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Regulatory T cells crosstalk with tumor cells
and endothelium through lymphotoxin
signaling
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Regulatory T cells (Tregs) with multifaceted functions suppress anti-tumor
immunity by signaling surrounding cells. Here we report Tregs use the surface
lymphotoxin (LT)a1B2 to preferentially stimulate LT beta receptor (LTBR)
nonclassical NFkB signaling on both tumor cells and lymphatic endothelial
cells (LECs) to accelerate tumor growth and metastasis. Selectively targeting
LTPBR nonclassical NFkB pathway inhibits tumor growth and migration in vitro.
Leveraging in vivo Treg LTalf2 interactions with LT3R on tumor cells and
LECs, transfer of wild type but not LTa” Tregs promotes B16F10 melanoma
growth and tumor cell-derived chemokines in LTBR” mice; and increases
SOX18 and FLRT2 in lymphatic vessels of LTBR” melanoma. Blocking the
nonclassical pathway suppresses tumor growth and lymphatic metastasis by
reducing chemokine production, restricting Treg recruitment to tumors, and
retaining intratumoral IFNy" CD8 T cells. Our data reveals that Treg LTal32
promotes LTBR nonclassical NFkB signaling in tumor cells and LECs providing
a rational strategy to prevent Treg promoted tumor growth and metastasis.

Lymphotoxin (LT) beta receptor (LTPR) is a member of the tumor
necrosis factor receptor (TNFR) family and mediates unique immune
functions critical for the development and maintenance of various
lymphoid microenvironments, including stromal cell specialization,
positioning of lymphocytes within lymph nodes (LNs), specialization
of high endothelial venules, and formation of secondary lymphatic

organs and tertiary lymphoid structure organs'. LTBR has two known
ligands: the membrane-bound lymphotoxin heterotrimer (LTal1f32),
and LIGHT (TNFSF14)2. Unlike TNFRI that exclusively signals through
the classical nuclear factor-kB (NFkB) pathway, LT3R signals through a
dual cascade that activates both classical and nonclassical NFkB
pathways in the lymphatic endothelium?. The classical pathway acts
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rapidly, phosphorylating the inhibitor of the kappa-B kinase (IKK)
complex and degrading the inhibitor IkBa, thereby allowing for the
release of the RelA/p50 complex and nuclear translocation. The non-
classical pathway has a more sustained response involving the NFkB
inducing kinase (NIK) dependent processing of pl00 to p52, which
dimerizes with RelB for nuclear translocation’.

While the LT system has a defined role in several important
aspects of immune regulation and interactions of leukocytes and
blood vascular and lymphatic endothelium, there is conflicting evi-
dence for the role LTPR plays in cancer cell biology. Some reports
describe links of LTBR to primary tumorigenesis related to mechan-
isms controlling cell survival, cell-cycle progression, and initiation of
angiogenesis’. In multiple myeloma, mutations resulting in con-
stitutive activation of the NIK pathway are frequently observed along
with associated overexpression of LTBR’. LTBR expressing fibro-
sarcoma cells have been shown to interact with LTalf32 expressing
lymphocytes, resulting in the activation of a proangiogenic pathway
required for solid tumor neovascularization®. In contrast, other reports
demonstrated LTPR activation by LIGHT promoted anti-tumor
immunity’. Agonist anti-LTBR monoclonal antibody (mAb) treatment
inhibited tumor growth in colorectal cancers® and enhanced che-
motherapeutic responses'. Thus, LTPR signaling has a more complex
role in the tumor microenvironment (TME) that warrants further
investigation.

High frequencies of immunosuppressive regulatory T cells (Tregs)
are present in the TME of various primary tumors, and these intratu-
moral Tregs are key suppressors of anti-tumor immunity®'°. Selectively
targeting Tregs in the TME has emerged as an effective anti-tumor
strategy. In our previous studies, we found that among T cell subsets,
both human and mouse Tregs express the highest level of membrane-
anchored LTa1f2, suggesting that Tregs are the predominant popu-
lation to interact with LTBR, which is highly expressed on human and
mouse lymphatic endothelial cells (LECs)"™". LTa deficiency prevents
Treg lymphatic migration to draining LNs and impairs their suppres-
sive function in models of allograft protection®. Engagement of LTPR
on LECs by LTalpB2" but not LTa ™™ Tregs induces LEC basal protrusions
that support Treg afferent transendothelial migration (TEM)™. Blood
endothelial cells, including high endothelial venules (HEV) also express
high levels of LTBR. However, the LTalf2-LTBR interaction is not
required for Treg cell migration from blood through HEV into the
LNs", although deletion of endothelial LTBR in mice impairs LN hom-
ing of conventional T cells and B cells through impaired integrin and
selectin expression by HEV®. Since tumor cells also express LT[R,
Tregs may also have a direct impact on tumor cells through LTa132/
LTPBR pathways.

While LTal1B2-LTPR interaction is integral to many aspects of
immune cell migration and endothelial cell responses, there are lim-
ited studies that address the roles that LTBR may play in cancer cell
migration, interactions with blood or lymphatic endothelium, and
initiation of metastasis. Previous studies"*'* assessing the role of LTBR
in cancer have used approaches that relied on total receptor blockade
or activation with pharmacologic or genetic interventions but did not
dissect the contributions of each bifurcated LTPR signaling cascade to
specific cell processes, including migration patterns. A more in-depth
understanding can be obtained only with selective targeting of the
LTBR-mediated classical or nonclassical NFkB signaling pathway. In
our previous studies, we constructed and validated cell permeable
decoy receptor peptides based on the LTPR cytoplasmic TRAF
recruitment domains’. These peptides were capable of selectively and
specifically targeting each arm of the LTBR-NFkB signaling pathways.

Since most solid tumors contain both tumor and stroma cells,
including LECs which form lymphatic vessels for transporting meta-
static and immune cells to draining LNs, we focused on LTPR signaling
in tumor cells and LECs. We used these LTPR decoy peptides to
selectively target either classical or nonclassical NFkB signaling

pathway in melanoma cells and LECs to dissect the molecular under-
pinnings related to cancer cell migration and metastasis in vitro and
in vivo syngeneic mouse melanoma model whose metastasis follow
reliable lymphatic routes®. In this work, we demonstrate that selective
inhibition of tumor and LEC LTBR nonclassical NFkB signaling pathway
suppresses human and mouse melanoma and other cancer cell growth
and TEM in vitro. When applied to an in vivo mouse model of mela-
noma metastases, the LTBR nonclassical NFkB blocking peptide limits
tumor cell and immune cell lymphatic migration into the tumor-
draining LNs and induces tumor regression. Mechanistically, con-
stitutively activated tumor LTBR nonclassical NFkB signaling harnesses
chemokines and interferon-regulated genes, which promotes immune
suppressive cell recruitment, especially Tregs which further enhance
LTPR nonclassical NFkB signaling in tumor cells and LECs. These
results indicate a general reliance on LTBR signaling in cancer cell
migration and the initiation of lymphatic-based metastases that could
be utilized for novel therapeutic modalities.

Results

High LTBR expression on tumors denotes a worse patient
prognosis

To assess LTPR expression and its association with phenotype and
clinical characteristics in human cancer samples, The Cancer Genome
Atlas (TCGA) gene expression data and the Human Protein Atlas were
queried for LTPBR expression levels and patient survival. High LTBR
expression on tumors was associated with poor survival in patients
with breast cancer, head and neck cancer, lung cancer, renal cancer,
and cutaneous melanoma (Fig. 1a). LTBR expression levels were com-
parable with many oncogenes such as MYC, TP53, and BRCAs in mel-
anoma patients (Fig. 1b), supporting that high LTBR expression on
tumors denotes worse patient prognosis. Cancer patient samples were
stratified as high and low LTPR expressors using an expression cut-off
of one standard deviation above and below the mean of normalized
gene expression. The clustering of gene expression of high and low
LTBR expression cohorts of melanoma patients was assessed using
principal component analysis (PCA). There was distinct clustering of
samples, indicating underlying differences between LTBR high and low
expressing melanomas (Fig. 1c). To identify other genes that may play
an important role alongside LTPR, we analyzed differential gene
expression (DGE) between the high and low LT3R expression cohorts.
We identified 3285, 2134, and 3285 DEGs for melanoma, breast cancer,
and lung cancers, respectively, with an adjusted p value <0.05 and at
least a twofold change in gene expression (Fig. 1d-f). Among all three
types of cancers, we identified shared DEGs that were upregulated in
LTPBR high cohorts, including chemotactic chemokines (CCL20, CCL21,
CXCL1, CXCL2, and CXCL5)'; Sox F genes (SOX7, SOX17, and SOX18)
which play important roles on angio- and lymphangiogenesis””'®, and
S1I00A family genes (such as S100A4 and S100A9) with well-
established roles in tumor metastases and invasion'>*°. Functional
gene ontology (GO) enrichment for skin cutaneous melanoma
revealed 272 GO terms with an adjusted p value <0.01. The top ten
significantly enriched signaling activities identified in LTBR high
cohorts (Fig. 1g) were related to regulation of cellular chemotaxis,
immune cell activation and migration, and regulation of inflammatory
responses.

