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C A N C E R

Lymphangiogenesis-inducing vaccines elicit potent 
and long-lasting T cell immunity against melanomas
Maria Stella Sasso1*†, Nikolaos Mitrousis1, Yue Wang1, Priscilla S. Briquez1, Sylvie Hauert1, 
Jun Ishihara1, Jeffrey A. Hubbell1, Melody A. Swartz1,2*

In melanoma, the induction of lymphatic growth (lymphangiogenesis) has long been correlated with metastasis 
and poor prognosis, but we recently showed it can synergistically enhance cancer immunotherapy and boost 
T cell immunity. Here, we develop a translational approach for exploiting this “lymphangiogenic potentiation” of 
immunotherapy in a cancer vaccine using lethally irradiated tumor cells overexpressing vascular endothelial 
growth factor C (VEGF-C) and topical adjuvants. Our “VEGFC vax” induced extensive local lymphangiogenesis and 
promoted stronger T cell activation in both the intradermal vaccine site and draining lymph nodes, resulting in 
higher frequencies of antigen-specific T cells present systemically than control vaccines. In mouse melanoma models, 
VEGFC vax elicited potent tumor-specific T cell immunity and provided effective tumor control and long-term 
immunological memory. Together, these data introduce the potential of lymphangiogenesis induction as a novel 
immunotherapeutic strategy to consider in cancer vaccine design.

INTRODUCTION
Tumor-associated lymphatics play multifaceted roles in regulating 
tumor immunity. Our group and others have shown that lymphatic 
endothelial cells (LECs) can exert direct immunosuppressive functions 
toward CD8+ T cells by cross-presenting antigens on major histo-
compatibility complex class I (MHC-I) in the absence of costimulation, 
as well as by expressing inhibitory ligands and immunosuppressive 
enzymes and cytokines such as Programmed death-ligand 1 (PDL-1), 
transforming growth factor– (TGF), inducible nitric oxide synthase 
(iNOS), and IDO (indoleamine 2,3-dioxygenase) (1–6). In addition, 
LECs produce immunomodulatory chemokines that contribute to 
shaping the tumor microenvironment. Among lymphatic-derived 
chemokines, C-C motif chemokine ligand 21 (CCL21) attracts CCR7+ 
leukocytes, including naïve and regulatory T cells as well as dendritic 
cells (DCs), and is up-regulated in response to tumor-derived vascular 
endothelial growth factor C (VEGF-C) (7); we previously demonstrated 
that CCL21 in the tumor microenvironment promotes the develop-
ment of lymphoid-like stromal features that both facilitate DC–T 
cell interactions and further promote an immunosuppressive mi-
croenvironment (8).

Despite the immunosuppressive consequences of tumor-associated 
lymphangiogenesis, lymphatic vessels are critical for adaptive im-
mune responses since they transport immune cells and antigens 
from the tumor to the draining lymph nodes (dLNs). In the com-
plete absence of dermal lymphatics, melanoma tumors exhibit an 
impaired antitumor immunity and markedly reduced tumor immune 
infiltration (9). Consistently, the presence of lymphatic markers in 
human melanomas positively correlates with immune infiltration, 
including total CD3+ and CD8+ T cells (9, 10), indicating that tumor-
associated lymphangiogenesis can promote not only a more immuno-
suppressive but also a more immune-infiltrated tumor microenvironment. 
Notably, we found that lymphangiogenic tumors respond far better 
to immunotherapeutic treatments compared with nonlymphangiogenic 

counterparts and that this is, at least in part, due to the CCL21-driven 
evolution of the tumor microenvironment (11). Specifically, using 
mouse melanoma models, we found that the enrichment of tumor-
infiltrating naïve T cells before immunotherapy leads to in situ activation 
postimmunotherapy, which strongly enhances immune-mediated 
tumor destruction (11). Correlative evidence supporting the existence 
of a “lymphangiogenic potentiation” effect was also seen in patients 
with human melanoma undergoing immunotherapeutic treatments 
(11). Following up on this finding, Song et al. (12) recently reported 
that local administration of VEGF-C in the cerebrospinal fluid (through 
viral vectors or mRNA therapy) promotes antitumor T cell responses 
and increases immunotherapy efficacy in mouse models of intra-
cranial glioblastoma.

Thus, the positive correlation between tumor lymphangiogenesis and 
cancer immunotherapy efficacy suggested to us that lymphangiogenesis-
promoting strategies may be promising approaches to improve immuno-
therapy efficacy in otherwise poorly responsive tumors. However, 
tumor lymphangiogenesis also plays a well-established role in pro-
moting cancer cell dissemination and metastasis, which severely 
worsens patient prognosis; the association between tumor-derived 
lymphangiogenic factors, lymphatic growth or activation, and met-
astatic spread has been supported by numerous clinical and preclin-
ical studies (13). Therefore, therapeutic treatments aimed at directly 
stimulating lymphangiogenesis within the tumor itself (such as in-
tratumoral administration of VEGF-C) will always be tied to the risk 
of boosting metastatic dissemination.

Here, we explore an approach to manipulate and exploit lymphatics 
to promote antitumor immunity that does not involve the direct 
stimulation of lymphatic vessels within the tumor bed, thereby avoiding 
the risk of increasing lymphatic-dependent metastases. We devel-
oped a lymphangiogenic vaccine that is administered intradermally 
in a distant site from the tumor but mimics the microenvironment 
of a lymphangiogenic tumor, using lethally irradiated tumor cells 
genetically modified to overexpress VEGF-C. When combined with 
immune adjuvants administered topically in the lymphangiogenic 
site, these lymphangiogenic vaccines were effective in driving a sys-
temic antitumor immune response in mouse melanoma models. These 
results demonstrate the potential of lymphangiogenesis induction 
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as novel immunotherapeutic strategy, opening up new perspectives 
in the field of cancer immunotherapy and vaccine design.

