analysis was performed 

using a two-way ANOVA (n = 12 mice per group). e–g The total num-
ber of vessel branches, branch lengths, and branch junctions per tumor 
was quantified using ImageJ. Statistical analysis was conducted using 
a two-way ANOVA (n = 6 tumors per group)
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were observed between control and Dnmt1iECKO tumors. 
Notable increases in the frequency of naive CD4+ T cells 
and central memory CD4+ and CD8+ T cells were found in 
YUMMER1.7 tumors in Dnmt1iECKO mice when compared 
to control tumors (Fig. 2a–d). We next performed immuno-
fluorescence staining in these tumors to determine the spa-
tial organization of infiltrated T cells. These data revealed 
increased CD3+ T-cell infiltration in both tumor types 
implanted in Dnmt1iECKO mice, but a more pronounced 
2–4 fold increase in total CD3+ T cells and a doubling of 
vessel-associated T cells observed in YUMMER1.7 tumors 
in Dnmt1iECKO mice (Fig. 2e–g). Since VCAM1 is a well-
known adhesion molecule that binds to α4β1 on T cells, we 
stained these tumors with anti-VCAM1 antibodies. These 
data showed significantly increased (2-4 fold) VCAM1+ ves-
sel densities, especially in YUMMER1.7 tumors (Fig. 2h–
j). These findings demonstrate that Dnmt1iECKO changes the 
composition of the TIME, including increased infiltration of 
memory T cells and an activated tumor vasculature charac-
terized by upregulated VCAM1. Collectively, these changes 
could account for the regression of YUMMER1.7 tumors in 
Dnmt1iECKO mice.

Tumors in Dnmt1iECKO mice show increased 
granzyme B+ cells, cleaved caspase-3, and 
augmented anti-tumor immunity

To investigate the mechanism whereby highly immu-
nogenic tumors regress in Dnmt1iECKO mice, we carried 
out immunostaining for granzyme B (Grz B) which is a 
marker for cytotoxic T cells. These data showed a signifi-
cantly enhanced infiltration of Grz B+ immune cells within 
Dnmt1iECKO tumors, particularly in YUMMER1.7 tumors, 
relative to respective controls (Fig.  3a and Supplemen-
tal Fig. 3). Notably, Grz B+ lymphocytes were larger and 
appeared elongated in YUMMER1.7 tumors, suggesting 
they might be more motile or activated in the context of 
Dnmt1 deletion in the vasculature (Fig.  3b, c) [28]. The 
pattern of Grz B positivity associated with higher numbers 
of cleaved caspase 3+ (CC3) cells in the TIME (Fig.  3d 
and Supplemental Fig.  3). These findings indicate that 
Dnmt1iECKO enhances the recruitment and activation of 
cytotoxic lymphocytes and promotes robust apoptosis in 
highly immunogenic melanoma.

Our previous work showed an important role for CD8+ T 
cells for mammary tumor suppression in Dnmt1iECKO mice. 
In the present study, we found an unexpected but robust 
increase in naive CD4+ and central memory CD4+ T cells 
in YUMMER1.7 tumors in Dnmt1iECKO mice. To investi-
gate the role of CD4+ T cells in mediating the anti-tumor 

immune response observed in Dnmt1iECKO melanoma 
models, we used a CD4 T-cell blocking antibody (CD4 
BA) to deplete CD4+ T cells in control or Dnmt1iECKO 
mice. In contrast to NK cell depletion, depleting CD4+ T 
cells enhanced tumor growth and survival in Dnmt1iECKO 
mice, as did blocking the egress of lymphocytes from the 
lymph node using FTY-720 (an antagonist of sphingosine-
1-phosphate receptor 1 that traps lymphocytes in second-
ary lymphoid organs, preventing them from entering the 
circulation) (Fig. 3e and Supplemental Fig. 3). To analyze 
effector function after CD4 T-cell depletion, we again 
examined tumors for CC3 positivity. Depleting CD4+ T 
cells reduced CC3+ cells in Dnmt1iECKO mice in contrast 
to IgG controls (Fig. 3f). Since CD4+ memory T cells were 
elevated in Dnmt1iECKO mice, we carried out additional 
depletions of CD4+ T cells followed by tumor resection/
rechallenge studies in control versus Dnmt1iECKO mice. 
To establish T-cell memory, control and Dnmt1iECKO mice 
were initially challenged with 1 × 105 YUMMER1.7 cells. 
Tumors were then surgically resected three days after injec-
tion. After tumor removal, mice underwent a secondary 
challenge with 1 × 107 cells, following CD4+ T-cell deple-
tion. In control mice, tumor growth after rechallenge was 
comparable between IgG-treated control and CD4+ T-cell 
BA-treated Dnmt1iECKO mice (Fig.  3g). However, tumor 
growth was enhanced following CD4+ T-cell depletion in 
Dnmt1iECKO mice, whereas 3/5 IgG-treated Dnmt1iECKO 
mice demonstrated tumor rejection and 2/5 showed delayed 
tumor growth after rechallenge (Fig.  3g). Consequently, 
Dnmt1iECKO mice exhibited prolonged survival following 
tumor rechallenge compared to controls (Fig.  3h). Taken 
together, these data suggest that CD4+ T cells are critical 
for driving an anti-tumor immune response of immuno-
genic tumors in Dnmt1iECKO mice, but not all mice neces-
sarily form functional memory T cells evidenced by a lack 
of complete tumor rejection upon tumor rechallenge.