Most tumor cells express LTBR which signals by classical and
nonclassical pathways

Several murine and human tumor cells of diverse histologic origins
were assessed for LTBR expression by flow cytometry. Most tumor
cells expressed high levels of LTBR (Supplementary Table 1), including
the well-studied B16F10 murine and human A375 melanoma cell lines
(Fig. 2a). Indeed, analyzing the major component cells of human
melanoma or breast cancer using published single-cell RNA sequen-
cing data, we found LTPR is highly expressed on cancer cells and
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Fig. 1| High LTPBR expression in tumors is associated with poor survival in
cancer patients. a Kaplan-Meier survival analysis of LTBR expression (derived
from Human Protein Atlas and TCGA data) in various cancer cohorts. “Low” versus
“high” data segregated based on one standard deviation below or above the mean
expression of LTBR, Mantel-Cox log-rank test. b The violin and box plots depict the
differential expression of selected genes across skin cutaneous melanoma
(n=472 samples) reveals that increased LTBR gene expression is comparable with
various oncogenes. The inset box bounds the interquartile range divided by the
median, with the whiskers extending to a maximum of 1.5 times the interquartile
range beyond the box. ¢ Principal component analysis (PCA) from TCGA melanoma
cohort for LTPR “high” versus “low” LTPR subsets (n =59, 60, respectively).
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d-f Volcano plot analysis evaluating differentially expressed genes (DEGs) from
LTBR “high” versus “low” LTBR cohort of TCGA skin cutaneous melanoma patients
(n=35, 43, respectively) (d), n=3285; breast cancer patients (n =96, 130, respec-
tively) (e), n =2134; and lung cancer patients (n = 68, 39, respectively) (f), n = 3285,
adjusted p value <0.05 and >2-fold change in gene expression. g Gene ontology
(GO) enrichment analysis in 272 GO terms for TCGA skin cutaneous melanoma. The
p value reflects the association between a set of genes in the TGCA dataset and a
biological function is significant (adjusted p value <0.01). The top ten statistically
significant pathways are shown. P values are calculated using a two-tailed t-test and
adjusted using Benjamini and Hochberg’s approach. Source data are provided as a
Source Data file.

endothelial cells (Supplementary Fig. 1a-c). while its ligand genes LTa
and LTp are predominantly expressed in T cells and B cells, and Tregs
have the highest combined expression levels of LTa and LTB (Sup-
plementary Fig. 1d, e).

To determine LTPR-mediated classical and nonclassical NFkB
signaling in tumor cells, we stimulated B16F10 cells with agonist anti-
LTBR mAbs along with pretreatment with cell-permeable LTPR
blocking decoy peptides, which we previously developed and vali-
dated to selectively block LTPR-classical NFkB-IKKB/p65 (ciLT) or
nonclassical NFkB-IKKo/NIK/p52 (nciLT) pathways®. Unstimulated cells
in a steady state showed weak IKKa/ and NFkB-p65 phosphorylation,
which were not affected by either ciLT or nciLT blocking peptides
(Fig. 2b, left panel). LTPR ligation induced phosphorylation of IKKa/f3
(Fig. 2b, right panel), which was inhibited by both ciLT and nciLT 5 to
20 min post ligation. LTPBR ligation further enhanced NFxB-p65 phos-
phorylation, which was inhibited as early as 5 to 10 min by ciL. T but not

ncil T (Fig. 2b, right panel). Resting B16F10 cells had constitutively
processed p52 and was inhibited by ncil T only (Fig. 2c, left panel).
Ligation of LTPR further enhanced p52 processing which was inhibited
by ncil T but not cilLT (Fig. 2c, right panel). Immunoprecipitation of
LTPBR showed a low level of TRAF2 and no TRAF3 bound to the B16F10
LTBR complex in the steady state (Fig. 2d, left panel). Stimulation of
LTPBR recruited TRAF3, and this binding was blocked by nciLT alone
(Fig. 2d, right panel). Notably, stimulation of LTBR also recruited more
TRAF2 to the receptor complex, which was blocked by both cilLT and
ncil T (Fig. 2d, right panel). These data suggest that B16F10 LTBR
nonclassical NFkB signaling involves the recruitment of both TRAF2
and TRAF3 to the LTBR complex, while LTBR-classical NFkB signaling
mainly requires TRAF2 recruitment. Similar signaling patterns were
observed in human melanoma A375 cells (Fig. 2e, f), Together, these
data show that ncil T preferentially blocks B16F10 LTBR nonclassical
NFkB signaling. Interestingly, nciLT suppressed IKKa/B but not p65
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Fig. 2 | Tumor LTPBR signals by classical NFxB and nonclassical NFxB pathways.
a Flow cytometry of LT3R expression on mouse (B16F10) and human (A375) mel-
anoma cells. Median fluorescence intensity (MFI) shown. b, ¢ Inmunoblots for
classical IKKa/B (p-IKKo/B) (**P=0.0005) and NFkB-p65 phosphorylation (p-p65)
(*P=0.0109, *P=0.0021) (b), and nonclassical p100 processing to p52
(*P=0.0459) (c) in B16F10 pretreated with 20 uM ciLT, nciLT, or control scrambled
peptide (CP) for 1 h at 37 °C; and then stimulated with or without agonist anti-LTBR
3C8 mAb (2 pg/mL) for indicated times (b) or 6 h (c). Representative blots shown,
quantification of phospho-p65 or p52 and IKKa/f are normalized to p65 and IKKo/3
respectively. d Immune precipitation of BI6F10 LTBR with anti-LTBR mAb (5G11).
Cells stimulated with or without agonist anti-LTBR mAb for 10 min. Representative

blots are shown. Quantification of the bound TRAF2 (**P = 0.0004, ***p = 0.0001) or
TRAF3 (*P=0.0004, **p =0.0001) is normalized to the loaded LTPR expression.
WCL whole cell lysate. e, f Human melanoma A375 cells pretreated with 20 pM
human ciL T (hcil.T), ncil T, or CP for 1 h at 37 °C; and then stimulated with or
without 100 ng/mL human recombinant LT« for indicated times (e) or 6 h (f).
Immunoblots for p-IKKa/B, p-p65 (nciL T: *P=0.0019; **P=0.0001; ciLT:
*P=0.0407, **P=0.0002), and p52 (*P=0.0242). Each panel is representative of
three independent experiments. b—f Mean + SEM. P values are calculated by two-
way ANOVA, Sidak’s multiple comparisons test. ****P < 0.0001. Uncropped gels and
Source data are provided as a Source Data file.

phosphorylation in mouse melanoma and suppressed p65 but not
IKKa/B phosphorylation in human melanoma, indicating cellular
context-dependent classical NFkB signaling. It is noteworthy that the
same peptide blocks TRAF recruitment to LTPR differently in tumor
cells and LECs: nciL T blocks both TRAF2 and TRAF3 binding in B16F10
but blocks only TRAF3 in LECs®, while ciLT blocks only TRAF2 in B16F10
but blocks both TRAF2 and TRAF3 in LECs?, again indicating cellular
context-dependent LTPR signaling.

Tumor LTPBR nonclassical NFkB signaling preferentially
regulates TEM

We previously characterized the role of LTBR in migration and its
regulation by Tregs, endothelial cells*"2, Focusing on melanoma and
breast cancer, which follow reliable routes of lymphatic metastasis”,
we used the specific blocking peptides to investigate which LTBR sig-
naling pathways regulate tumor lymphatic TEM. We treated mouse and
human tumor cell lines with the decoy peptides or with the agonist

anti-LTBR mAb and assessed their migration across Boyden chamber
transwells coated with the mouse lymphatic endothelial cell line
SVEC4-10 or human primary LECs. To enhance migration, we used the
chemotactic molecule sphingosine 1-phosphate (S1P), which is spa-
tially compartmentalized in blood, lymph, and tumor, and has widely
expressed receptors (S1P1-5)%, recapitulating migration from tissue to
lymphatic vessels as would occur during metastatic spread®”’. The
nonclassical LTBR-NFxB blocking peptide nciLT (identical sequence in
human and mouse) but not classical LTBR-NFkB blocking peptide ciLT
(versions specific for mouse and human used) was sufficient to inhibit
TEM of murine tumor cells such as sarcoma KPI30, breast cancer 410,
ovarian cancer ID8, mammary adenocarcinoma 66.1 (Fig. 3a), human
breast cancer MDA-MB-231, and human melanoma A375 (Fig. 3b and
Supplementary Table 2). Both ncil T and ciLT inhibited TEM of mouse
melanoma B16F10 and human lung cancer A549, although nciLT was
far more effective. LTBR stimulation by anti-LTR mAb enhanced TEM
of the mouse or human melanoma and breast cancer (Fig. 3a, b).
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cancer ID8 (n=4), and mouse mammary adenocarcinoma 66.1 (n =4) cells pre-
treated with 20 pM each of ncilT, ciL T, nciLT combined with ciLT, or CP for 1 h at
37°C; or treated with 2 pg/mL agonist anti-mouse LTBR Ab (3C8) for 1h at 37°C,
washed and loaded for TEM across mouse LECs toward 200 pM S1P for 16 h.

b Transwell assay of human cancer cell lines. Human melanoma A375 (n = 4), human
breast cancer MDA-MB-231 (n = 3), human lung cancer A549 (n=4) cells pretreated
with 20 pM each of ncil.T, hcil. T, nciLT combined with hcilT, or CP for 1 h at 37 °C;
or treated with 100 ng/mL human LTPBR ligand huLTaf for 1 h at 37 °C, washed and
loaded for TEM across human LECs toward 200 pM S1P for 16 h. ¢ Transwell TEM
assay of mouse or human sarcoma cells toward medium or 200 uM S1P crossing the
8 pm Boyden chamber coated with or without mouse or human LECs, respectively.
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d Representative images (n =4) of cell migration into the area of the defect after
scratching confluent BI6F10 monolayers treated with indicated blocking peptides.
Migration into the area of cell defect was measured after 16 h. Magnification 10x;
scale bar 450 um. e Representative images (n = 4) of mouse breast cancer 4T1-eGFP
migration into the area of cell defect at O and 16 h after treatment with indicated
peptides. Area recovery was measured with time-lapse microscopy. Each peptide-
treated group was compared to the nontreated using a paired two-tailed ¢-test,
*p=0.0181, ***p < 0.0001. Magnification 10x; scale bar 220 um. f Time-lapse
microscopy of WT B16F10-GFP pretreated with peptides as in (a-c). Samples run in
triplicates. g TEM of WT or LTBR”™ B16F10 across transwell coated with or without
mouse LECs toward 200 pM S1P for 16 h. One representative of three images was
taken. 20x magnification. Representative of 2 (e-g) or 3 (a-d) independent
experiments. Mean + SEM. ***p < 0.0001 by one-way ANOVA. Source data are
provided as a Source Data file.
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Notably, tumor cell TEM required the presence of LECs for migration
to an SIP gradient (Fig. 3c). This is reminiscent of our previous report
that T lymphocyte chemotaxis to S1P also requires the presence of LEC
for efficient migration?. This suggests that factors produced by LECs,
such as adhesion or junctional molecules or chemokines, are critical
for tumor migration.