RESULTS
Lethally irradiated B16-F10 cells overexpressing VEGF-C 
induce local lymphangiogenesis, increased lymphatic 
transport, and naïve T cell infiltration in the cell injection site
We transduced B16-F10 mouse melanoma cells to stably express the 
model antigen ovalbumin (OVA) and/or VEGF-C, creating four 
variants: B16-Ctrl (mock transduced), B16-OVA-Ctrl, B16-VEGFC, 
and B16-OVA-VEGFC. We previously showed that B16-VEGFC 
and B16-OVA-VEGFC cells, when implanted in syngeneic mice, 
generate tumors with denser intratumoral and peritumoral lymphatics 
compared with their respective controls (2, 11). Thus, we first asked 
whether lethally irradiated B16-VEGFC and B16-OVA-VEGFC cells 
could also induce lymphangiogenesis in vivo. We first verified that 
a radiation dose of 50 Gy could completely prevent growth, both 
in vitro and in vivo, of all four cell lines, indicating the lethality of 
this dose. We then intradermally injected the lethally irradiated cells 
in the backs of naïve mice. Eight days after injection, we observed 
extensive growth of lymphatic vessels within the injection site as 
assessed by both immunofluorescence imaging on skin tissue sec-
tions and flow cytometry on enzymatically digested tissue (Fig. 1, 
A and B). When examining the kinetics of VEGF-C secretion by the 
irradiated tumor cells, VEGF-C levels in the skin injection site re-
mained high for the first 3 days after injection and then rapidly de-
creased over the next 5 days (Fig. 1C), consistent with progressive 
radiation-induced tumor cell death and consequent loss of the main 
VEGF-C source. Therefore, this time window of VEGF-C secretion 
was sufficient to induce the local lymphangiogenesis seen at day 8 
(Fig. 1, A and B). In addition, we observed that, at day 8 after cell 
injection, sites injected with VEGF-C–expressing cells had increased 
levels of CCL21 (Fig. 1D), a chemokine that recruits CCR7+ cells 
(including naïve and memory T lymphocytes and DCs) and that is 
strongly up-regulated in LECs by VEGF-C (7, 14). Consistently, in 
the injection sites of VEGF-C–overexpressing irradiated B16 cells, 
we observed enhanced T cell infiltration and an enrichment of both 
CD8+ and CD4+ naïve T cells compared with central memory (CM) 
and effector/effector memory (EM) subsets (Fig. 1, E and F).

To validate these findings in a different mouse melanoma model, 
we generated VEGF-C–overexpressing and control variants from a 
tumor cell line derived from melanomas growing in BrafV600EPten−/− 
genetically modified mice [BP cell line (15)]. Similar to what we ob-
served in B16 cells, at day 8 post injection (p.i.), irradiated VEGF-C– 
overexpressing BP cells induced local lymphatic expansion, enhanced 
T cell infiltration, and enrichment in the naïve CD4+ T cell compart-
ment compared with control BP cells (fig. S1). However, at day 8, 
the naïve fractions of both CD4+ and CD8+ subsets were lower than 
that found in irradiated B16-VEGFC cells at the same time point, 
and the naïve CD8+ compartment was not enriched compared with 
controls. This may possibly reflect different kinetics of the evolving 
cytokine landscape between the two distinct tumor models.

Next, we asked whether the induction of local lymphangiogene-
sis by lethally irradiated cells led to enhanced lymphatic transport, 
as we had previously seen with VEGF-C–expressing tumors (2). 
Eight days after irradiated cell inoculation, we injected 0.5-m fluo-
rescein isothiocyanate (FITC)–labeled microbeads intradermally into 
the inoculation site, and after 24 hours, we quantified bead uptake 

by antigen-presenting cells (APCs) in the skin and skin-dLNs. The 
LN draining lymphangiogenic sites contained markedly higher fre-
quencies of bead-positive APCs compared with control LNs (Fig. 1G). 
In LN draining lymphangiogenic sites, we observed increased parti-
cle accumulation in both migratory DCs (CD103+ DCs and MHC-IIhigh 
CD11b+ DCs) and LN-resident DC populations (CD8+ DCs and 
MHC-IIlow CD11b+ DC) (16). Since 0.5-m particles are too large 
for passive drainage into lymphatics (17), this suggested that the 
local activation and expansion of lymphatics induced by the irradi-
ated VEGFC-expressing tumor cells led to increased active particle 
transport by LECs, which we previously demonstrated could be en-
hanced by increased fluid drainage (18). In addition, the higher particle 
accumulation within migratory DC subsets in the LNs suggested an 
improved APC trafficking from the skin of lymphangiogenic sites 
to the dLNs. The total frequencies of APCs in the dLNs and cell in-
jection sites were instead similar between Ctrl and VEGF-C groups 
for most of the APC subsets considered (Fig. 1H).

VEGF-C overexpression in irradiated tumor cell vaccines 
promotes T cell priming both in the vaccine injection site 
and in the dLNs
Because naïve T cells were enriched in the injection sites of irradiated 
VEGF-C–expressing tumor cells, we asked whether these T cells 
could undergo in situ priming and proliferation in the presence of 
the appropriate stimuli. To investigate this, we used the adjuvant 
imiquimod (IMQ), a TLR7 agonist, as a cream formulation topically 
applied on the injection site of irradiated B16-OVA-Ctrl and B16-
OVA-VEGFC cells to create vaccines (Ctrl vax and VEGFC vax, 
respectively). Seven days later (Fig. 2A), mice received an adoptive 
transfer of naïve CD8+ T cells isolated from OT-1 and pmel trans-
genic mice, which recognize immunodominant MHC-I–restricted 
epitopes for OVA and the gp100 melanoma antigen, respectively. 
These transferred CD8+ T cells were labeled with carboxyfluorescein 
diacetate succinimidyl ester (CFSE) or CellTrace to determine pro-
liferation (as assessed by dye dilution) and could be further tracked 
by their congenic markers. Also, starting from the day of adoptive 
transfer, mice received daily injections of FTY720 (FTY), which 
blocks S1P receptors and thus prevents the egress of both naïve and 
effector T cells from lymph nodes (19, 20).

The efficacy of FTY was verified by a marked drop in the frequen-
cies of circulating activated (proliferated) CD8+ T cells detected in 
the blood (Fig. 2B), as a consequence of their sequestering in the 
sites of initial activation. In the vaccine-draining LNs (vax-dLNs) of 
both the Ctrl and VEGFC vax groups, we measured overall high 
numbers of activated OT-1 and pmel CD8+ T cells, both with and 
without FTY (Fig. 2C). In the absence of FTY, increased numbers of 
activated OT-1 and pmel CD8+ T cells were found in VEGFC vax-
dLNs compared with Ctrl vax-dLNs, indicating an overall enhanced 
T cell activation with VEGF-C vaccination (Fig. 2C). However, while 
the frequencies of activated OT-1 T cells tended to increase in Ctrl 
vax-dLNs following FTY administration and effector T cell entrap-
ment in LNs, this was not observed for VEGFC vax-dLNs, where 
those frequencies remained approximately constant (Fig. 2C). This 
suggested that the higher frequencies of activated T cells seen in the 
VEGFC vax-dLNs versus Ctrl vax-dLNs in the absence of FTY were 
not due only to an enhanced priming within the dLNs.