Fig.  2  Dnmt1iECKO reshapes the tumor immune microenvironment, 
increases memory CD4+/CD8+ T cells, vessel-associated T cells, and 
VCAM1+ vasculature. a–d Flow cytometric quantification of CD4 and 
CD8 T-cell subsets in YUMM1.7 versus YUMMER1.7 tumors from 
control versus Dnmt1iECKO mice. Panels depict the numbers of naïve 
CD4+ T cells, naïve CD8+ T cells, central memory CD4+ T cells, and 
central memory CD8+ T cells. Statistical analyses were performed 
by the Mann–Whitney test. e–f Representative histology for control 
and Dnmt1iECKO tumors stained with anti-CD3 antibody. Insets indi-
cate CD3+ T cells near ZSGreen+ blood vessels. Scale bar, 200 μm. 
g Quantitative analysis of total CD3+ T cells and CD3+ T cells asso-
ciated with blood vessels. h–i Immunostaining for VCAM1 (red), 
alongside ZSGreen-labeled blood vessels (green). Scale bar, 100 μm. j 
Quantification confirms increased VCAM1-expressing vasculature in 
YUMMER1.7 tumors in Dnmt1iECKO mice compared to controls. For 
all quantitative analyses in this series, each data point is an individual 
mouse
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Immune checkpoint blockade inhibits experimental 
lung metastases in Dnmt1iECKO mice, as deleting 
Dnmt1 in ECs provokes robust potentiation of 
cytokine stimulation and up-regulation of vascular 
co-stimulatory molecules

Cancer immunotherapies are typically used in patients with 
metastatic disease. Thus, we tested combinations of anti-
PDL1 and anti-CTLA4 in a model of experimental metas-
tases to lung using control versus Dnmt1iECKO mice. After 
validating the efficiency of tamoxifen-induced, EC-specific 
deletion of Dnmt1 in lungs, we injected mice with lucifer-
ase-tagged YUMMER1.7 cells via the tail vein (Fig.  4a). 
After 10  days, mice were treated i.p. with the drug com-
binations. After 21  days, bioluminescence imaging was 

performed. The results show that Dnmt1 deletion in the 
vasculature was sufficient to suppress tumor burden in the 
lung, with 5/10 mice showing minimal to no tumor burden 
(Fig. 4b, c). Combinations of anti-PDL1 and anti-CTLA4 
were also potent at suppressing lung metastases, with 7/10 
mice showing tumor burden but at a significantly reduced 
size compared to controls. In Dnmt1iECKO mice treated with 
the drug combination, only 2/10 mice showed evidence 
of tumor burden, whereas 8/10 mice were tumor-free. In 
Dnmt1iECKO mice that formed tumors, we found that com-
binations of ICB resulted in significantly greater numbers 
of CD3+ T cells compared to Dnmt1iECKO alone (Fig. 4d). 
These data suggest that combinations of ICB, in the context 
of Dnmt1 deletion in endothelium, results in increased num-
bers of CD3+ T cells in the lung TME and improved tumor 
control.

Fig. 3  Tumors in Dnmt1iECKO mice show increased granzyme B+ cells, 
cleaved caspase-3, and augmented anti-tumor immunity. a Quantifica-
tion of total Grz B+ lymphocytes in control versus Dnmt1iECKO mice. 
b Representative immunohistochemical staining of granzyme B (Grz 
B; red) in YUMMER1.7 tumors in control versus Dnmt1iECKO mice 
showing the elongated phenotype. c Quantification reveals signifi-
cant increases in elongated Grz B+ cells in YUMMER1.7 tumors in 
Dnmt1iECKO mice compared to controls. Scale bar, 100 μm. Data from 
n = 4 mice were analyzed using a two-way ANOVA. d Quantifica-
tion of CC3+ cells in tumors inoculated in control versus Dnmt1iECKO 

mice. e Growth curves for YUMMER1.7 tumors in control versus 
Dnmt1iECKO mice following CD4 T-cell depletion (n = 5 mice per 
group). f Quantification of CC3+ cells in CD4+ T-cell-depleted mice. g 
Growth curves for YUMMER1.7 tumors in control versus Dnmt1iECKO 
mice after tumor re-challenge and CD4 T-cell depletion. The legend 
in “g” is the same as in “e”. h Kaplan–Meier survival plots for YUM-
MER1.7 tumors in control versus Dnmt1iECKO mice after tumor re-
challenge and CD4 T-cell depletion. For all quantitative analyses in 
this series, each data point is an individual mouse
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Our previous work showed that deleting Dnmt1 in ECs 
primes the vasculature for stimulation by IFNγ or TNFα, 
resulting in upregulation of selected CAMs and Th1 che-
mokines [26]. These data are consistent with activation of 
type I IFN responses following Dnmt1 inhibition in other 
contexts [29, 30]. To determine in an unbiased way how 
deletion of Dnmt1 in ECs impacts responses to these cyto-
kines, we silenced Dnmt1 in mouse lung ECs, followed by 
stimulation with IFNγ, TNFα, or the combination (Fig. 4e). 
Before bulk RNAseq, we validated the expression of the 
known IFN-inducible gene, Cxcl9, by qRT-PCR. These data 
showed the expected potentiation in Cxcl9 expression fol-
lowing si-Dnmt1 and IFNγ stimulation and a robust aug-
mentation in Cxcl9 expression following treatment with 
both cytokines simultaneously, even in control samples 
(Fig. 4f). These data are consistent with a strong synergy 
between these cytokines in the stimulation of IFNγ and 
TNFα response patterns in ECs.