Tumor LTPR nonclassical NFkB signaling regulates cell migra-
tion and motility

Tumor cells were pretreated for 1h with LTPR signaling blocking
peptides and assessed in a migration response assay. Consistently,
blockade of B16F10 or 4T1LTpBR nonclassical NFkB signaling with nciLT
abolished the migration response (Fig. 3d, e). cilLT inhibited the
migration response with lesser efficiency.

Monitoring peptide-treated B16F10-eGFP migration across LECs
by time-lapse microscopy, we observed that nciLT suppressed tumor
cell motility assessed by cell displacement while agonist anti-LTBR
mAb stimulated B16F10 motility (Fig. 3f). In addition, CRISPR/Cas9
LTBR-depleted B16F10 had impaired TEM across LECs (Fig. 3g). Over-
all, the data demonstrates that tumor LTR nonclassical and to a lesser
extent classical NFkB signaling plays critical roles in tumor motility and
migration.

Tumor LTPR nonclassical signaling regulates tumor growth
Since LTPR expression was associated with worse prognosis and
increased expression of detrimental GO terms for tumor patients, we
assessed LTPR regulation of tumor growth in vitro. Pretreatment of
wild-type (WT) B16F10 for 1h with ncilLT inhibited cell growth, and
inhibition was abolished in CRISPR/Cas9 LTPR-depleted B16F10
(Fig. 4a), indicating that inhibition is LTBR signaling specific. Peptide
treatment for 1 h with or without LTBR stimulation by agonist mAb did
not affect B16F10 cell viability (Fig. 4b). However, 5 to 16 h of nciLT
treatment increased B16F10 apoptosis (Fig. 4c), while other peptides
with or without LTPR stimulation did not affect viability. Importantly,
LTPR stimulation prevented the increased apoptosis by nciLT (Fig. 4c),
indicating LTBR stimulation induced classical NFkB signaling, pro-
moted tumor cell survival, and compensated for ncilT-triggered
apoptosis. These data indicate that ncil T inhibits tumor cell growth
and promotes apoptosis.

Tumor LTBR depletion suppresses tumor growth and metastasis
CRISPR/Cas9 LTPR-depleted B16F10 cells were assessed for tumor
growth and migration. Subcutaneously inoculated LTPR-depleted
B16F10 cells had slower in vivo growth than WT B16F10 (Fig. 4d, e)
and reduced lymphatic metastasis into the draining LNs (dLNs)
(Fig. 4). LTBR-depleted B16F10 melanoma had impaired production of
tumor cell-derived CXCL1 and CXCL10 (Fig. 4g), and reduced intratu-
moral Tregs and myeloid-derived suppressor cells (MDSCs) but
increased CD4 T cells, B cells, and unaltered CD8 T cells 13 days after
melanoma inoculation, compared to WT B16F10 (Fig. 4h). Since these
cells were not decreased in tumor dLNs, this suggests that LTBR
depletion in tumor cells had no impact on immune cell egress from the
tumor. However, the reduced Tregs and MDSCs may result from the
reduced CXCL1 and CXCL10, which may recruit these CXCR2 and
CXCR3 expressing cells to tumors from the blood circulation (Fig. 4h).

We explored the genes affected by LTBR depletion by whole
transcriptome RNA sequencing (RNA-seq) analysis, comparing
CRISPR/Cas9 LTBR™ to WT B16F10. DEGs were observed between the
two cell lines with 323 upregulated and 859 downregulated in LTBR™
B16F10 (Fig. 4i). The enhanced expression of tumor suppressor genes
such as integral membrane protein 2A (/TM2a) and nuclear receptor
4A3 (NR4a3) in LTPR-depleted B16F10 cells may contribute to cell
growth inhibition, while the decreased gap junction protein alpha 1
(GJAI), podoplanin (PDPN), NOTCH3, and basal cell adhesion molecule
1 (BCAMI) which regulate cell adhesion may contribute to reduced

Treg tumor recruitment and melanoma metastasis. In addition, GO
analysis indicated predominant downregulation of cell surface G-
protein-coupled receptor (GPCR) signaling pathways that regulate
chemotaxis, localization, and transmembrane transport, in addition to
cellular component organization or biogenesis and developmental
regulations as key changes induced by LTBR depletion (Supplemen-
tary Fig. 2a-c).

Genes driven by tumor LTBR-NFkB signaling

To determine the molecules regulated by nonclassical LTBR-NFkB
signaling in B16F10 melanoma, we employed bulk RNASeq in a two-
pronged strategy. First, we performed RNA-Seq on B16F10 cells sti-
mulated by agonist anti-LTBR Ab (3C8) for 6 h to induce LTPR non-
classical NFkB signaling. These stimulated cells were compared to both
non-stimulated B16F10 cells and to cells that were stimulated and
pretreated with the LTBR-nonclassical blocking peptide ncil. T. Second,
we generated CRISPR/Cas9 knockout (KO) of nonclassical NFkB/NIK
B16F10 and stimulated them for 6 h. Thus, we were able to compare
gene expression regulated by the LTBR nonclassical NFkB pathway
using both the ncilT inhibitor and NIK deficiency. Melanoma LT3R
nonclassical NFkB signaling upregulated angiogenic and immuno-
suppressive myeloid chemokines CXCL1***, CXCL10**, and CCL5%,
which were downregulated by nciLT and diminished in NIK-deficient
B16F10 cells (Fig. 5a, b). In addition, protumor interferon-stimulated
genes ISG15* and IFIT3” (interferon-induced protein with tetra-
tricopeptide repeats 3), and oncoprotein USP18% (Ubiquitin Specific
Peptidase 18), which suppresses IFN responses, were also driven by
LTBR-nonclassical signaling, downregulated by ncilLT, and diminished
in NIK-deficient B16F10 cells (Fig. 5a). The selected genes were further
confirmed by real-time PCR (Fig. 5b). CXCL1, CXCL10, and CCL5
expression were abolished in NIK-depleted but not IKKB-depleted
B16F10 (Supplementary Fig. 3a, b), confirming that these genes are
regulated by the LTPR-nonclassical NFkB-NIK signaling pathway.
CXCL1 and CXCL10 expression were enhanced in Treg-cocultured
human melanoma A375 and human LECs and inhibited by nciLT pre-
treatment (Supplementary Fig. 3c, d). Neither Teff coculture nor ciLT
pretreatment affected the chemokine expression. Together, the data
showed that CXCL1 and CXCL10 production in tumor cells and LECs
are driven by the LTPBR-nonclassical NFkB-NIK signaling pathway.

A parallel strategy was employed for identifying LT3R-classical
NFkB-driven genes, by comparing gene expression in cells stimulated
for 1 hour with agonist mAb and pretreated or not with the classical
blocking peptide cilLT, and further compared with IKKpB -depleted
B16F10 (Fig. 5c). Several pro-cancer genes such as ribosomal proteins
21 and 30 (RPL21 and RPL30)*, migration and invasion enhancer 1
(MIEN1)*, and nuclear receptor NR4al* were identified to be rapidly
induced by LTPR activation and inhibited by blocking LTPR-classical
NFkB signaling (Fig. 5¢c). Selected genes RPL21 and Mienl were further
shown by real-time PCR to be inhibited by the classical NFkB blocking
peptide cilL T but not by the nonclassical NFkB blocking peptide nciLT
(Fig. 5d), confirming regulation by the LTBR-classical NFkB signaling
pathway.

Treg LTa1f2 stimulates tumor LTBR nonclassical NFkB signaling
to enhance tumor growth

Our previous study revealed that Tregs express high levels of LTal132
which ligate and activate LTBR on LEC™. Treg LTalf2 signals primarily
to the LTPR nonclassical NFkB pathway and alters LEC morphology
and membrane characteristics, thereby causing endothelial morpho-
logic changes and promoting lymphatic TEM of other immune cells”.
To explore the possible role of Tregs directly interacting with tumor
cells, we assessed whether Treg LTalf32 can ligate and activate tumor
surface LTPR. LTalf32 high expressing human Tregs and LTa12 low
expressing human effector T cells (Teffs) (Supplementary Fig. 4a)
cocultured with the melanoma cells equally induced phosphorylation
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of IKKa/ and p65 classical NFkB signaling in human A375 cells as early
as 10 min after incubation (Supplementary Fig. 4b). An identical pat-
tern was observed in mouse B16F10 cultured with mouse Tregs and
Teffs (Supplementary Fig. 4c). After 5 h coculture with both human and
mouse melanoma cells, only Tregs induced nonclassical NIK signaling
for pl00 processing to p52 in these tumor cells, while LTaf-low
expressing Teffs (Fig. 5e) or LTa-deficient Tregs (Fig. 5f) did not. Only