In VEGFC vax injection sites in the skin, we found high levels of 
activated OT-1 and pmel CD8+ T cells both in the absence and pres-
ence of FTY treatment (Fig. 2, D and E). In contrast, Ctrl vax sites 
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contained very low numbers of these cells, which almost completely 
disappeared with FTY administration (Fig.2, D and E). Because ac-
tivated OT-1 and pmel CD8+ T cells were abundantly found in the 
VEGFC vax injection sites even when depleted from the blood cir-
culation through FTY treatment, we reasoned that this excluded a 
mere recruitment of circulating effectors into the vax site and point-
ed instead to an in situ activation mechanism. This could be further 
illustrated by comparing ratios of activated T cells in the injection 
site versus dLN, where VEGFC vax was significantly higher than 
Ctrl vax (Fig. 2F). Thus, transferred CD8+ T cells were activated in 
situ in the vaccine injection site and in the dLNs with VEGFC vax, 
but only in the dLNs in Ctrl vax, leading to an overall stronger T cell 
activation with VEGF-C vaccination.

Lymphangiogenic vaccines elicit a strong melanoma-specific 
T cell immunity
Next, we sought to determine the extent to which lymphangiogenic 
vaccines could be used to induce endogenous T cell responses directed 

against melanoma antigens. To investigate this, we developed vac-
cines containing irradiated B16-VEGFC and B16-Ctrl cells, which 
constitute a less immunogenic and thus more translationally rele-
vant model compared with OVA-expressing cell lines. As adju-
vants, we combined IMQ cream applications with an intradermal 
injection of a low dose of anti-CD40 agonist antibodies, both ad-
ministered topically at the site of irradiated cell injection. Anti-
CD40 agonist antibodies activate the CD40 receptor expressed 
on APCs, inducing their maturation and effective antigen presenta-
tion. Since, as discussed above, part of the mechanism of action 
of lymphangiogenic vaccines is promoting in situ antigen presenta-
tion and T cell activation, we reasoned that the synergy between 
lymphangiogenesis and immune activation could be increased 
by using locally retained immune adjuvants. To this end, in this 
study, we used an engineered variant of the anti-CD40 antibody 
containing a peptide domain derived from placenta growth factor–2 
that binds to the extracellular matrix and prolongs antibody re-
tention in the injection site compared with the native antibody form 

Fig. 1. Irradiated VEGF-C–overexpressing tumor cells induce local lymphangiogenesis, naïve T cell infiltration, and enhanced lymphatic transport to the dLNs. 
(A to F) Lethally irradiated B16-Ctrl or B16-VEGFC cells, either OVA-expressing or not, were injected intradermally, and the skin from the injection sites was analyzed 8 days 
later. (A) Representative images of skin sections immunostained for Lyve-1 (lymphatic vessels, red), CD3 (T cells, green), and 4′,6-diamidino-2-phenylindole (DAPI) (nuclei, 
blue). Scale bars, 50 m. (B) Flow cytometry–based quantification of lymphatic and blood endothelial cells (LECs and BECs). (C) VEGF-C concentration over time by 
enzyme-linked immunosorbent assay (ELISA). (D) CCL21 concentration at day 8 by ELISA. (E) Representative flow cytometry plots of T cell subsets, gated on total CD8+ or 
CD4+ T cells. (F) Frequencies of total CD8+ and CD4+ T cells (left) and relative fractions of subsets: naïve = CD62L+ CD44−, CM (central memory) = CD62L+ CD44+, EM (effec-
tor and effector memory) = CD62L− CD44+. (G and H) Seven days after irradiated tumor cell injection, 0.5-m fluorescein isothiocyanate–labeled beads were injected intra-
dermally in the same spot and, after 24 hours, injection sites and dLNs were analyzed by flow cytometry. (G) Percentages of bead-positive cells within each indicated 
antigen-presenting cell (APC) subset. (H) Frequencies of APC subsets in the dLNs and injection sites. Legend in (B) applies to the whole figure. All experiments were done 
in duplicate with n = 4 each. Values are reported as means ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 using a two-tailed Student’s t test.
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(PlGF-2123–144 matrix-binding anti-CD40 antibody, here referred to 
as MB-CD40) (21).

Mice were immunized with irradiated B16-Ctrl or B16-VEGFC 
cells together with IMQ and MB-CD40 (Fig. 3A), and after 17 days, 
splenocytes from immunized animals were isolated and restimulated 
ex vivo with an immunodominant MHC-I–restricted epitope from 
the Trp2 mouse melanoma antigen (Trp2180–188, SVYDFFVWL). 
VEGFC vax induced a stronger Trp2-specific CD8+ T cell response 
compared with mice treated with Ctrl vax, as determined by interferon- 
(IFN-) production (Fig. 3, B and C). Baseline (unstimulated) levels 

of both IFN- and interleukin-2 (IL-2) were higher in VEGFC vax–
treated mice compared with control vaccinated mice (Fig. 3C), sug-
gesting overall enhanced basal levels of T cell activation associated 
with VEGFC vax.

To confirm that the increased immunogenicity of VEGFC vax 
over Ctrl vax was specifically due to VEGF-C signaling and subse-
quent lymphangiogenesis, and exclude potential biases related to 
the use of two distinct cell lines for vaccination, we immunized mice 
with VEGFC vax and administered mF4-31C1, a blocking antibody 
against VEGFR-3 (11). This prevented the lymphangiogenesis that 

Fig. 2. Naïve T cells can be activated in situ in VEGFC vax injection sites. (A) Experimental design: Irradiated (irr) B16-OVA-Ctrl or B16-OVA-VEGFC cells were injected 
intradermally into the back skin, and IMQ was applied on the injection site 7 and 9 days later. On day 7, mice received an adoptive transfer of naïve CD8+ T cells isolated 
from OT-1 and pmel transgenic mice, labeled with either CFSE or CellTrace fluorescent dyes, and daily administration of FTY720 [intraperitoneally (i.p.)] was started on the 
same day. Mice were euthanized on day 11 for analysis. (B and C) Activated (proliferated) OT-1 and pmel CD8+ T cells in the (B) blood (as % CD45+ cells) and (C) dLNs 
(as total numbers). (D) Representative flow cytometry plots for OT-1 and pmel CD8+ T cells in the injection sites after gating on total CD8+ T cells. (E) Numbers of activat-
ed OT-1 and pmel CD8+ T cells in the vaccine injection site. (F) Ratios of activated OT-1 and pmel CD8+ T cells (expressed as % of total CD8+ T cells) in vaccine injection 
sites versus draining LNs. Pooled data from two independent experiments (n = 9 to 10). Data are reported as means ± SE. *P < 0.05, **P < 0.01, and ***P < 0.001 using 
Kruskal-Wallis with Dunn’s posttest. ns, not significant.
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was seen in untreated (Fig. 1, A and B) and isotype control immuno-
globulin G (IgG)–treated mice (Fig. 3D). In addition, VEGFR-3 block-
ade reduced both Trp-2–specific IFN- production and basal levels 
of IL-2 in the spleen, as assessed by ex vivo antigen stimulation of 
splenocytes at day 17 from immunization (Fig. 3, E and F). These 
data confirmed that the superior efficacy of VEGFC vax was depen-
dent on VEGFR-3 signaling.