Since both IFNγ and TNFα are present in the microenvi-
ronment of most tumors, we next sought to determine how 
silencing Dnmt1 in ECs might globally alter gene expres-
sion when both cytokines are operative. Using bulk RNAseq 
in these EC cultures, we found a total of 402 up-regulated 
and 284 down-regulated genes when Dnmt1 was silenced 
alongside IFNγ/TNFα treatment in comparison to IFNγ/
TNFα-treated ECs (Fig. 4g). Notably, Gene Set Enrichment 
Analysis (GSEA) showed a trending, although not statis-
tically significant, signature corresponding to lymphocyte 
activation involved in immune response when comparing 
si-Dnmt1 + IFNγ/TNFα versus si-Control + IFNγ/TNFα 
(Fig. 4h). Further exploration of the genes enriched in this 
pathway using GO Enrichment analysis showed multiple 
pathways important for anti-tumor immunity including 
T-cell activation, adaptive immune responses, and lympho-
cyte differentiation (Fig. 4i). Interestingly, silencing Dnmt1 
alongside IFNγ/TNFα treatment resulted in up-regulation of 
several co-stimulatory molecules in ECs; in particular, those 
that are important for driving T-cell memory such as Icosl, 
Tnfsf4, and Cd40 (Fig. 4j). These data correspond with the 
increased numbers of memory T-cell subsets we observed 
in Dnmt1iECKO mice in vivo and suggest that epigenetically 
altering the tumor vasculature is sufficient to change the 
composition of the TIME.

Single-cell RNAseq of tumor-associated ECs in 
Dnmt1iECKO mice reveals a phenotypic shift in the 
vasculature, including greater numbers of post-
capillary venule ECs, venous ECs, and IFN-ECs

To assess how endothelial-specific Dnmt1 loss impacts 
TEC heterogeneity, we performed scRNA sequencing of 
CD31⁺/CD45⁻ TECs from control versus Dnmt1iECKO lung 

tumors and compared the dataset with a reference lung EC 
atlas containing normal lung ECs (NECs) and TECs [31]. 
Tumors were generated by tail vein injection of YUM-
MER1.7 melanoma cells. UMAP visualization after inte-
gration and clustering identified the expected EC subtypes, 
including capillary-1, capillary-2, proliferating ECs, arte-
rial and venous ECs, post-capillary venule (PCV) ECs, 
lymphatic ECs, interferon-stimulated ECs (IFN-ECs), acti-
vated-artery ECs, and TEC-capillary populations (Fig. 5a). 
These populations were consistently present in both con-
trol and Dnmt1iECKO samples, showing that EC Dnmt1 loss 
does not disrupt global EC lineage identity. Comparison of 
NECs and TECs within the reference dataset revealed dis-
tinct TEC-specific phenotypes that were largely absent in 
NECs (Fig. 5b). NEC-derived clusters are shown in yellow 
tones, while TEC-derived clusters are shown in blue tones. 
As expected, Dnmt1 expression was markedly decreased 
in Dnmt1iECKO TECs (Fig. 5c). By contrast, key EC mark-
ers such as Cdh5 (VE-Cadherin) and Pecam1 remained 
consistent across both control and Dnmt1iECKO TECs, 
indicating preserved endothelial marker expression. Quan-
tification of cluster abundance showed modest shifts in 
EC subtypes between the samples. Notably, tumors from 
Dnmt1iECKO mice showed increased proportions of venous 
ECs (~ twofold, p adj = 1.25e−6), PCV ECs (~ twofold, 
p adj = 1.28e−4), and IFN-stimulated ECs (~ 1.5-fold, p 
adj = 7.44e−2) (Fig. 5d). To our surprise, GSEA analysis did 
not show a statistically significant enrichment for global 
IFNγ-, IFNα-, and TNFα-related pathways in TECs from 
Dnmt1iECKO mice; however, there were trending increases 
in these pathways (Supplemental Fig. 4). This may be due 
to the small total number of TECs in the IFN-ECs cluster. 
While IFN-ECs are a less well-characterized population 
of ECs in general, PCVs are major sites of lymphocyte 
infiltration across the vasculature, due to their increased 
expression of CAMs such as Vcam1. Indeed, examina-
tion of a candidate T-cell attracting chemokine (Cxcl9) 
and Vcam1, showed they were enriched in PCVs and IFN-
ECs in Dnmt1iECKO mice (Fig.  5e). Interestingly, Vcam1 
appeared elevated in additional subpopulations of TECs 
in Dnmt1iECKO mice, including tip cells, proliferating ECs, 
and activated artery ECs. Since IFN response pathways 
were trending upward in TECs from Dnmt1iECKO mice, we 
examined two additional core enrichment genes, including 
Cd40 and Cd274, and found they were modestly elevated 
in IFN-ECs and PCV-ECs. Thus, the tumor vasculature in 
Dnmt1iECKO shows a modest shift in vascular specifica-
tion with a trend towards greater numbers of PCV and IFN 
ECs. Since these types of ECs are specialized for lympho-
cyte entry, this could account for the improved efficacy of 
ICB in this setting.
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Discussion