nonclassical blocking peptide inhibited Treg-induced nonclassical
NFkB signaling in human melanoma (Fig. 5g), while both ncilLT and
ciLT inhibited the Treg-induced nonclassical signaling in B16F10
(Supplementary Fig. 4d). Other immune cells such as B cells, CD8
T cells also express LTalf2, however, the expression level is sig-
nificantly lower than that of Tregs (Supplementary Fig. 4e), and B cells
failed to induce any NFkKB signaling in either tumor or LECs
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Fig. 4 | Tumors use LTPR nonclassical NFyB signaling for tumor growth. a In
vitro cell growth of WT or LTBR”"B16F10 pretreated with 20 uM of CP, nciL T, or
ciLT for 1 h. Cell numbers counted after 24, 48 (***p = 0.0004), 72 h (***p < 0.0001),
96 h (***p <0.0001). P values are calculated by two-way ANOVA and Dunnett’s
multiple comparisons test. b Cell viability analysis of BI6F10 treated with indicated
peptide with or without anti-LTBR mAb (3C8) for 1 h and then assessed by MTT
assay. ¢ Flow cytometry apoptotic cell analysis of Annexin V* B16F10 pretreated
with indicated peptides for 1 h, and then stimulated with or without anti-LTBR mAb
for 5 or 16 h. ***P< 0.0001 by two-way ANOVA. d-h C57BL/6 mice intradermally
transferred with WT or CRISPR/Cas9 LTBRKO (LTBR™") B16F10. Scheme of
experimental setup and tumor growth (n=7). Two-way ANOVA, Sidak’s multiple
comparisons test. **P = 0.0014; *P = 0.0122. (d) Six representative tumors and their
weights are shown (e). ***P=0.0007 by unpaired two-tailed t-test. At day 20,
Draining LNs (DLNs) were analyzed for Melan-A expression of metastatic BI6F10

cells in dLNs by immunohistochemistry (f). Representative images (n = 8). Magni-
fication 20x; scale bar 42 pm. **P=0.0037 by unpaired two-tailed t-test. At day 13,
transferred B16F10-GFP tumors analyzed for CXCL1 (n =4, **p =0.0002), CXCL10
(n=4, **P<0.0001), and PDPN (n =6, (***P < 0.0001) expression in GFP'B16F10
cells (g), and also analyzed for CD4 (*P=0.0294), CD8, Foxp3" CD4 Tregs
(*P=0.0025), B220'B cells (**P=0.0013), CD11b*'Ly6G'MDSCs (***P<0.0001) in
TILs (n=6), and CD4, CDS, B cells (**p=0.0001) and CD25+Foxp3 + CD4 Tregs in
dLNs (n=6) (h). P values are calculated by unpaired two-tailed t-test. The gating
strategy is shown (g, h). i Volcano plot of differential gene expression comparing
LTBR’ to WT B16F10 (P values are justified by two-way ANOVA) by bulk RNA-Seq
analysis (n = 2). Genes upregulated (n = 323, green) or downregulated (n = 859, red)
at log2 fold change >2 or <-2 and P value <0.05 adjusted by the Benjamin and
Hochberg method. 3 (a-c) or 2 (d-h) independent experiments. a-h Mean + SEM.
Source data are provided as a Source Data file.

(Supplementary Fig. 4f) and had no impact on tumor cell TEM (Sup-
plementary Fig. 4g). These results indicate that Treg LTaf exclusively
induces nonclassical NFkB signaling on tumor cells through cell-cell
interactions. To investigate the biological function of Treg-induced
preferential LTBR nonclassical NFkB signaling, we cocultured Tregs
with B16F10, which were pretreated with or without blocking peptides
to assess tumor cell growth. Treg-cocultured B16F10 demonstrated
increased cell growth. Blockade of only the nonclassical NFkB signaling
abolished Treg stimulated growth and likewise inhibited basal growth
of tumor cell even without Treg pretreatment (Fig. 5h), similar to the
observations in Fig. 4a. Thus, these data show that both basal con-
stitutive and Treg-induced LTBR-nonclassical-NFkB signaling in BI6F10
promote tumor growth.

Treg LTal1f2 stimulates tumor LTPR nonclassical NFkB signaling
to enhance tumor cell TEM

To determine whether Tregs directly affect tumor cell migration, we
cocultured Tregs or Teffs with melanoma cells prior to migration assay
across LEC-coated transwell. Treg-cocultured B16F10 cells showed
enhanced TEM across LECs in a dose-dependent fashion, while Teffs
induced no such effect (Fig. 5i). Human Tregs cocultured A375 also had
increased TEM (Supplementary Fig. 4h). Importantly, the effect
required the presence of LECs. Without LECs, the Treg-pretreated
B16F10 had no enhanced TEM (Fig. 5j). Treg enhanced TEM was
LTa1f32-LTPBR signaling dependent since LTa-deficient Tregs failed to
increase tumor TEM (Fig. 5k). Blockade of B16F10 LTPR nonclassical
NFkB signaling also abolished Treg promoted tumor TEM (Fig. 5k).
Similarly, Tregs but not LTa-deficient Tregs, enhanced 4Tl breast
cancer TEM (Fig. 5). Treg failed to increase TEM of B cell lymphoma
M12.4 which has minimal levels of LTPBR expression (Fig. Sm and Sup-
plementary Table 1). Together, these data show that Treg LTaf directly
ligates tumor LTPR to activate nonclassical NFkB signaling and enhance
tumor cell TEM. To assess in vivo Tregs direct interaction with tumor
cells, we intravenously injected WT or LTa-deficient Tregs to LTPR-
depleted mice inoculated with WT B16F10. Thus, in this system, Treg
LTalf2 can only ligate and activate tumor surface LTBR. WT Tregs
significantly promoted melanoma growth, while LTa-deficient Tregs
failed to do so (Fig. 5n). There was also increased LT3R nonclassical
signaling driven CXCL1, CXCL10, and CCLS5 expression in melanoma
cells in the host mice injected with WT Tregs but not with LTa-deficient
Tregs (Fig. 50). These results demonstrate that in vivo Treg LTal132 can
directly activate tumor cell LTPR nonclassical NFkB signaling.

Treg LTalp2 stimulates LEC LTBR nonclassical NFkB to promote
tumor growth and TEM

We previously demonstrated that Tregs stimulate LTBR nonclassical
NF«B signaling in LECs and thereby alter LEC characteristics for leu-
kocyte TEM™. Since we showed above that Tregs also stimulate tumor
LTPR to alter tumor growth and TEM, we next analyzed if this signaling
induced additional events between LECs and tumors. LECs were

pretreated with Tregs, the Tregs removed, and then B16F10 added to
the LECs. This coculture promoted melanoma growth (Fig. 6a).
Blockade of LEC LT3R nonclassical NFkB with ncil T prior to coculture
with Tregs abolished the activated LEC enhanced tumor cell growth
(Fig. 6a, middle row). Blockade of LEC LTPR-classical NFkB with
blocking peptide ciLT had no effect on tumor cell growth. LECs pre-
treated with Teffs did not affect tumor cell growth, and the blocking
peptides did not alter the lack of effect of Teffs on LEC for tumor
growth (Fig. 6a, lower row). To determine whether the growth effect
was from direct tumor-LEC contact or due to the secreted factors from
the LECs, 0.4 um pore transwells were used to separate B16F10 in the
upper chamber from LECs in the lower chamber. The B16F10 or the
LECs were each independently cocultured with Tregs for 6 h, the Tregs
were then removed, and the growth of B16F10 was assessed after
another 48 h. WT or LTa-deficient Tregs cocultured with LECs in the
lower chamber did not promote B16F10 cell growth in the upper
chamber (Supplementary Fig. 5a, b), suggesting soluble cytokines/
chemokines produced by activated LECs have no effect on B16F10 cell
growth, and that a direct tumor-LEC cell physical contact is required
for supporting tumor cell growth. To test the effect of Treg LT-
triggered LEC LTPBR signaling on tumor migration, we cocultured Tregs
with WT or LTPR-deficient LEC prior to assessing tumor cell TEM. WT
LECs cocultured with Tregs promoted B16F10 TEM, while LTBR-
deficient LECs cocultured with WT Tregs did not enhance B16F10
migration (Fig. 6b). WT LECs cocultured with LTa-deficient Tregs also
had no effect on B16F10 or 4T1 TEM (Fig. 6¢).

Genes driven by LTBR nonclassical NFkB signaling in LEC

To investigate which molecules are driven by LEC LTPR signaling to
regulate tumor cell growth and migration, we employed DNA
microarray analysis of LECs. Primary LECs were treated with control
peptide (CP), ncil.T, or cilLT prior to agonist anti-LTBR mAb stimu-
lation. Endothelial-specific genes which promote tumor malignancy
and metastasis, such as fibronectin leucine-rich transmembrane
protein 2 (FLRT2), SRY-box transcription factor 18 (SOX18), and
C-type lectin domain containing 14A (Clecl4a), were identified to be
driven by LTBR nonclassical NFkB signaling and were downregulated
by ncil T but not by ciLT (Fig. 6d). The selected genes were further
confirmed by RT-PCR (Fig. 6e). Some genes were not tran-
scriptionally regulated while their functions relied on post-
translational changes, such as VE-cadherin which is important for
endothelial integrity*>. Thus, 16 h pretreatment with Tregs could
transform intact zipper junctional VE-cadherin expression in lym-
phatic vessels (LVs) in vivo or LECs in vitro to button-like junction,
while LT-deficient Tregs failed to do so (Fig. 6f).