To validate VEGFC vax immunogenicity in a different melanoma 
cell line, we immunized mice with irradiated BP-Ctrl or BP-VEGFC 
cells together with IMQ and MB-CD40, using the same immu-
nization protocol as before (Fig. 3, G to I). Unlike B16 cells, BP cells 
do not express detectable levels of melanoma-associated antigens 

such as Trp2, Trp1, and gp100 (fig. S2A). Therefore, we measured 
vaccine-induced immune reactivity directed against whole irradiated 
BP cells, allowing us to account for immune responses mounted against 
unknown tumor antigens, including potential antigens originated 
through unique mutations present in this cell line. Splenocytes and 
LN cells from VEGFC vax–immunized mice showed stronger reac-
tivity against BP cells compared with the Ctrl vax–immunized group, 
as assessed by IFN- production (Fig. 3, H and I, and fig. S2, B to D). 
In contrast, very low levels of cytokine production were induced by 
Trp2 and gp100 peptides (fig. S2, B to D), consistent with the lack of 
expression of these antigens in the BP cell line. Notably, in this 
model, we did not observe an increase in baseline IL-2 production 

Fig. 3. VEGF-C–driven lymphangiogenesis boosts vaccine-induced T cell immunity. (A) Schematic of the immunization protocol. Irradiated B16-Ctrl or B16-VEGFC 
cells were injected intradermally on day 0 (d0). On days 4, 6, 8, and 10, IMQ was applied onto the skin, and on days 8 and 10, MB-CD40 was injected intradermally, both 
at the cell injection site. Mice were euthanized at day 17, and splenocytes were restimulated ex vivo against the indicated antigens. (B) Frequencies of IFN-–producing 
splenocytes measured by ELISPOT. (C) IFN- and IL-2 secretion measured by ELISA. (D to F) Mice were immunized with VEGFC vax as shown in (A) but also received intra-
peritoneal injections of mF4-31C1 (VEGFR-3) or control immunoglobulin G antibodies every 3 to 4 days. (D) Representative images of skin sections at day 17 immuno
stained for Lyve-1 (red) and DAPI (blue). Scale bars, 50 m. (E) Frequencies of IFN-–producing splenocytes measured by ELISPOT. (F) IFN- and IL-2 secretion measured by 
ELISA. (G to I) Mice were immunized as in (A) but with irr BP-Ctrl or BP-VEGFC cells rather than B16. (G) Schematic of the immunization protocol. (H) Frequencies of IFN-–
producing splenocytes measured by ELISPOT. (I) ELISA quantification of IFN- and IL-2 secretion. (J and K) Mice were immunized as in (A), and ex vivo T cell reactivity was 
tested against four different melanoma-associated peptides at day 17. (L) Frequencies of antigen-specific IFN-–producing T cells (after subtracting unstimulated control 
wells) by ELISPOT. (M) Breadth of reactivity against each antigen for each individual mouse expressed as number of antigen-specific IFN- spots. Data from one of two 
repeated experiments, shown as means ± SE. *P < 0.05, **P < 0.01, and ***P < 0.001 by Welch’s analysis of variance (ANOVA) with Dunnett’s T3 posttest (B, H, and I), 
one-way ANOVA with Tukey’s posttest (C, E, and F), Mann Whitney test (J), or †paired Student’s t test.
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in VEGFC vax versus Ctrl vax, as seen for B16 cell–based vaccines. 
Because IFN- is known to be abundantly secreted by both CD8+ 
T cells and T helper cell 1–switched CD4+ T cells, while IL-2 is pre-
dominantly a CD4+ T cell–derived cytokine (22, 23), the observed 
differences in IFN- secretion in the absence of equivalent changes 
in IL-2 levels might be indicative of a CD8-dominated immune re-
sponse in the BP model. This, in turn, might be related to a preva-
lence of CD8-resticted immunogenic epitopes in this cell line.

Having established that VEGFC vax elicits a stronger T cell re-
sponse than Ctrl vax against either an immunodominant antigen such 
as Trp2 or whole BP tumor cells, we sought to determine whether 
VEGFC vax could activate a broader repertoire of T cells targeting 
multiple distinct antigens, which can be advantageous for cancer 
vaccination. To investigate this, we immunized mice with B16-based 
VEGFC vax or Ctrl vax as before (Fig. 3A) and assessed ex vivo im-
mune reactivity against three additional B16 antigens: namely, the 
MHC-I–restricted short peptide from gp100 melanoma protein 
hgp10025–33 (KVPRNQDWL), as well as long peptides from two 
known B16 mutated neoantigens (Kif18bmut and Cpsf3lmut), which 
can result in both MHC-I and MHC-II antigen presentation (24). 
For each of the antigens considered, mice immunized with VEGFC 
vax had higher frequencies of IFN-–producing antigen-specific 
T cells compared with control vaccinated mice (Fig. 3J). When con-
sidering all antigens together, mice receiving VEGFC vax appeared 
to have mounted a broader T cell immunity, because they developed 
a detectable reactivity against a higher number of different antigens 
compared with mice in the Ctrl vax group (Fig. 3K).

Lymphangiogenic vaccines provide complete prophylactic 
protection against B16 melanoma and delay the growth 
of preexistent tumors
Since VEGFC vax induced a strong and broad antigen-specific T cell 
response in naïve mice, we next asked whether this was sufficient to 
protect immunized animals from subsequent tumor challenge in a 
distant site. First, we verified that irradiated VEGF-C–overexpressing 
tumor cells, injected into one side of the back skin, did not induce 
lymphangiogenesis in distant tumors implanted in the other side 
(fig. S3). This was important to ensure that any effects on the distant 
tumors were due to changes only in the vaccine site. Furthermore, 
the absence of lymphangiogenesis in distant tumors likely excluded 
any potential effects of VEGFC vax in promoting lymphatic metastasis.

To provide a comparison with another cell-based cancer vaccine 
platform already in clinical trials, we used irradiated B16-F10 trans-
duced to overexpress granulocyte-macrophage colony-stimulating 
factor (B16-GM-CSF). This approach, known as GM-CSF Vaccine 
(GVAX), has been shown to be effective either alone or in combina-
tion with checkpoint blockade in the B16 melanoma model (25–27) 
and in other mouse tumor models (28). In clinical trials, GVAX was 
demonstrated to be safe and able to induce a tumor-specific immune 
response (although with limited clinical efficacy) in multiple human 
cancer types (29–33). First, we compared the immune infiltrate 
8 days after injection of irradiated B16-GM-CSF versus irradiated 
B16-VEGFC and found distinct patterns of myeloid cell and T cell 
infiltration in the skin injection site. Specifically, irradiated B16-
GM-CSF cells recruited more myeloid CD11b+ DCs and CD4+ 
T cells, while irradiated B16-VEGFC cells drove a stronger infiltration 
of CD8+ cross-presenting DCs and CD8+ T cells (fig. S4). Further-
more, irradiated B16-VEGFC recruited more naïve T cells. When 
both cell types were coinjected together, we saw similar recruitment 

of total CD8+ T cells, naïve CD8+, and naïve CD4+ T cells as with the 
B16-VEGFC only group, and similar recruitment of total CD4+ 
T cells as in the B16-GM-CSF only group (fig. S4).