Anti-tumor immune cells, such as cytotoxic T cells or NK 
cells, must have access to the tumor microenvironment for 
active immune surveillance and for cancer immunothera-
pies to be effective. Efficient lymphocyte entry into tumors 
is enabled by sequential, mechanistically defined steps, 
endothelial tethering/rolling, firm adhesion, and trans endo-
thelial migration, whose likelihood depends on local hemo-
dynamics and the endothelial presentation of CAMs and 
chemokines. Naïve T cells typically enter through HEVs, 
whereas antigen-experienced or memory T cells rely on an 
inflamed endothelium with upregulated CAMs and chemo-
kines [32, 33]. In the tumor vasculature, these factors are 
often aberrantly expressed or downregulated, which impairs 
immune cell mobility and extravasation [34–37]. Thus, 
reprogramming the vasculature with judicious doses of anti-
angiogenic drugs or other therapies to reinforce CAM/che-
mokine expression has the potential to augment the efficacy 
of cancer immunotherapies [38–41].

Our previous findings demonstrated that in mice with con-
ditional deletion of Dnmt1 in the vasculature, the expression 
of CAMs and T-cell-attracting chemokines was elevated, 
which potentiated ICB efficacy in mammary tumor models 
[26]. In the current study, we have further defined a role 
for vascular Dnmt1 in coordinating anti-tumor immunity 
using both lowly immunogenic and highly immunogenic 
melanoma cells. Our data, in brief, show that Dnmt1iECKO 
mediates direct and indirect anti-tumor effects, including 

the induction of immunomodulatory ECs, potentiation of 
IFNγ- and TNFα-driven genetic programs, promotion of 
CD4⁺ T-cell memory responses, and augmentation of adap-
tive immunity. Consequently, combining Dnmt1iECKO with 
ICB therapy significantly suppressed lung metastasis in 
mice, which was associated with greater numbers of CD3+ 
T cells in the lung. These outcomes may be due to changes 
in the composition and phenotype of the tumor vasculature, 
including increased proportions of PCVs and IFN-ECs in 
Dnmt1iECKO mice. IFN-ECs are a poorly understood sub-
population of ECs that assemble in sites of inflammation 
and in tumors, and they appear to be important for anti-
tumor immunity [42, 43]. It is possible that IFN-ECs are 
assembled from activated PCVs and that, due to the potenti-
ating effect on IFN signaling that is driven by Dnmt1 inhibi-
tion, the transition between PCVs and IFN-ECs is facilitated 
in Dnmt1iECKO mice.

To avoid implying antigen specificity, we use the term 
“anti-tumor immune cells” to denote immune populations 
with anti-tumor potential (e.g., CD8⁺ T cells, NK cells, and 
CD4⁺ T -cells) whose function ultimately depends on access 
to the tumor microenvironment. Importantly, immune cells 
entering tumors may not uniformly experience tumor anti-
gens; rather, they likely reflect a mixture of antigen-experi-
enced effector/memory lymphocytes that have been primed 
in the draining lymph node and subsequently traffic to the 
tumor. In addition, immune cells exhibiting a naïve-like phe-
notype that may represent precursors available for priming/
replenishment or less-differentiated T cell states could be 
found in the TIME. Accordingly, the “naïve” and “memory” 
subsets reported here are phenotypic classifications based 
on canonical surface markers so we cannot directly estab-
lish tumor antigen specificity. In this context, the increased 
naïve and central memory subsets observed in Dnmt1iECKO 
tumors are consistent with endothelial “priming” creating 
a more permissive vascular interface that supports immune 
access which may facilitate continuous recruitment of 
newly primed lymphocytes. Supporting this interpretation, 
the anti-tumor effect of Dnmt1 loss in ECs is sensitive to 
FTY720, consistent with an ongoing requirement for lym-
phocyte egress from lymph nodes and continued traffick-
ing to tumors. These observations support a model in which 
endothelial Dnmt1 loss does not confer antigen specificity 
per se, but rather lowers a vascular barrier to immune entry, 
thereby enabling both the influx and/or maintenance of lym-
phocyte subsets, including memory-phenotype populations, 
associated with effective tumor control.

Some limitations of our study include the realization that, 
in the EC conditional deletion model used herein, Dnmt1 is 
disabled in all ECs and thus not restricted to the tumor vas-
culature. Therefore, systemic deletion of Dnmt1 in other 
organ or tissue microenvironments (e.g. lymph nodes) could 