Treg LTalP2 activates LTBR nonclassical NFKB signaling on
tumor-associated LECs in vivo

To study the direct in vivo influence of Treg LTalf32 on LECs, we
intravenously transferred 5x10° WT or LTa™ Tregs to WT C57BL/6
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mice which were subcutaneously inoculated with 0.5x10° LTBRKO

B16F10. In this system, Tregs can only ligate and

activate surface LTBR

on stromal cells, including LECs, but not on tumor cells. Since the
LTPR-deficient B16F10 had impaired tumor growth compared to WT
B16F10 (Fig. 4d), WT Tregs did not significantly promote LTPR-
deficient melanoma growth (Fig. 6g), although it promoted WT B16F10

(Fig. 5n). However, WT Treg but not LTa™" Treg t

ransfer induced more

CXCL1 and CXCL10 in t

he tumor LECs (Fig. 6h). WT Tregs but not

LTa™ Tregs accumulated around tumor lymphatic vessels where the

nonclassical LTBR-NIK s

ignaling driven endothelial-specific proteins

FLRT2, SOX18, and Clec14 were highly upregulated (Fig. 6i and Sup-
plementary Fig. 6a). These data indicated that in vivo Treg LTa12 can
directly activate LTPR nonclassical NFkB signaling in tumor LECs. To
study the combined in vivo influence of Treg LTalB2 on tumor cells
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Fig. 5 | Treg LTa1P2 stimulates tumor LTPBR nonclassical NFxB pathway to
promote tumor growth and TEM. a-d Bulk RNA-Seq analysis of B16F10 (2 inde-
pendent samples per group). Genes are downregulated by ncilLT (a) or ciLT (c) and
regulated by NIK (a) or IKKP (c)-deficiency. WT or CRISPR/Cas9 NIK KO B16F10
pretreated with nciL T for 1 h followed by 6 h anti-LTPR (3C8) stimulation (a, b). WT
or CRISPR/Cas9 IKKf KO B16F10 treated with ciLT for 1 h prior to 1 h LTBR stimu-
lation (c, d). Selected genes confirmed by RT-PCR for nonclassical (b) and classical
(d) regulation. Relative gene expressions are normalized to HPRT gene expression.
Samples are triplicated in three independent experiments. Mean + SEM.
***p=0.0001, ***p < 0.0001 by one-way ANOVA. e-g Immunoblots for p100/p52 in
human A357 (left panel of e, g) and mouse B16F10 (right panel of e, f) melanoma
cells cocultured with various dose of human or mouse Tregs, Teffs, or LTa-deficient
(LTa™") Tregs as indicated for 5 h. A375 pretreated with 20 uM CP, ncil T, or hcilT
for 1h prior to coculturing with human T cells (g). Representative blots are shown
from three independent experiments. Quantification of the protein expression of
P52 normalized to p65. Uncropped gels are provided in the Source Data file.
Mean + SEM. **p = 0.0002, ***p < 0.0001 by one-way ANOVA. h B16F10 pretreated
with 20 pM CP, ncil.T, or ciLT for 1h, washed, and cocultured with Tregs for 6 h,

washed and grown for 48 h. One representative of three images taken from each
group is shown. *p =0.0036, **p = 0.0005 by one-way ANOVA. i-m Migration of
B16F10 cocultured with Tregs or Teffs with various ratio (i), Compared to B16F10
only, **p=0.0006 (1:2), **p =0.0002 (2:2), ***p < 0.0001. Migration of B16F10
cocultured with WT (***p < 0.0001) or LTa” Tregs (j, k) as indicated for 6 h, washed,
and migrated across transwell coated with LECs (***p < 0.0001) or without LEC
toward 200 puM SIP for 16 h (j). B16F10 pretreated with indicated peptides before
coculturing with WT or LTa™” Tregs and TEM as in (h, k). **p=0.0003. TEM of
breast cancer 4T1 cells (I) or B cell ymphoma M12.4 cells (m) cocultured with WT or
LTa 7~ Tregs with various ratios. n, 0 0.5 x10° WT or LTa-deficient (LTa") Tregs
intravenously transferred to LTBRKO (LTBR™") C57BL/6 mice which were sub-
cutaneously inoculated with 0.5 x10° WT B16F10. Scheme of experimental setup
and tumor growth (n). p value of tumor growth (n =5 mice) determined by two-way
ANOVA Tukey’s multiple comparisons test. *p = 0.0394, **p = 0.0008,

***p < 0.0001. At day 14, tumors (n =5) analyzed for CXCL1 (***p < 0.0001),
CXCL10 (**p=0.0002), and CCL5 (**p=0.0004) expression. Data representative
of 3 (b, d, e-m) and 2 (n, o) independent experiments. b, d, e-i: Mean + SEM.
***p < 0.0001 by one-way ANOVA. Source data are provided as a Source Data file.

and LECs for tumor growth, we intravenously transferred 0.5 x10° WT
or LTa”” Tregs to WT C57BL/6 mice transplanted with 0.5 x 10° B16F10.
WT Tregs significantly promoted melanoma growth, while LTax™ Tregs
failed to do so, suggesting the stronger impact of Treg LTalf2 on
tumor cells than on LECs for LTBR-mediated tumor growth (Supple-
mentary Fig. 6c).

To study whether in vivo LTPBR depletion affected tumor growth,
we transplanted WT B16F10 into WT or LTBRKO C57BL6 mice, which
have lymphatics but lack LNs*. Transplanted tumors in LTBRKO mice
had significantly reduced tumor growth, angiogenesis, and lym-
phangiogenesis compared to those in WT mice (Fig. 6j, k), and survival
was also significantly higher in LTBR-deficient mice (Fig. 6l). Analysis of
TILs in LTBRKO mice revealed reduced CD25'Foxp3Tregs (Fig. 6m),
Ly6G'CD11b*MDSCs, and F4/80'CD11b 'macrophages, and increased
total CD4 T cells, IFNY"CD8 T cells, and B220B cells compared to those
of WT mice, although total CD45" immune cells and CD8 T cells remain
unchanged (Supplementary Fig. 6b). These data suggest that recipient
LTPR regulated recruitment and/or retention of Tregs, MDSCs, and
macrophages into the tumor. Since LTBR-deficient mice lack LNs,
tumor lymphatic metastasis could not be directly observed®. There-
fore, we then injected B16F10 i.v. to study tumor pulmonary metas-
tasis. LTPR-deficient mice had significantly reduced metastatic
colonies in the lung compared to WT mice. Importantly, when LTBR-
deficient mice were injected i.v. with B16F10 together with WT LTBR-
sufficient primary mouse LECs, there were remarkably increased pul-
monary metastases (Fig. 6n), suggesting that LTBR on LECs plays a
critical role in tumor metastases.

Selective blockade of LTBR-classical and nonclassical NFkB
inhibits tumor growth and lymphatic metastasis

LTPR signaling was assessed for its effects on tumor growth and
metastasis by using the blocking peptides in mouse melanoma
(Fig. 7a). nciLT dramatically suppressed melanoma growth, while cilLT-
treated melanoma had early regression but relapsed later (Fig. 7b).
ncilT or cilT treated melanoma at day 13 after B16F10 intradermal
inoculation had increased intratumoral CD4 and CD8 T cell infiltration
(Fig. 7c, upper panel). In addition, both nciLT and cilLT treated tumors
had increased IFNy-producing CD8 T cells, but no significant changes
in IFNy" CD4 T cells (Fig. 7c, middle panel). nciLT but not cil.T sig-
nificantly reduced intratumoral activated CD25" Tregs (Fig. 7c, lower
panel). In contrast, ciLT increased the CD25™ Treg subset. Both pep-
tides significantly reduced granulocytic Ly6G*CD11b" MDSC and B220*
B cell infiltration at day 13. Notably, only ncilLT suppressed melanoma
and endothelium-derived CXCL1 and CXCL10 expression (Fig. 7d).
Moreover, both blocking peptides suppressed tumor angiogenesis
and lymphangiogenesis by reducing CD31'lyve-1" blood vessels and

CD31'lyve-1" lymphatic vessels (Fig. 7e-g). Importantly, LTPR-
nonclassical NFkB-driven SOX18, a crucial transcriptional regulator
of angiogenesis®*, and FLRT2 which are highly expressed in LECs and
facilitate tumor aggressiveness®~°, were significantly reduced in lym-
phatic vessels in ncilLT-treated melanoma. ciL T also suppressed their
expression but less effectively than ncil.T (Fig. 7e-g). SOX18 localized
in both blood (CD31'Lyve-1) and lymphatic vessels (CD31'Lyve-1°),
while FLRT2 mainly localized on lymphatic vessels alone (Figs. 7e, f, h).
In dLNs, ncil T reduced both CD4 and CD8 T cells, while ciL T reduced
CD4 but not CD8 T cells (Fig. 8a, upper panel), suggesting nciLT
inhibited CD4 and CD8 T cell tumor egress, while ciLT inhibited CD4 T
cell tumor egress which may contribute to the increased intratumoral
CD4 Tregs. The total number of Tregs in dLNs were significantly
decreased by both ncil T and ciLT (Fig. 8a, lower panel; 8b). Analysis of
dLNs 20 days after melanoma development revealed that both ncilL T
and cilLT-treated mice had significantly reduced dLN melanoma
metastasis and Tregs (Fig. 8b). The increased retention of IFNy-
producing CD8 T cells in tumor-infiltrating lymphocytes (TILs) and
reduced CD25'Tregs in tumor and dLNs in LTBR blocking peptides
treated melanoma may play critical roles for anti-tumor immunity.

Discussion

Here we report that contact-dependent tumor LTBR-NFkB-NIK signal-
ing triggered by Treg LTa1f2 plays a critical role in tumor growth and
metastases. In the TME, a high frequency of Tregs is associated with a
poor prognosis in many cancers®”’, However, effective approaches to
selectively targeting intratumoral Tregs are limited. Beyond the known
function of immunosuppression, activated Tregs exert other multi-
faceted functions, such as direct dialog with endothelial cells to reg-
ulate TEM of other immune cells'>*’. Our current and previous data™*
and published single-cell RNA sequencing data*®*" have shown that
human and mouse CD4 Tregs express the highest level of LTalf2,
while LTPR is predominantly expressed on most tumor cells and
endothelial cells*>**. The TCGA datasets showed high LTPR expressing
patients with cancer have a worse prognosis, suggesting anti-LTBR as a
potential therapy. However, both blockade and activation of LTPBR
have shown anti-tumor efficacy"®. Activation of LTPR with agonist mAb
has been shown to induce both tumor apoptosis and promotion"®**,
The seemingly conflicting observations might be due to the bifurca-
tion of LTBR-NFkB signaling. We confirmed that LTBRs on the mouse
and human melanoma and breast cancer cells signal through classical
NFkB-IKKB-p65 and nonclassical NFkB-NIK-p52. Dissimilar to primary
LEC LTPBR, which constitutively binds TRAF3 and recruits TRAF2 upon
activation, BI6F10 LTPR constitutively binds TRAF2 and recruits
TRAF3 for activation. ncilL T blocked both TRAF2 and TRAF3 binding to
the B16F10 LT3R complex, while blocking only TRAF3 binding to LEC
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LTBR®. Thus, ncil T not only inhibited melanoma LTBR-nonclassical
NFkB-NIK-p52 but also inhibited B16F10 LTBR-classical NFkB-IKK(-p65
signaling.