We prophylactically vaccinated naïve mice with Ctrl vax, VEGFC 
vax, or GVAX and 17 days following immunization, we inoculated 
them with unmodified (nonirradiated) B16-F10 cells on the contra-
lateral side (Fig. 4, A to E). Animals in the GVAX treatment group 
received irradiated B16-GM-CSF only, without addition of IMQ 
and MB-CD40, since GM-CSF itself acts as immune adjuvant by 
recruiting DCs and inducing their maturation (34). Immunization 
with VEGFC vax resulted in substantially higher frequencies of cir-
culating Trp2-specifc CD8+ T cells compared with the other groups 
(Fig. 4B) and, notably, led to complete prevention of tumor growth 
in 100% of the mice (Fig. 4, C and D). In contrast, Ctrl vax and 
GVAX both provided a partial protection against B16 tumor chal-
lenge, with roughly half of the mice rejecting the tumor inoculum, 
while the remaining animals developed tumor masses and ultimate-
ly reached end point tumor size (Fig. 4, C and D).

To assess long-term immunological memory, about 10 months 
(320 days) following the initial vaccination, all mice that had survived 
the first tumor injection were rechallenged with B16 tumors on the 
same site as the first injection (Fig. 4A). Mice that had initially re-
ceived VEGFC vax showed the strongest memory response, with 50% 
of the mice surviving the second tumor challenge (Fig. 4E), indicating 
that lymphangiogenic vaccination also provided an effective long-
term protective immunity.

Having observed a markedly increased efficacy of VEGFC vax 
over GVAX, we further asked whether this was specifically due to 
VEGF-C–mediated modulation of vaccine-induced immunity rather 
than to the additive effects of VEGF-C plus topical immune adju-
vants. To clarify this point, we compared prophylactic VEGFC vax 
to either conventional GVAX (composed of irradiated B16-GM-CSF 
only) or GVAX plus local administration of IMQ and MB-CD40 
at the same dosage and schedule as for VEGFC vax. Notably, we 
found that even when GVAX was further adjuvanted by the addition 
of IMQ and MB-CD40, it remained less effective than VEGFC vax, 
in terms of its ability to both prevent tumor growth and to elicit 
systemic expansion of Trp2-specifc CD8+ T cells (Fig. 4, F to H). These 
data further highlight the unique immunomodulatory effects of VEGF-C 
versus GM-CSF in synergizing with APC-activating immune adjuvants 
and shaping vaccine-induced adaptive immunity. None of these vac-
cine formulations induced detectable hepatic, pancreatic, kidney, 
or cardiac toxicity, as assessed by measurement of serum markers 
commonly used for the monitoring of immunotherapy-related ad-
verse events (fig. S5) (35).

Last, we evaluated the efficacy of VEGFC vax in a therapeutic set-
ting, after the tumors had already been implanted (Fig. 5A). Because 
of the fast growth rate and poor immunogenicity of the B16 mela-
noma model, we combined systemic administration of anti-PD-1 
antibodies (PD-1) with VEGF-C vaccination, resulting in a signifi-
cantly delayed tumor growth and prolonged mouse survival compared 
with both untreated mice and mice treated with Ctrl vax + PD-1 
(Fig. 5, B to D). Notably, in these studies, we did not observe formation 
of metastases in any of the experimental groups in either tumor-
draining LNs, distant organs (such as lung and liver), or the contra-
lateral vaccine injection site, further confirming that VEGFC vax, 
implanted remotely from the primary tumor, does not increase the 
risk of metastasis formation. Overall, these data indicate that lymph-
angiogenic vaccination shows promise as a therapeutic approach 
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Fig. 4. VEGFC vax provides complete protection against melanoma challenge and long-term immunological memory. (A) Experimental design. Mice were vacci-
nated intradermally with Ctrl Vax, VEGFC vax, or GVAX over the right shoulder, and on day 17, B16-F10 cells were injected intradermally on the contralateral side. Ctrl vax 
and VEGFC vax were composed of irradiated tumor cells (B16-Ctrl or B16-VEGFC) plus IMQ and MB-CD40, while GVAX consisted of irradiated GM-CSF–overexpressing 
B16-F10 without additional immune adjuvants. Tumor growth was recorded, and mice that rejected tumors were rechallenged 320 days later with B16-F10 cells intrader-
mally. (B) Frequencies of circulating Trp2-specific CD8+ T cells at day 16 assessed by pentamer staining. (C) Individual tumor growth curves showing ratios of mice with 
complete tumor rejection following the first challenge. (D and E) Survival curves following the (D) first and (E) second tumor challenges. In (E) naïve mice were used as 
positive controls for tumor growth. (F to H) The above experiment was repeated (without second challenge) to further compare GVAX supplemented with IMQ and MB-
CD40 (GVAX + adjuvants) against VEGFC vax. (F) Individual tumor growth curves and ratios of mice with complete tumor rejection. (G) Survival curves. (H) Frequencies 
of circulating Trp2-specific CD8+ T cells at day 19. Data shown are from (B to E) one of two repeated experiments or (F to H) one experiment, n = 7 to 11 mice per group. 
*P < 0.05, **P < 0.01, and ***P < 0.001 using Kruskal-Wallis with Dunn’s posttest (B and H) or log-rank test (D, E, and G).
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for the treatment of melanoma, particularly in combination with 
antibody checkpoint blockade therapy.

DISCUSSION
In this study, we introduce a new potential strategy for cancer immuno-
therapy. Following our demonstration in melanoma that lymphangiogenic 
tumors—despite being more metastatic—are more responsive to 
immunotherapy (11), we sought to develop a translational strategy 
that could exploit the lymphangiogenic potentiation of immune re-
sponses while avoiding the prometastatic aspects of tumor lymph-
angiogenesis. Using lymphangiogenic vaccines composed of lethally 
irradiated VEGF-C–overexpressing melanoma cells and a combination 
of topical immune adjuvants (VEGFC vax), we demonstrated that 
VEGF-C–induced lymphangiogenesis boosts vaccine efficacy by at 
least two different mechanisms (summarized in Fig. 6). First, more 
abundant and enlarged lymphatic vessels at the site of vaccine injec-
tion mediate increased lymphatic transport to vax-dLNs (Fig. 1G), 
leading to more activation there, as evidenced by the higher num-
bers of activated antigen-specific CD8+ T cells found in LN draining 
VEGFC vax injection sites compared with those draining Ctrl vax 
sites (Fig. 2C). Second, intradermal lymphangiogenic vaccine sites 
recruit more naïve T cells, due to locally increased levels of CCL21 
(Fig. 1, D to F), leading to in situ activation directly within the vac-
cine site (Fig. 2, D to F).