Fig. 4  Immune checkpoint blockade inhibits experimental lung metas-
tases in Dnmt1iECKO mice, as deleting Dnmt1 in ECs provokes robust 
potentiation of cytokine stimulation and up-regulation of vascular 
co-stimulatory molecules. a Western blot for DNMT1 protein levels 
in CD31+/CD45−/ZsGreen+ ECs sorted by FACS. b Representative 
bioluminescence images of luciferase-tagged YUMMER1.7 tumors in 
the indicated mice. c Photon influx was measured by Lago X imag-
ing and lung weights were determined at the end of the study. Data 
were analyzed using a Kruskal–Wallis test (photon flux) or ANOVA 
(lung weights) and includes the full n = 10 cohort of mice. Treatments 
included IgG, anti-PD-L1, anti-CTLA4, or a combination of anti-PD-
L1/CTLA4 blockade in control versus Dnmt1iECKO mice. d Immu-
nofluorescence analysis of metastatic lung tissues, stained for CD3 
antibody (red) and quantified. Blood vessels are ZSGreen+. Scale bar, 
100 μm. For all quantitative analyses in this series, each data point is 
an individual mouse. e Schematic for bulk RNAseq in mouse lung ECs 
treated with Dnmt1 siRNA -/ + cytokines. RNAseq samples were run 
in quadruplicate. f qRT-PCR analysis for the candidate gene Cxcl9 in 
these EC cultures under the indicated treatment. Each data point is an 
individual sample. g Venn diagram representing unique genes in the 
indicated samples. h GSEA showing enrichment of genes for lympho-
cyte activation in the immune response (GO:0002285) in the indicated 
samples. i Core enrichment genes from the GSEA were further ana-
lyzed using ShinyGO 0.8, and the enriched pathways were plotted. j 
Volcano plot depicting significantly up- (orange) and down-regulated 
genes (green) in the indicated samples. Several genes important for 
T-cell co-stimulation were enriched in ECs treated with Dnmt1-
siRNA + IFNγ/TNFα and are indicated on the plot
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account for the anti-tumor immune responses we observed. To 
circumvent this, targeted deletion of Dnmt1 using vascular-
tropic AAVs, or other means, would be needed [44]. Similarly, 
the scRNAseq results did not necessarily phenocopy the bulk 
RNAseq data showing expression of multiple co-stimulatory 
molecules in pure EC cultures stimulated with cytokines. But 
the different kinetics of short-term in vitro stimulation versus 
long-term in vivo stimulation, where there are confounding 
heterotypic cell–cell interactions occurring, could account 
for this discrepancy. Furthermore, while flow cytometry data 
and antibody depletion studies indicate an important role 
for CD4+ memory T cells during tumor growth inhibition in 
Dnmt1iECKO mice, we cannot definitively determine whether 
memory CD4+ T cells are the source for cytolytic granzyme 

B production in this study [45]. Our previous work in 
mammary tumor models showed an important role for CD8+ 
T cells during the inhibition of mammary tumor growth in 
Dnmt1iECKO mice. But the cell lines used in this study were 
not of the low- versus high- TMB dichotomy. It is therefore 
possible that vascular DNMT1, while shaping anti-tumor 
immunity, does so via different immune-mediated mecha-
nisms in different contexts. Finally, we report elevated 
VCAM1 expression on tumor vessels in Dnmt1iECKO mice 
but did not investigate whether this effect was a direct result 
of epigenetic regulation by DNMT1 (i.e. using ChIP analy-
sis to investigate DNMT1 enrichment on VCAM1 regula-
tory sequences). While direct regulation is possible, it is 
also possible that the observed increase in Vcam1 is indirect 
and due to increased numbers of TNFα/IFNγ–producing T 
cells, which upregulate VCAM1 transcription in TECs.

Anti-cancer immunity encompasses the surveillance, 
detection, and elimination of neoplastic cells, which relies 
on the essential process of immune cells infiltrating the EC 
barrier to mount an effective immune response [46]. Grow-
ing evidence suggests that immunomodulatory ECs play a 
pivotal role in enhancing T-cell activation and boosting anti-
tumor immunity, often in reciprocity with multiple immune 
cell subsets [18, 23, 47–49]. Our study reveals that modulat-
ing an epigenetic switch (i.e. DNMT1) in ECs is sufficient 
to change tumor vascular phenotype in ways that convert 
the TIME from immune-restrictive to immune-permissive.

Materials and methods

Reagents and cell lines

Antibodies used in this study were anti-mouse DNMT1 
(Abcam), anti-mouse GAPDH, anti-mouse CD8 (Biolegend, 
BioXcell, or eBiosciences), anti-mouse CD4 (BD Biosci-
ences and BioXcell), anti-mouse NK1.1 (BioXcell), anti-
mouse IgG (BioXcell), and anti-mouse PD-L1 (Genentech, 
MTA program, clone 6E11). MDEC (mouse skin EC) and 
Veravec (mouse lung ECs) were cultured in 1 g/l D-glucose 
DMEM (LG-DMEM) with 10% FBS, 10% Nu Serum IV, 
10 ng/ml VEGF, 5 ng/ml bFGF, and 100 mg/l porcine hepa-
rin [50–53]. YUMM1.7, YUMMER1.7, or YUMMER1.7-
luciferase cells were cultured in 4.5 g/l D-glucose DMEM 
and 10% FBS. Cells were maintained at 37 °C in a 5% CO2 
atmosphere supplemented with 20% O2.