LTPR-nonclassical NFkB-NIK signaling has been implicated to
upregulate metastatic genes and promote cancer cell lymphatic
migration in head and neck cancer which has high levels of NIK and
RelB expression”, however, selective targeting of the LTBR-

nonclassical NFkB-NIK pathway has not been studied. Here we
employed specific LTBR receptor decoy permeable peptides to
examine tumor TEM. LTBR nonclassical NFkB blocking peptide nciL T
but not classical blocking peptide ciL T inhibited TEM of most tumors,
including human melanoma and mouse and human breast cancer.
B16F10, 4T1, and A549 TEM or migration responses were also inhibited
by ciLT but with lesser efficacy, and these cell type-dependent effects
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Fig. 6 | Tregs communicate with LEC through LTa1B2/LTPR signaling to acti-
vate nonclassical NFiB pathway and promote tumor growth and TEM.

a Peptide-pretreated LEC cocultured with Tregs or Teffs (LEC: T cell=1: 2) for 16 h,
followed by removal of T cells, and then LEC cocultured with B16F10-GFPs (LEC:
B16F10 =1:1) for 48 h. Representative images of B16F10-GFPs in triplicated wells
analyzed by EVOS microscopy. b, ¢ Transwell assay, B16F10-GFPs migrated across
WT or LTBR™" LECs pretreated with or without Tregs as in (a, b). B1I6F10 or 4T1 cells
migrated across LECs pretreated with WT or LTa/ Tregs for 16 h (c). d Heatmap of
gene array analysis of mouse primary dermal LECs treated with nciL. T and ciLT. LECs
were treated with 20 pM ncil.T or ciLT for 30 min prior to LTBR stimulation with
anti-LTPBR Ab (3C8) for 4 h. Three independent samples per group. e Regulated
genes selected for real-time PCRs. Mouse LECs pretreated with 20 pM indicated
peptides for 30 min, washed and treated with or without anti-LTBR Ab (3C8) for 6 h.
Triplicated samples were measured in three independent experiments. *p = 0.03,
**+p < 0.0001 by one-way ANOVA. f Immunohistochemistry of intercellular VE-
cadherin in lymphatic vessels (LV) or cultured LECs pretreated with WT or LTa”
“Tregs for 16 h. One representative of four images of each group. Magnification
60Xx; scale bar:14 um (LV) and 7 um (LEC). g-i Intravenous transfer of WT or LTa”
“Tregs (5x10°) to WT C57BL/6 mice subcutaneously inoculated with LTBRKO

B16F10 (5 x 10%). Scheme of experimental setup and tumor growth (g). p value of
tumor growth (n = 6) determined by two-way ANOVA Tukey’s multiple compar-
isons test. *p=0.0017, ***p < 0.0001. At day 14, tumors (n =4) were analyzed for
CXCL1 and CXCL10 expression in LECs by flow cytometry analysis (h); One repre-
sentative of 6 images of FLRT2 expression in tumor LECs by Immunohistochemistry
(i). Magnification 20x; scale bar:42 pm. j-m Intradermal transfer of B16F10 cells
(5x10°% to WT or LTBR”™ C57BL6 mice. p value of tumor growth (n=8) calculated
by two-way ANOVA, Sidak’s multiple comparisons test, *p = 0.0362, ***p < 0.0001
(j). One representative of eight images of tumor (day 20) blood (CD31*Lyve-1") and
lymphatic (Lyve-1*) vessels by immunohistochemistry (magnification 20x; scale bar
40 pm) (k), mouse survival (10 mice each group) (I) p value is calculated by log-rank
(Mantel-Cox) test, *p = 0.025. and intratumoral Foxp3*CD25'Tregs (**p = 0.0002)
in 6 tumors (day 13) from WT or LTBR ™~ C57BL6 mice by flow cytometry (m).n Lung
colonization assessed at 3 weeks after tail vein injection of 3 x 10° B16F10 cells with
or without primary mouse LECs (1 x10°) to WT or LTBR” C57BL6 mice (n=8 per
group, five representative lung images per group shown). *p =0.0023,
***p=0.0009. Representative of 3 (a-c, e, f) and 2 (g-n) independent experiments
shown. a-n Mean + SEM. ***p < 0.0001 by one-way ANOVA (a-c, e, f, h, i, n) or
unpaired two-tailed t-test (k, m). Source data are provided as a Source Data file.

may relate to varied TRAF2 and TRAF3 associations with the LTBR
receptor in these cells. Conversely, activation of LTBR promoted
tumor TEM. Notably, the presence of LECs significantly promoted
tumor cell migration, suggesting LEC-derived adhesion or junctional
molecules and chemokines are critical. We also observed that blocking
LTBR-NIK signaling inhibited tumor cell growth and promoted apop-
tosis. Classical NFkB signaling is constitutively activated in tumor cells,
yet ciLT did not affect tumor growth and produced modest inhibition
of B16F10 TEM. LTBR-depleted melanoma cells, in which the entire
receptor signaling is ablated, had slower in vivo growth and lymphatic
metastasis, although there was no defect in growth in vitro, implicating
the importance of environmental cues or intercellular communication
in the TME. RNA-seq analysis of LTPR-depleted B16F10 revealed
decreased gap junction protein GJAl, PDPN, NOTCH3, and BCAM1,
which all regulate cell adhesion and may contribute to the reduced
migration and metastasis. Thus, the complexities of LTBR signaling
likely account for the diverse effects of receptor blockade or activa-
tion. These observations suggest that a more specific approach, as we
show here on LTPR signaling pathways, may be more efficacious for
tumor therapy.

We found Tregs use LTalp2 to preferentially stimulate tumor
LTPBR nonclassical NFkB-NIK signaling to enhance tumor growth and
migration. In contrast, neither LTa knockout Tregs nor Teffs enhanced
tumor growth or migration. To clarify the role of other related
receptor-ligand interactions between Tregs and tumor cells, we ana-
lyzed the other ligand of LTBR, LIGHT, however it was not detected on
Tregs, while Teffs and B16F10 had negligible LIGHT expression (Sup-
plementary Fig. 7a). Tregs have the highest level of HVEM, the receptor
of LIGHT, while B16F10 has minimal HVEM expression, indicating
Tregs and Teffs are unlikely to signal B16F10 through LIGHT/HVEM.
Tregs but not LTa-deficient Tregs or Teffs induced melanoma LTBR
nonclassical NFkB signaling, which was selectively inhibited by ncilLT,
further evidence that other receptors and ligands of the LTBR family
are not involved. Other immune cells, such as B cells and CD8 T cells,
also express LTalf32, but the expression levels are less than that of
Tregs in either homeostatic conditions or TME. Similar to Teffs, B cells
did not induce LTBR-nonclassical NFkB signaling and had no impact on
tumor cell migration. Hence, Tregs are the major source of LTa12 to
engage LTR on melanoma or breast cancer cells to promote tumor
growth and TEM.

Adoptively transferred WT Tregs but not LTa-deficient Tregs
promote tumor growth, and adoptively transferred primary LECs also
restore tumor malignancy in LTR-deficient mice, indicating the cri-
tical roles of Treg LTa132-LTPBR interaction on tumor cells and LECs.

Since LTa-deficient Tregs had no defect in immune suppression and
viability", failure to suppress immunity was not the cause of their
inability to promote tumor growth. Mechanistically, Treg-driven LTR
nonclassical NFxB signaling stimulates both tumor and LEC responses
that sustain tumor survival, growth, and metastases. In the tumor, this
signaling drives expression of angiogenic and immunosuppressive
myeloid chemokines CXCL1, CXCL10, and CCLS5; protumor interferon-
stimulated genes /SGI5 and /FIT3; and oncoprotein USPIS, all of which
promote tumor growth and metastases, and are selectively blocked by
ncilLT but not by cilLT. In LEC, this signaling drives endothelial-specific
pro-lymphangiogenic SOXI18, tumorigenic FLRT2, proangiogenic
tumor endothelial molecules Clecl4 and Apelin, and myeloid tropic
chemokines to promote tumor growth and TEM. The Treg-activated
LEC also directly favored tumor growth via cell-cell contact, and nciLT
but not ciL T abolished this effect. Additionally, Treg LTal1f32 directly
reduced LV and LEC junctional VE-cadherin expression to transform
them from continuous “zipper” to discontinuous “button” junctions,
promoting CD4 and CD8 egress from the tumor, thus impairing
intratumoral immunity.