Consistently with the notion of enhanced activation, we demon-
strated that lymphangiogenic vaccines elicit a broad T cell immuni-
ty targeting multiple mouse melanoma antigens. In the B16 model, 
the T cell response directed against the Trp2 melanoma–associated 
protein appeared to be dominant; however, we also found that 
VEGFC vax induced stronger immunoreactivity against the gp100 
tissue–associated antigen and against two known B16 mutated neo-
antigens [Kif18bmut and Cpsf3lmut, (24)] compared with Ctrl vax. The 

generation of a broad-spectrum antigen-specific immunity is ad-
vantageous in cancer vaccination since it minimizes the risk to se-
lect resistant tumor subclones that do not express the targeted 
antigen (36). It has also been shown in the B16 model that peptide 
vaccines targeting multiple antigens simultaneously are more effec-
tive than vaccines containing only one or two different antigens 
(37). Vaccines composed of whole-tumor cells may be particularly 
suited to induce a multispecific tumor immunity, since they potential-
ly contain a broad range of different tumor antigens and do not re-
quire their molecular identification.

The VEGFC vax approach characterized in this study was based 
on the use of genetically engineered melanoma cell lines. Irradiated, 
genetically engineered cell lines have been used to formulate allogeneic 
cell–based vaccines for different human cancers, including melanoma 
(38), prostate, and pancreatic cancer (33, 39). Cell line–based vac-
cines rely on the presence of shared antigens expressed in tumors with 
same histological origin. In human melanoma, multiple melanocyte-
associated proteins (among which Melan-A/MART-1, gp100, and 
tyrosinase) are able to elicit a CD8+ T cell immunity and are expressed 
in tumors from different patients and in normal melanocytes, making 
this cancer type a suitable candidate for cell line–based vaccination 
(40, 41). Cellular vaccines can alternatively be formulated using tumor 
cells directly obtained from resected tumor samples to generate an 
autologous vaccine. Studies with GVAX have shown that vaccina-
tion with irradiated autologous tumor cells [either transduced ex vivo 
with viral vectors to overexpress GM-CSF (29, 30) or mixed with 
bystander GM-CSF–overexpressing cell lines (31, 32)] is a safe and 
feasible approach in the clinical practice. Although autologous vac-
cines may be more challenging to produce compared with allogenic 
approaches, the use of patient-derived tumor cells allows for a po-
tentially more relevant anticancer immune response that includes 
patient-specific mutated antigens. The lessons learned from the ex-
tensive clinical experience with GVAX could potentially guide the 

Fig. 5. VEGFC vax combined with PD-1 blockade delays the growth of preexistent B16 melanomas. (A) Treatment schedule: Mice were inoculated intradermally 
with B16-F10 tumor cells and then therapeutically vaccinated on the contralateral side with VEGFC vax or Ctrl vax according to the protocol described, starting 2 days 
following tumor injection. PD-1 blocking antibodies were administered intraperitoneally every 3 to 4 days starting from day 6, for a total of four injections. (B) Average 
tumor growth curves (means ± SEM). (C) Individual tumor growth curves. (D) Survival curves. Shown are representative data from one of two repeated experiments with 
n = 7 to 9 mice per group. *P < 0.05 and **P < 0.01 using (B) two-way ANOVA with Sidak’s multiple comparisons test or (D) log-rank test.
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clinical translation of VEGFC vax, for which both allogenic and 
autologous vaccination strategies could be envisioned. Our data in-
dicate an enhanced potency of VEGFC vax over GVAX in preclinical 
models, due to its different mechanisms of action.

A major advantage of lymphangiogenic vaccines over tumor-targeting 
prolymphangiogenic approaches is that vaccines can be administered 
in a remote location from the tumor. Since our discovery that 
lymphangiogenic melanomas are more responsive to immunotherapy, 
we have explored multiple ways to exploit this therapeutically, in-
cluding directly inducing lymphangiogenesis in uninflamed, “cold” 
melanoma models (unpublished). However, the obvious risk with 
this latter approach is the possibility of enhancing metastasis, since 
there is a well-established correlation in melanoma and other can-
cers between lymphangiogenesis and presence of LN metastasis 
(13, 42). Lymphangiogenic vaccines allow to completely avoid this 
potential risk.

Furthermore, in contrast to tumor-targeting approaches, vacci-
nation does not require the presence of an accessible tumor site for 
injection and therefore can be administered (i) for the therapy of 
cancers with poor accessibility, and (ii) as an adjuvant treatment 
following surgical resection of primary tumors, to treat potential 
nonclinically detectable residual disease and prevent relapse. Ad-
ministration of cellular vaccines in an adjuvant setting has been in-
vestigated in patients with melanoma considered at high risk of 
relapse based on the clinicopathologic characteristics of their tumors 
and was shown to be feasible and well tolerated (38, 43). Adjuvant 
treatments for resectable melanoma with satisfactory toxicity and 
efficacy profiles are still lacking (44), and lymphangiogenic vaccines 
may be a promising candidate therapeutic option for this application. 

Last, lymphangiogenic vaccines may be used to treat distant metas-
tases in advanced cancers. Although we did not explore the efficacy 
of VEGFC vax on treating metastatic tumors in this study, it will be 
important to perform these studies in future work.

In summary, this study introduces the previously unexplored con-
cept that VEGF-C stimulation can be used to induce local lymphan-
giogenesis and boost vaccine-induced tumor-specific immunity, 
opening new perspectives for the design of efficient anticancer vac-
cines. In addition, it highlights the potential of lymphangiogenic 
vaccines for the specific purpose of inducing immunity against a 
broader repertoire of tumor antigens, in contrast to other cancer 
vaccines. Lymphangiogenic cell–based vaccines induce a potent 
tumor-specific T cell immunity directed against mouse melanoma 
antigens and have potential for clinical translation.