Animal models

The following mouse strains were used: C57BL/6 wild-
type mice and transgenic mice on a C57BL/6 background, 
VEcad-CreERT2 (Rha);ZsGreenl/s/l mice (used as control 
mice) were crossed with Dnmt1fl/fl mice to generate VECad-
CreERT2;Dnmt1fl/fl;ZsGreenl/s/l mice. The following primers 
were used for genotyping of animals. Cre-Fwd: 5'-​G​A​C​C​
A​G​G​T​T​C​G​T​T​C​A​C​T​C​A-3' and Cre-Rev: 5'-​T​A​G​C​G​C​C​G​
T​A​A​A​T​C​A​A​T-3'. Dnmt1-Fwd: 5'-​G​G​G​C​C​A​G​T​T​G​T​G​C​T​
T​G​G-3'. Dnmt1-Rev: 5'-​C​T​T​G​G​G​C​C​T​G​G​A​T​C​T​T​G​G​G​G​
A-3'. ZsGreen wild type Fwd: 5'-​A​A​G​G​G​A​G​C​T​G​C​A​G​T​
G​G​A​G​T​A-3', wild type Rev: 5'-​C​C​G​A​A​A​A​T​C​T​G​T​G​G​G​A​
A​G​T​C-3', ZsGreen mutant Fwd: 5'-​G​G​C​A​T​T​A​A​A​G​C​A​G​C​
G​T​A​T​C​C-3', and mutant Rev: 5'-​A​A​C​C​A​G​A​A​G​T​G​G​C​A​C​
C​T​G​A​C-3'. The Rosa26R strain was genotyped using the 
following primers, which amplifies a mutant (300 bp), het-
erozygote (300 and 386 bp), and wild type (386 bp) trans-
genic product: 11,341: 5'-​G​A​A​T​T​A​A​T​T​C​C​G​G​T​A​T​A​A​C​T​
T​C​G-3', oIMR8545: 5'-​A​A​A​G​T​C​G​C​T​C​T​G​A​G​T​T​G​T​T​A​
T-3', oIMR8916: 5'-​C​C​A​G​A​T​G​A​C​T​A​C​C​T​A​T​C​C​T​C-3'. All 
these mice were bred and maintained in the University of 
Virginia animal facility in accordance with the guidelines of 
the Institutional Animal Care and Use Committees.

Quantitative real-time polymerase chain reaction

RNA was extracted from tissues or ECs using an RNA puri-
fication kit (Zymo Research). cDNA synthesis was carried 
out using an iScript synthesis kit (Bio-Rad). Quantitative 
Reverse Transcription PCR (qRT-PCR) was performed 
using SYBR Green (Invitrogen) on an Applied Biosys-
tems™ QuantStudio™ 6 Flex Real-Time PCR System. Data 
were normalized to the GAPDH control. The results were 

Fig.  5  Single cell RNAseq of tumor-associated ECs in Dnmt1iECKO 
mice reveals a phenotypic shift in the vasculature, including greater 
numbers of post-capillary venule ECs, venous ECs, and IFN-ECs. a 
UMAP visualization of integrated CD31⁺/CD45⁻ tumor endothelial 
cells (TECs) from control and Dnmt1iECKO tumors, showing major 
endothelial subtypes. At far right are lung ECs from the reference 
atlas (see ref. [31]). b Reference lung EC atlas depicting normal ECs 
(NECs; yellow tones) and TECs (blue tones). c Violin plots showing 
reduced Dnmt1 expression in Dnmt1iECKO TECs, whereas EC mark-
ers Cdh5 and Pecam1 are consistently expressed across samples. d 
Proportion plot of TEC subtypes in control and Dnmt1iECKO tumors. 
e Cluster-level differential gene expression analysis (normalized gene 
expression is shown)
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analyzed via the ΔΔCt method. Cxcl9 primer sequence: 5'-​C​
T​G​G​A​G​C​A​G​T​G​T​G​G​A​G​T​T​C​G-3'; 5'-​C​T​G​T​T​T​G​A​G​G​T​C​
T​T​T​G​A​G​G​G​A​T-3'. Gapdh primer sequence: 5’-​C​A​G​C​C​T​
C​G​T​C​C​C​G​T​A​G​A​C​A​A-3’; 5’-​C​A​A​T​C​T​C​C​A​C​T​T​T​G​C​C​A​
C​T​G​C-3’.

Immunohistochemistry

Harvested tumor tissue was placed in 4% PFA in PBS for 
24 h at 4 °C. Tumors were then transferred to 30% sucrose in 
PBS for cryoprotection. After sucrose, tumors were embed-
ded in OCT. Serial tissue sections were performed at − 20 °C 
using a sliding microtome. Sections were fixed with ace-
tone and were washed in 1 × PBS/0.2% Triton X-100 before 
blocking with 10% normal goat serum, 4% bovine serum 
albumin in 1 × PBS/0.2% Triton X-100 for 2 h. Primary anti-
bodies were applied overnight for cryosections. After wash-
ing in 1 × PBS/Triton X-100, the secondary antibody was 
used for 1–2 h. After nuclei staining with DAPI (100 ng/
mL in 1 × PBS; Molecular Probes) for 30 min, sections were 
embedded in Vectashield (Molecular Probes).

Image processing and morphological analysis

Images were acquired using a Carl Zeiss LSM confo-
cal microscope. Vessel length analysis was performed in 
Fiji using a threshold transformation that maximizes the 
global average contrast of vessel edges. After obtaining the 
binary images, they were processed as follows: the blood 
vessel structure was first extracted from the background. 
Then, skeletonization was applied to the binary images. 
The lengths of the blood vessel branches and the number of 
branches were then measured.

Flow cytometry

For EC sorting, tumors from control and Dnmt1iECKO mice 
were chopped into small pieces and incubated for 90 min at 
37 °C in dissociation buffer containing 2 mg/ml of collage-
nase type I (Worthington), 1 mg /ml of DNase (Worthing-
ton), and 2.5 units/ml of neural protease (Worthington). The 
digested tissues were separated into a single-cell suspen-
sion by passing through a 100  μm cell strainer. The cells 
were stained with primary antibodies for 30  min on ice, 
then incubated with secondary antibodies. Samples were 
fixed with 2% paraformaldehyde. Cells were then analyzed 
by flow cytometry on a FACS Calibur apparatus (BD) and 
FlowJo software (Tree Star Inc.) to quantify cell popula-
tions. Immune subsets were defined as follows: Myeloid 
cells were gated as CD11b⁺, with neutrophils defined as 
CD11b⁺Ly6ClowLy6G⁺ and inflammatory monocytes as 
CD11b⁺Ly6ChiLy6G⁻; Tregs were defined as Foxp3⁺ CD4⁺ 

T cells. T-cell differentiation states were defined within 
CD4⁺ or CD8⁺ gates using CD44/CD62L: naïve (CD44low 
CD62Lhigh) and central memory (CD44high CD62Lhigh).