Leveraging in vivo Treg interactions with tumor and LECs, ncilLT
dramatically suppressed melanoma growth and metastasis with
increased intratumoral IFNy'CD8 T cells and reduced tumor
CD25'CD4" Tregs and MDSC infiltration and angiogenesis. Notably,
ncilL T reduced SOX18 and FLRT2 on tumor LECs, in line with SOX18-
deficient mice having suppressed B16F10 lymphangiogenesis and
metastases*® and pharmaceutical inhibition of SOX18 reduced breast
cancer vascularization and metastases*’. FLRT2 on tumor endothelial
cells forms homophilic interendothelial adhesions to safeguard
against oxidative stress, and endothelium-specific deletion of
FLRT2 suppressed tumor metastases®. Tumor and LEC-derived CXCL1
and CXCL10, recruit CXCR2'MDSCs*® and CXCR3'Tregs*’ (Supple-
mentary Fig. 7b), respectively. Thus, suppression of these chemokines
by ncil T are likely key attributes for the reduced immune suppressive
cells in tumor and enhanced anti-tumor immunity. Since CXCL10
recruits both Tregs and CD8 T cells*®, blockade of the initial prompt
recruitment of Tregs to the tumor bed may play a critical role in tumor
regression, which unleashes CD8 proliferation in the TME. In addition
to their chemotactic properties, CXCL1 is implicated in tumor growth,
angiogenesis, and tumorigenesis®. ciLT also enhanced effector T cells
and reduced MDSCs in TME, which may contribute to efficient tumor
regression at the early stage. The absence of inhibitory effects of ciLT
on the CXCLs chemokines may contribute to later tumor relapse. ciLT
also suppressed tumor angiogenesis with less efficiency than nciLT. It
is noteworthy that LTPBR-classical NFkB-driven RPL21, RPL30, MIENI,
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and NR4al, are selectively inhibited by cilLT. These rapidly induced
early response protumor genes are overexpressed in various human
cancers and proposed as targets for tumor therapy” . Therefore, ciLT
and nciLT combined therapy at selected times may optimize ther-
apeutic efficacy. Together, our data revealed that Treg LT3 promotes
LTPR signaling in tumor cells and LECs. Selectively targeting Tregs or
Treg-induced classical and nonclassical LTBR-NFkB signaling on tumor

cells and LECs may provide a rational strategy to efficiently prevent
tumor growth and metastasis.

Methods

Mice

Female C57BL/6) (WT, LTBR™", LTa"") (7-10 weeks), were purchased
from The Jackson Laboratory (Bar Harbor, ME). Foxp3GFP mice on a
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Fig. 7 | Blockade of LTBR-nonclassical NFiB inhibits tumor growth, immune
suppressive cell recruitment, and tumor angio- and lymphangiogenesis.

a, b Intradermally transferred B16F10 melanoma in C57BL6 mice treated with an
intratumoral or peritumoral injection of 10 nmol per tumor of nciLT, ciL T, or CP for
5 days. Scheme of tumor treatment (a). Tumor growth (b), ten mice in each cohort
except for the nciLT-treated group (n =12). p values are calculated by comparing
each peptide-treated group to the PBS group at days 7, 10, 13, 16, and 20 using an
unpaired two-tail t-test. *** p < 0.0001, ** p = 0.0045 (nciLT and ciLT day 10);
p=0.008 (ciLT day 16), *p = 0.0405. ¢, d At day 13, tumors (n = 4) analyzed for CD4,
CDS8, Foxp3* CD4 Tregs and T cell IFNy (c), Ly6G*CD11b* MDSCs, CXCL1, and
CXCL10 expression in CD45 CD31'PDPN" cells or Lyve-1" PDPN* LECs (d) by flow

cytometry. Some samples were measured two more times in separate staining
procedures to reach the accuracy (CD4, CD8, CXCL10, and MDSC). Gating strategy
shown (c, d). e, f At day 20, tumors were assessed for angiogenesis (CD31"/Lyve-1)
and lymphangiogenesis (CD31"/Lyve-1*) by immunohistochemistry and analyzed
for SOX18 (e) and FLRT2 (f). Representative of eight images of each group. Mag-
nification 20x, scale bar:42 pm. g, h Expression on CD31*/Lyve-1" lymphatic vessels
and CD31'/Lyve-1" blood vessels of tumors (n = 5). MFIs (g) and quantification of co-
localization between SOX18 or FLRT2 and lymphatic or blood vessels (h). Repre-
sentative of 2 (a-h) independent experiments shown. c-h: Mean + SEM. *p = 0.0116,
**p=0.0019, **p =0.0005, ***p < 0.0001 by one-way ANOVA. Source data are
provided as a Source Data file.
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Fig. 8 | Blockade of LTBR-nonclassical NFgB signaling reduces CD4 Tregs in
dLNs and suppresses melanoma lymphatic metastases. a, b Same as in Fig. 7,
B16F10 melanoma-bearing C57BL/6 mice treated with a peritumoral injection of
10 nmol/tumor of ncilT, ciL T, or CP for 5 days. At day 13, dLNs (n = 4) analyzed for
CD4, CD8, CD25%, or CD25" Foxp3' CD4 Tregs by flow cytometry (a). The gating

strategy is shown. Draining LNs (n=>5 per group) at day 20 assessed for tumor
metastasis (Melan-A), Tregs (Foxp3), and lymphangiogenesis (Lyve-1) by immuno-
histochemistry (b). Representative image with scale bar: 500 pm. a, b. Repre-
sentative of two independent experiments. Mean + SEM. *p =0.0015,

****p < 0.0001 by one-way ANOVA. Source data are provided as a Source Data file.

C57BL/6 background were from Dr. A. Rudensky (Memorial Sloan
Kettering Cancer Center) (Fontenot et al., 2005). LTa™" mice were
crossed with Foxp3GFP mice to generate LTa’ Foxp3GFP mice. All
animal experiments were performed in accordance with the Institu-
tional Animal Care and Use Committee (IACUC) of the University of
Maryland at Baltimore approved protocols. Animals of mixed sex and
similar age were used within each cohort. The maximum allowable
tumor size/burden (with a diameter of less than 2 cm) was not excee-
ded. Mice were housed at an ambient temperature of 24 +2 °C, with
circulating air, constant humidity of 50+10%, and a 12-h light/
dark cycle.

Cell lines

The mouse melanoma B16F10-eGFP and mouse breast cancer 4T1-
eGFP from Imanis Life Sciences (Rochester, MN), B16F10 and
Human melanoma A375 from the American Type Culture Collec-
tion. were cultured in DMEM with GlutaMAX (4.5g/L glucose,
Invitrogen) containing 10% FCS (Gemini, CA) and 1% Penicillin/

Streptomycin (Invitrogen). C57BL/6 mouse (C57-6064L) or human
(H-6064L) primary dermal LECs were from Cell Biologics, Inc.
(Chicago, IL), and were cultured according to the manufacturer’s
instructions in manufacturer-provided mouse endothelial cell
medium supplemented with 5% FBS, 2 mM L-glutamine, 100 IU /mL
penicillin, vascular endothelial growth factor, endothelial cell
growth supplement, heparin, epidermal growth factor, and
hydrocortisone.

Peptides

LTPBR decoy peptides were synthesized by GenScript. All peptides were
>95% purity, dissolved in endotoxin-free ultrapure water. Peptide
reconstitution and usage were described previously’. Peptide
sequences can be found in Supplementary Table 3.

Mouse T cell and B cell purification and culture
Mouse naive CD4 T and B cells were isolated using mouse CD4 and B
cell negative selection kits (Stemcell Technologies, Cambridge, MA).
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CD4'Foxp3GFP* Tregs or CD4'Foxp3 GFP naive CD4 T cells were
sorted from total CD4 T cells from LNs and spleens of WT or LTa™"
Foxp3GFP mice using a FACS Aria Il (BD Biosciences, San Jose, CA) with
>98% purity. The sorted Tregs were cultured overnight at 37 °C in 5%
CO,, with medium containing IL-2 (20 ng/mL, eBioscience, San Diego,
CA), plate-bound anti-CD3e mAb (1pg/mL, clone 145-2C11,
eBioscience), and anti-CD28 mAb (1 ug/mL, clone 37.52, eBioscience),
and human TGFB1 (10 ng/mL, eBioscience). For effector T cells, the
sorted naive CD4 T cells were cultured with the medium but without
human TGFp1 for 3 days. All cells were cultured in complete RPMI
1640 supplemented with 10% FBS, 1mM sodium pyruvate, 2mM L-
glutamine, 100IU/mL penicillin, 100 pg/mL streptomycin, non-
essential amino acids, and 2 x10° M 2-ME (Sigma-Aldrich).

Human natural Treg and naive CD4 T cell purification and
activation

Human Tregs were enriched from peripheral blood mononuclear cells
(purchased from Memorial Blood Center (St. Paul, MN), complying
with all relevant ethical regulations, donor consents, and Institutional
Review Board (IRB) of Memorial Blood Center approval or exemption
(https://www.mbc.org/products-and-services/research/)) with anti-
CD25 microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany).
The CD4'CD25"¢"CD127"CD45RA* natural Treg (nTreg) and
CD4°CD25CD127°CD45RA" naive CD4 T cells were sorted by flow
cytometry and were expanded as previously described*. Briefly, pur-
ified nTreg were stimulated with irradiated KT64/86 cells cultured in
XVivo-15 (BioWhittaker, Walkersville, MD) media containing 10%
human AB serum (Valley Biomedical, Winchester, VA), Pen/Strep
(Invitrogen, Carlsbad, CA), N-acetyl cysteine (USP), and recombinant
IL-2 (300 1U/mL; Chiron, Emeryville, CA) for 14 days and frozen. The
frozen nTreg and naive CD4 were thawed and re-stimulated with anti-
CD3/CD28 mAb-Dynabeads (Life Technologies, Carlsbad, CA) at 1:3
(cell to bead) plus recombinant IL-2 (300U/mL) for 10 days
before assay.

MTT viability assay and cell apoptosis analysis

Cells were plated into 24-well tissue culture plates. After treatment, the
cells were washed and followed by 3-h incubation with 0.5 mg/mL MTT
(3-(4, 5-Dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide)
(Sigma-Aldrich). Cell apoptosis was measured with Annexin V Apop-
tosis Detection Kit I (BD Pharmingen) following manufactory
instructions.

Flow cytometry

Cells were washed and incubated with anti-CD16/32 (clone 93,
eBioscience), followed by incubation with fluorescently labeled anti-
bodies (See Supplementary Table 3) for 30 min at 4 °C. Cells were then
washed and fixed with 4% paraformaldehyde. Data acquisition was
performed using an LSR Fortessa flow cytometer (BD Biosciences) and
analyzed with FlowJo 10. 8.1 (Tree Star, Inc).