MATERIALS AND METHODS
Experimental design
The aim of this study was to investigate whether the newly described 
positive synergy between lymphangiogenesis and cancer immuno-
therapy could be exploited in a cancer vaccine. To this end, we first 
demonstrated that lethally irradiated, VEGF-C–overexpressing mel-
anoma cells could induce local lymphangiogenesis and attract lym-
phocytes after intradermal injection. Then, we developed a vaccine 
using these cells with locally applied adjuvants, namely, IMQ and 
an engineered variant of an agonistic anti-CD40 antibody that binds 
to extracellular matrix components for enhanced local retention 
(21). We evaluated the immunogenicity of VEGFC vax in healthy 
mice as compared with a nonlymphangiogenic vaccine with equivalent 

Fig. 6. Proposed model for VEGFC vax mechanism of action. Lethally irradiated tumor cells, injected intradermally, undergo radiation-induced cell death and provide 
a source of tumor-associated antigens. When transduced to overexpress VEGF-C, these irradiated cells also activate local lymphatics to undergo proliferation and increase 
antigen transport to the dLNs. In addition, VEGF-C stimulates lymphatics to secrete increased levels of chemokines that modulate the immune infiltrate in the vaccine site, 
particularly CCL21, which recruits naïve T cells and APCs. Later, when immune adjuvants are locally administered, APCs are further recruited to the vaccine site and acti-
vated, allowing presentation of tumor cell–derived antigens to T cells and in situ priming. Together with enhanced LN priming due to increased antigen transport, this 
supports a more robust and long-lasting antitumor immune response.
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composition (Ctrl vax), using cell lines derived from either B16-F10 
or BP melanomas. Vaccine-induced immunity was evaluated by 
ex vivo stimulation of spleen and lymph nodes cells with tumor an-
tigens and measurement of cytokine production, and by in  vivo 
tracking of proliferation of antigen-specific CD8+ T cells. Last, su-
perior antitumor efficacy of VEGFC vax was determined in the B16 
melanoma model in both prophylactic and therapeutic vaccination 
schedules, the latter in combination with anti–PD-1 antibodies.

Mice
Female C57BL/6 mice (the Jackson laboratory) were used between 
8 and 12 weeks of age. OT-I CD45.1.2 mice, generated from cross-
ing CD45.1 mice (B6.SJL-PtprcaPepcb/BoyJ) and OT-I mice [C57BL/6 
Tg(TcraTcrb)1100Mjb/J], and Pmel mice [B6.Cg-Thy1a/Cy Tg(TcraTcrb) 
8Rest/J], all from the Jackson laboratory, were used at 8 to 12 weeks 
old as sources of TCR-transgenic CD8+ T cells. All experiments were 
approved by the Institutional Animal Care and Use Committee of 
the University of Chicago.

Cell lines
B16-F10 (B16) mouse melanoma cells were purchased from the 
American Type Culture Collection, OVA-expressing B16-F10 (B16-
OVA) were a gift from B. Huard (University of Geneva, Switzerland), 
and the BrafV600E/Pten−/− cell line (BP) was a gift from T. Gajewski 
(University of Chicago, USA). B16 and B16-OVA cell lines were 
maintained in high-glucose Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% heat-inactivated fetal bovine se-
rum (FBS) (both from Invitrogen). BP cell lines were maintained in 
DMEM high glucose supplemented with 10% FBS and 1% non-
essential amino acids (HyClone). VEGF-C–overexpressing and control 
cell lines were generated by lentiviral transduction of parental cell 
lines using pD2109-EFs_mVEGF-C and pD2109-EFs empty vector, 
respectively (ATUM, Newark, CA), and transduced cells were se-
lected on the basis of expression of puromycin resistance. All cell 
lines used in this study produced between 2.5 and 10 ng of VEGF-C 
per 106 cells over 24 hours of in vitro culture, as measured using a 
human VEGF-C enzyme-linked immunosorbent assay (ELISA) kit 
[which is cross-reactive with mouse VEGF-C (R&D Systems, cat. 
DY752B)]. To generate GM-CSF–overexpressing B16, the parental 
B16 cell line was transduced with pLVCAG-CMV_mGM-CSF len-
tivector, generated by cloning mouse GM-CSF coding sequence into 
the pLVCAG-CMV backbone (Addgene). Individual GM-CSF–
overexpressing single-cell clones were isolated by limiting dilution, 
and a GM-CSF–overexpressing monoclonal cell line with optimal 
GM-CSF expression (45) (average 60 ng GM-CSF/106 cells/24 hours, 
corresponding to 240 ng of GM-CSF per vaccine dose) was used.

Vaccination protocols
Tumor cells were detached with Accutase (Innovative Cell Technol-
ogies Inc.), washed, resuspended in high-glucose DMEM supple-
mented with 10% FBS in a T75 cell culture flask, and immediately 
irradiated with a 50-Gy x-ray dose using a Philips 250-kVp x-ray 
unit. Soon after irradiation, cells were washed twice with FBS-free 
medium and injected intradermally in a shaved area of back skin, 
close to the right shoulder, at a dose of 4 × 106 cells per mouse in 50 l. 
On days 4, 6, 8, and 10 (unless otherwise indicated), 25 mg of 5% 
IMQ cream (Meda, Solna, Sweden) was applied topically on the cell 
injection site and gently rubbed until complete absorption. On days 8 
and 10, anti-CD40 agonistic antibody variant, engineered to bind 

extracellular matrix [PlGF-CD40, described in (21) and generated 
in-house], was injected intradermally at a dose of 30 g in 40 l of 
phosphate-buffered saline (PBS) in the same site. Mice receiving 
GVAX were vaccinated with 4 × 106 irradiated B16-GM-CSF only, 
while mice vaccinated with GVAX + adjuvants also received admin-
istration of IMQ and PlGF-CD40 as described above. For VEGFR-3 
blockade studies, mice received intraperitoneal injections of 500 g 
of anti-VEGFR-3 antibody (mF4-31C1; Eli Lilly) or isotype rat IgG 
(I4131; Sigma-Aldrich) every 3 to 4 days starting the day of irradiated 
B16-VEGFC injection. In vaccination experiments involving block-
ade of sphingosine-1-phosphate (S1P) receptor, the inhibitor FTY720 
(Sigma-Aldrich) was injected intraperitoneally daily at 1 mg/kg. For 
therapeutic tumor vaccination, mice additionally received anti–
PD-1 (RMP1-14; BioXCell), injected intraperitoneally on days 6, 9, 
13, and 17 at 200 g per dose.

Tumor experiments
Cultured tumor cells were detached with trypsin (Invitrogen), spun 
down, and resuspended in serum-free medium to 5 × 106 cells/ml 
and injected (2.5 × 105 cells in 50 l) on the left side of the back, 
approximately equidistant from the front and hind legs. Tumor size 
was measured with a digital caliper, volume (V) was calculated as 
V = 1/6  × length × width × height, and mice were euthanized when 
tumors reached the end point tumor size (500 mm3) or became 
ulcerated.