Generation of YUMMER1.7 expressing luciferase 
stable cell line and bioluminescence imaging

The pLV-lenti construct was co-transfected into 293 cells 
with pMD2.G and psPAX2 constructs using Lipofectamine 
2000 transfection reagent. Lentiviral supernatants were har-
vested at 72 h post-transfection and filtered through a 0.45-
μm membrane. YUMMER1.7 cells were infected for 48  h 
with fresh lentivirus with 8 μg/ml polybrene and cultured for 
48 h. The activity of luciferase was analyzed using a lumi-
nometer (PerkinElmer). To image tumor cells in vivo, mice 
with YUMMER1.7-luciferase were anesthetized and intra-
peritoneally injected with 100 μl of Cycluc1 (Sigma Aldrich). 
The animals were anesthetized with isoflurane (2% in 1  l/
min oxygen), and bioluminescence images were acquired 
using the LagoX (Spectral Instrumental Imaging). Images 
were acquired every 2 min for 30 min (10 s exposure/image). 
Images were analyzed using Aurora software. Regions of 
interest (ROIs) were drawn around each cell mass, and the 
total number of photons within each ROI was recorded.

In vivo tumor models

For the primary tumor growth experiments, mice were 
injected subcutaneously into the shaved shoulder with 
5 × 105 YUMM1.7 or YUMMER1.7 melanoma cells sus-
pended in 100  μl of PBS. Mice were monitored for the 
appearance of tumors to begin caliper measurements. For 
the tumor rechallenge experiment, an initial 1 × 105 of 
YUMMER1.7 were injected into control and Dnmt1iECKO 
mice. Palpable tumors were surgically removed and mice 
were rechallenged with 1 × 107 YUMMER1.7. The mice 
were treated with a CD4-blocking antibody (400  mg/kg) 
or an isotype-matched IgG control antibody. For the deple-
tion experiments, IgG anti-NK1.1 (10 mg/kg, Clone PK136, 
BioXCell), anti-CD4 (20 mg/kg, Clone GK1.5, BioXCell), 
or anti-CD8a (20  mg/kg, Clone 2.43, BioXCell) antibod-
ies were administered by i.p. injection. An anti-NK1.1 anti-
body was injected into the mice every 2  days throughout 
the experiment. To deplete CD4 T cells, antibodies were 
administered on days 7, 10, 13, and 15 after tumor inocu-
lation. In the experimental lung metastasis studies, 5 × 105 
YUMMER1.7-luciferase-expressing cells in 100 μl of PBS 
were injected via the tail vein. After 1 week, the mice were 
treated with anti-PD-L1 (10 mg/kg, Genentech MTA pro-
gram) and CTLA-4 (5  mg/kg, 9D9, BioXCell) antibodies 
every four days. On day 21, the mice were monitored for 
bioluminescence and euthanized.
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Preparation of ECs for bulk RNA sequencing

Mouse lung ECs were seeded at 1 × 105 cells/mL in 6-well 
plates and cultured overnight at 37 °C in a humidified 5% 
CO2 incubator. The next day, cells were transfected with 
either control siRNA or Dnmt1-targeting siRNA (BLOCK-
iT oligos; Invitrogen) using Lipofectamine RNAiMAX 
(Thermo Fisher Scientific) in Opti-MEM I Reduced Serum 
Medium for 4 h, following the manufacturer’s instructions. 
A BLOCK-iT Alexa Fluor Red fluorescent oligo (Invitro-
gen) was used in parallel wells to monitor transfection effi-
ciency. siRNA sequences are listed below: Dnmt1#1 5'-​U​A​
C​C​C​U​G​A​G​C​A​C​U​A​C​C​G​C​A​A​G​U​A​U​U-3', Dnmt1#2 5'-​C​
C​A​A​G​C​U​G​G​U​C​U​A​U​C​A​G​A​U​C​U​U​U​G A-3'. After 4  h, 
the transfection medium was replaced with growth medium 
containing 20% serum, and the cells were cultured for 24 h 
at 37 °C, in humidified 5% CO2. A second siRNA transfec-
tion was performed 24 h later to reinforce the knockdown. 
Cells were then treated with TNFα (10  ng/mL) or IFNγ 
(1000 U/mL) for 16 h. Total RNA was isolated using a col-
umn-based RNA extraction kit (Zymo Research) according 
to the manufacturer’s instructions. Libraries were prepared 
and sequenced by Novogene for bulk RNA-seq analysis. 
Experiments were performed with n = 4 biological replicates 
per condition.

FTY720 treatment

Vehicle control (DMSO) and FTY720 (Cayman Chemical) 
were administered via oral gavage at 1 mg/kg. The FTY720 
treatment began 7 days after tumor cell inoculation and was 
administered daily throughout the study. Tumor dimensions 
were recorded each day using a caliper. At the end of the 
experiment, the animals were euthanized, and the tumor tis-
sues were harvested for analysis.