Immunoblotting

Cells were lysed in buffer containing 20 mM Hepes (pH 7.4), 150 mM
NaCl, 10 mM NaF, 2 mM NazVO,, 1mM EDTA, 1 mM EGTA, 0.5% Triton
X-100, 0.1mM DTT, 1mM PMSF, and protease inhibitor cocktail
(Roche). Protein in the cell extract was quantified using a protein
quantification kit (Bio-Rad, Philadelphia, PA), and 10 pg total protein
was run on Novex™ WedgeWell™ 4-20% Tris-Glycine Mini Gels (Invi-
trogen) and transferred to an Immobilon-P membrane (Bio-Rad).
Membranes were probed with indicated antibodies (See Supplemen-
tary Table 3). Quantification of blots was performed with ImageJ from
the National Institutes for Health. The relative intensity of blots was
normalized to housekeeping gene GAPDH and presented as fold
induction to non-stimulation.

Quantitative reverse transcription PCR and cDNA microarray
analysis

About 1 pg of total RNA extracted using Trizol reagent (Invitrogen) was
reverse transcribed into cDNA with GoScript™ Reverse Transcription
System (Promega, Fitchburg, WI). mRNA expression levels were
quantified by real-time PCR using SYBR Green Master Mix with an ABI
Prism 7900HT (Applied Biosystems, Foster City, CA). Values for spe-
cific gene expression were normalized to housekeeping HPRT gene
expression and were calculated as: 2*(Ct of HPRT-Ct specific gene).
For microarray analysis, samples were further cleaned using an RNeasy
Mini Kit (QIAGEN), labeled with Cyanine 3-CTP using a Low Input Quick
Amp Labeling Kit (Agilent), and hybridized to a SurePrint G3 Mouse GE
Microarray (Agilent). Fluorescence was scanned using a DNA Micro-
array Scanner (Agilent) and quantified with Feature Extraction ver
10.7.1.1 (Agilent). Expression values for each probe set were calculated
using the RMA method with GeneSpring Gx 12.0 software (Agilent).
Primers can be found in Supplementary Table 3.

Bulk RNA sequencing

Total RNA was isolated using the NucleoSpin RNA Plus kit per the
manufacturer’s instructions. Messenger RNA was purified and
sequenced by Novogene. Reference genome and gene model anno-
tation files were downloaded from Ensembl directly. Index of the
reference genome was built using Hisat2 v2.0.5 and paired-end clean
reads were aligned to the reference genome using Hisat2 v2.0.5. fea-
tureCounts v1.5.0-p3 was used to count the reads numbers mapped to
each gene. FPKM (fragments per kilobase of transcript sequence per
millions) of each gene was calculated based on the length of the gene
and the read count mapped to this gene. Differential expression ana-
lysis of two conditions was performed using the edgeR R package
(version 3.22.5). Differential expression analysis of two conditions/
groups (two biological replicates per condition) was performed using
the DESeq2 R package (1.20.0). The resulting P-values were adjusted
using Benjamini and Hochberg’s approach for controlling the false
discovery rate. Genes with an adjusted P value <0.05 found by DESeq2
were assigned as differentially expressed. Gene ontology (GO)
enrichment analysis of differentially expressed genes was imple-
mented by the clusterProfiler R package.

Time-lapse microscopy

WT or LTBR”B16F10-GFP (5 x 10* cells per transwell) migrating across
endothelial monolayers to CCL19 (50 ng/mL) were visualized by EVOS
FL Auto Cell Imaging System (Thermo Fisher Scientific) with a x20
objective. One image was captured every 5 min for 3 h. Cell tracks were
analyzed with Volocity version 6.3 software (Perkin Elmer).

Tumor cell lymphatic transendothelial migration
Transmigrations across endothelial cells were described previously
(ref. 11; ref. 22). Briefly, the inverted transwell insert (24-well, Corning
International) with 8 um pore size was coated with 0.2% (w/v) gelatin
(Bio-Rad) for 1 h at 37 °C before loading with 1.0 x 10° primary skin LEC
in 100 pL LEC medium. After 2 days, the LEC cell layers were treated
with various conditions as noted in the text and figure legends prior to
adding 1x10° tumor cells in 100 pL to the upper chamber of the
transwell plate while the lower chamber contained S1P (Avanti Polar
Lipids, Inc., Alabaster, AL). All cells or reagents were prepared in IMDM
containing transferrin and 0.5% (w/v) fatty acid-free BSA (Gemini, West
Sacramento, CA). T cells that migrated to the lower chamber after 3 h
at 37 °C were counted.

Cell migration assay

The cells were seeded in a 12-well plate and cultured to 90% con-
fluence. The plates were scratched with a sterile 200 pL pipette tip on
the cell monolayer. The cells pretreated with peptides were then
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cultured for 48 h. The images were acquired using an ordinary optics
microscope (Olympus, Japan) at 0 and 48 h. The migration percentage
was calculated according to this formula: (the size of the cell defect at
0 h - the size of the defect at 48 h)/the size of the defect at O h.

Immunohistochemistry

Cell monolayers or tissues were fixed for 20 min at 4 °C with 4% (w/v)
paraformaldehyde (Affymetrix, Santa Clara, CA), then permeabilized
with PBS 0.2% (v/v) Triton X-100 (Sigma-Aldrich) and treated with 4%
donkey serum for 30 min then incubated with primary antibodies (see
Supplementary Table 3) for overnight at 4 °C. The bound antibodies
were detected with Alexa Fluor 448, 647 (Cy5), or 546 (Cy3)-con-
jugated secondary antibodies (Jackson ImmunoResearch, West Grove,
PA) for 1h at 4 °C. The mounted slides were visualized by fluorescent
microscopy (Zeiss LSM 510 Meta and LSMS5 Duo). Images were ana-
lyzed with Volocity version 6.3 software. Quantification of the junc-
tional VE-cadherin in 60x magnified images of LVs of whole-mounted
LVs or adherent LECs was performed with Image]J. Length of zipper
junctions and button junctions were measured. The percentage of
zipper junction was calculated as the length of zipper junction x 100/
(length of zipper junction + length of button junction)®.

CRISPR/Cas9 knockout of LTPR, NIK, and IKKf in B16F10

and LECs

gRNA designed to target the common exons for all murine LTPR, NIK,
and IKKp isoforms were synthesized as oligo: 5~AGCCGAGTGCCGCT
GTCAGC-3’, 5-GCTGGCCGCCATCAAGGTTA-3’, and 5-CGCCATCAA
GCAATGCCGAC-3/, respectively and cloned to lentiCRISPRv2 (include
Cas9 and puromycin-resistant gene) vector by GenScript. Lentiviruses
were produced by co-transfecting HEK293T cells with the packaging
plasmids psPAX2 and pMD2.G (Addgene plasmid # 12260 and 12259)
and the transfer plasmid LentiCRISPRv2-gRNAs, using Lipofectamine
2000 (Thermo Fisher Scientific). The media was changed to antibiotic-
free complete DMEM with 10% FBS after 16 h. The lentivirus super-
natants were collected 24 and 48 h after transfection and filtered
through 0.45 mm PES syringe filter (SARSTEDT, Newton, NC). mLEC,
B16F10, or B16F10-fluc/eGFP were transduced with the lentiviruses for
3 days, followed by a selection medium containing 2 mg/mL pur-
omycin (Sigma-Aldrich) for 3 days. LTBR-lentiCRISPRv2 transduced
B16F10-fluc/eGFP cells which have Neomycin and Puromycin resis-
tance, were flow sorted for GFP'LTBR cells. Surviving or sorted cells
were expanded and checked with immunoblotting of NIK and IKKf
expression or flow cytometry analysis of LT3R surface expression.

Tumor treatments

WT or LTBR”" C57/BL6) mice (7-8 weeks old, female) were sub-
cutaneously injected with 0.5x10° WT B16F10 or B16F10-fluc/eGFP
tumor cells. 5, 7, 9, and 11 days after tumor inoculation, tumor-bearing
mice were peritumoral injected with 20 nmol of CP, nciL.T, or ciLT. The
tumor volume was recorded for each mouse every 2 days and calcu-
lated according to (longest width) x (longest length)*/2. 2 or 9 days
after the last peptide treatment, six mice from each group were
euthanized, and the tumors and dLNs were harvested and analyzed by
flow cytometry or immunohistochemistry. Parallel groups of mice
were monitored daily for tumor growth. There were 6 to 10 mice in
each group. For the Treg adoptive transfer assay, induced Tregs dif-
ferentiated from naive CD4 T cells from WT or LTa KO Foxp3GFP
transgenic mice were FACS sorted before intravenous transfer of
0.5x10° cells per mouse. For the LEC adoptive transfer assay, 1x10°
primary mouse LECs were intravenously transferred to WT or LTBRKO
C57BL/6 mice inoculated with WT B16F10. For the pulmonary metas-
tases study, mice were injected via the tail vein with 0.3x10° WT
B16F10 or B16F10-fluc/eGFP. Lungs were harvested on day 21 after
injection.

Quantification and statistical analysis

Numerical data are presented as mean+SEM. Asterisks mark data
statistically different from the controls, with p values noted in the
figure legends. The p values were calculated by one-way or two-way
ANOVA and Student’s t-tests (paired or unpaired) using GraphPad
Prism version 10.1.0 (LaJolla, CA). The number of replicates is noted in
the figure legends.

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

Data availability

The RNA sequencing data and cDNA microarray processed data gen-
erated in this study has been deposited and have been made publicly
available at NCBI's Gene Expression Omnibus (GEO) repository with
accession numbers GSE271338 and GSE270960, respectively. The
TCGA data of human skin cutaneous melanoma, breast cancer, lung
cancer patients were accessible using the NIH-NCI GDC Data Portal
(https://portal.gdc.cancer.gov/)* using the following accessions: skin
cutaneous (phs000178), melanoma, breast cancer (phs000178), and
lung cancer (phs000178) [https://www.ncbi.nlm.nih.gov/projects/gap/
cgi-bin/study.cgi?study id=phs000178]. The remaining data were
available within the Article, Supplementary Information or Source Data
file. Source data are provided with this paper.
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