Tumor endothelial cell isolation and sorting

Lung tumors (~ 1 cm3) from three control mice and three 
Dnmt1iECKO mice were harvested, and tumors within each 
sample were pooled to obtain sufficient EC numbers. 
Samples were collected in ice-cold low-glucose DMEM 
(LG-DMEM), washed thoroughly, and minced into frag-
ments < 5  mm under sterile conditions. Tissue fragments 
were transferred to GentleMACS C tubes containing a 
digestion mix of collagenase II (2  mg/mL, Worthington 
LS004176), dispase (2.5 U/mL, Worthington LS02104), and 
DNase I (1 mg/mL, Worthington LS002006). Tumors were 
digested at 37 °C for 30–45 min with agitation (120 rpm) and 
processed on a GentleMACS Dissociator using program m_
imptumor_02 to achieve single-cell suspensions. Digested 
samples were passed through 100 µm strainers, washed with 

FACS buffer (PBS + 0.5% BSA + 2 mM EDTA), and centri-
fuged at 1200 rpm for 5 min. Red blood cell lysis was per-
formed using 1 × Pharm Lyse B. Cell suspensions were first 
incubated with Live-or-Dye viability dye (Biotium 32,002), 
followed by Fc block (Miltenyi 130-092-575) for 10  min 
on ice. Cells were then stained with PE-conjugated CD31 
(BD 553373) and APC-conjugated CD45 (BD 559864) for 
30  min on ice. Live CD31⁺CD45⁻ TECs were sorted on 
an Influx cell sorter (Becton Dickinson) into LG-DMEM 
supplemented with 10% FBS, washed, and resuspended in 
PBS + 0.04% BSA. Final cell suspensions were adjusted to 
500–700 cells/µL with > 85% viability. Sorted TECs were 
immediately used for 10 × Genomics Chromium Single Cell 
3’ v3 library preparation according to the manufacturer’s 
protocol.

Single-cell RNA-seq library preparation and 
sequencing

Sorted cells were processed using the 10 × Genomics Chro-
mium Single Cell 3′ Gene Expression kit (GEM-X v4) 
following the manufacturer’s protocol. Libraries were pre-
pared targeting ~ 10,000 cells per sample and sequenced on 
an Illumina NextSeq 2000 using the P2 XLEAP-SBS 100-
cycle kit (paired-end) at a depth of 20,000–25,000 reads per 
cell.

10 × cloud data processing

Raw FASTQ files were processed using 10 × Genomics 
Cloud Analysis with Cell Ranger Multi v9.0.1. Librar-
ies were specified as GEM-X 3′ Gene Expression v4 and 
aligned to the mouse reference genome (mm10, 2020-A). 
The pipeline generated filtered gene–barcode matrices for 
downstream single-cell analysis.

Computational analysis of scRNA-seq data

Raw gene–barcode matrices from control and Dnmt1iECKO 
TEC samples were processed using Seurat v5. Low-
quality cells with high mitochondrial content (> 10%) 
or low gene complexity (< 9000 detected genes) were 
removed. Control and Dnmt1iECKO TECs were evaluated 
for quality control, and doublets were identified using 
DoubletFinder v3. Only singlet cells were retained for 
downstream analysis. To obtain a high-purity TEC data-
set, cells expressing immune (Ptprc), epithelial (Epcam), 
pericyte (Cspg4), or smooth muscle (Myh11) markers 
were excluded. Endothelial identity was confirmed based 
on expression of Cdh5 and/or Pecam1. After all filtering 
steps, the final dataset included 4977 control TECs and 
2075 Dnmt1iECKO TECs.
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A publicly available lung endothelial reference dataset 
provided as normalized count and metadata CSV files was 
imported into Seurat to create the reference object. This 
dataset originally contained NEC, TEC, and additional 
treatment-associated EC populations. Only the NEC and 
TEC subsets were retained and aligned to their metadata and 
included in the integration workflow solely to support EC 
subtype annotation. It was not used for differential compari-
sons between control and Dnmt1iECKO TECs.

To integrate the datasets, the control TECs, Dnmt1iECKO 
TECs, and lung EC reference subset were combined using 
Seurat’s integration workflow to allow joint visualization 
and cluster identification based on shared gene features. 
Clustering was performed at a resolution of 0.5. UMAP 
embeddings were generated for visualizing major EC popu-
lations. Cluster-defining marker genes were identified using 
Seurat’s differential expression analysis, and the top mark-
ers were used to annotate endothelial subclusters for down-
stream interpretation.

Differential cluster abundance analysis

To assess differences in endothelial cell cluster abundance 
between conditions, the number of cells assigned to each 
cluster was quantified separately for each condition using 
Seurat metadata. For each cluster, we compared the num-
ber of cells within that cluster to the total number of cells 
across all remaining clusters within each condition using 
Fisher’s exact test. This approach tests whether the rela-
tive proportion of a given cluster differs between condi-
tions. Odds ratios were used to determine the direction of 
change (values > 1 indicating enrichment in Dnmt1iECKO EC 
and < 1 indicating enrichment in control EC). P-values were 
adjusted for multiple testing using the Benjamini–Hochberg 
method.

Statistics

All values are expressed as ± standard deviation of the 
mean (STD). Results were analyzed using Student’s t-test 
or ANOVA using GraphPad Prism 10 software. For tumor 
volumes and weights, the significance level was determined 
using ANOVA, Sidek’s multiple comparisons tests, or a 
2-tailed Student’s t-test. P values less than 0.05 were con-
sidered significant.
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