Tissue processing for ex vivo antigen-stimulation 
and flow cytometry
Spleens and LNs were smashed, filtered through a 70-m mesh filter 
and centrifuged at 1500 rpm for 5 min. Red blood cells were lysed 
with 4 ml of ACK solution (Gibco) for 3 min. Following the addi-
tion of cell culture medium, splenocytes were washed and resuspended 
in IMDM supplemented with 10% FBS, 1% penicillin-streptomycin, 
and 20 m 2--mercaptoethanol. For experiments involving detec-
tion of fluorescent bead uptake by APC subsets in the LNs, LNs were 
fragmented with syringe needles and digested in collagenase IV 
(1 mg/ml; Worthington-Biochem) and deoxyribonuclease I (DNAse I) 
(40 g/ml; Roche) for 30 min at 37°C with stirring. Supernatants 
were then carefully collected, and remaining fragments were further 
digested with Collagenase D (3.3 mg/ml; Roche) and DNAse I 
(40 g/ml) for 15 min followed by EDTA addition at a 5 mM final 
concentration. Tumor and skin samples were cut into small pieces 
with scissors (tumors) or surgical scalpels (skin) and digested with 
Collagenase IV (1 mg/ml) and DNAse (40 g/ml) (tumor) or DNAse I 
(10 g/ml) (skin) for 1 hour at 37°C under magnetic stirring. Sam-
ples were mixed with an automatic pipette 100 times, the digested 
cell suspension was collected, and the remaining undigested frag-
ments were incubated with Collagenase D (3.3 mg/ml) and DNAse 
(40 g/ml) (tumor) or DNAse (10 g/ml) (skin) I for 30 min with 
additional two cycles of repeated pipetting. At the end of the second 
digestion step, EDTA was added to a final concentration of 5 mM to 
stop the enzymatic reaction. Cell suspensions from both digestion 
steps were pooled and filtered through 70-m cell filters. For tu-
mors, red blood cells (RBCs) were lysed with 1 ml of ACK solution 
for 1  min. At the end of the digestion protocol, all samples were 
washed and resuspended in cell culture medium.

For blood collection, approximately 50 l blood was collected 
from the saphenous vein into EDTA-K2–coated tubes (Eppendorf), 
washed with PBS, and centrifuged at 1500  rpm for 5  min. RBCs 
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were lysed twice with 2 ml of ACK solution for 2 min, each time 
immediately followed by the addition of PBS supplemented with 
2% FBS, centrifugation, and further wash in PBS with 2% FBS.

Adoptive transfer of OT-1 and pmel CD8+ T cells
Spleens and LNs were harvested from OT-1 mice and pmel mice 
and separately processed as described above. Naïve CD8+ T cells 
were isolated by negative magnetic cell sorting using EasySep Mouse 
CD8+ T Cell Isolation Kit (cat. 19853, STEMCELL Technologies) 
and subsequently labeled with 1 m CFSE (eBioscience) or CellTrace 
Violet (Invitrogen) according to the manufacturer’s instruction. Mice 
received an intravenous injection of 2 × 106 OT-1 CD8+ T cells and 
1 × 106 pmel CD8+ T cells in 200 l of serum-free cell culture medium.

Ex vivo antigen stimulation
For evaluation of antigen-specific T cell response induced by B16-
based vaccines, splenocytes from vaccinated mice were cocultured 
with peptide-pulsed bone marrow–derived DCs [BMDCs; isolated 
according to Lutz et al. (46)], and cytokine secretion was assessed by 
enzyme-linked immunosorbent spot (ELISPOT) or ELISA. Briefly, 
BMDCs were pulsed overnight with 2 g/ml of antigenic peptides 
and 0.1 m CpG to induce DC maturation. Next, BMDCs were 
washed and incubated with splenocytes at a 10:1 leukocyte:DC ratio 
in either ELISPOT plates for 20 hours or in u-bottom cell culture 
plates for 48 hours (for ELISA assessment on cell culture supernatants). 
Each peptide (1 g/ml) was added again to the final splenocyte-DC 
coculture to further boost antigen presentation. The following pep-
tides were used for stimulation: H-2Kb–restricted epitope mTrp2180–188 
(SVYDFFVWL), H-2Db–restricted epitope hgp10025–33 (KVPRNQDWL), 
and Kif18bmut and Cpsf3lmut long peptides [27 amino acid–long 
peptides with the mutated amino acid in position 14, as originally 
reported (24)]. The presence of the described immunogenic non-
synonimus point mutations in the Kif18b and Cpsfl3 genes (24) in 
all B16 cell lines used in this study was confirmed by genomic DNA 
sequencing. Antigen presentation by BMDCs was used in experi-
ments with the B16 model to allow efficient uptake and processing 
of the Kif18bmut and Cpsf3lmut long peptides. For experiments with 
BP-based vaccines, because no long peptide was used, splenocytes 
or LN cells were directly cultured in the presence of either soluble 
short peptides (mTrp2180–188 or hgp10025–33, as above, at 1 g/ml) 
or irradiated BP parental cells at a 10:1 leukocyte:tumor cell ratio.

Frequencies of IFN-–producing splenocytes were assessed us-
ing ELISPOT (cat. 551083, BD Biosciences) and reported as either 
total IFN- spots or antigen-specific IFN- spots, the latter calculated 
by subtracting the average spot count in unstimulated control wells 
to the average spot count in antigen-stimulated wells for each 
mouse. Cell culture supernatants were assayed by ELISA for IFN- 
and IL-2 (cat. 88-7314-88 and 88-7024-88, respectively, both from 
Invitrogen).

Flow cytometry
Single-cell suspensions were first stained with Fixable Viability Dye 
eFluor 455UV (cat. 65-0868-14, eBioscience) and anti-CD16/32 Fc 
receptor blocking antibody (clone 93, BioLegend) in PBS for 15 min 
at 4°C. Staining of surface antigens was performed in PBS + 2% FBS 
for 20 min at 4°C. Following staining, cells were fixed with 2% para-
formaldehyde in PBS for 20 min at 4°C, and data were acquired 
using a LSRFortessa cytometer (BD). For surface staining, the fol-
lowing antibodies were used: CD45 APC-Cy7 (clone 30-F11, BioLegend), 

CD3 BUV395 (clone 145-2C11, BD Biosciences), CD4 BV785 (clone 
RM4-5, BioLegend), CD8a Pacific Blue or PE-Cy7 or APC (clone 
53-6.7, BioLegend), CD62L PE-Cy7 (clone MEL-14, BioLegend), 
CD44 PerCP-Cy5.5 (clone IM7, BioLegend or BD Biosciences), CD31 
APC or BUV737 (clone MEC 13.3, BD Biosciences), Podoplanin (gp38) 
PE or APC-Cy7 (clone 8.1.1, BioLegend), CD11b BV786 or BV605 
(clone M1/70, BioLegend), Ly-6C BV605 (clone HK1.4, BioLegend), 
I-A/I-E (MHC-II) PerCP-Cy5.5 (clone M5/114, BD Biosciences or 
BioLegend), F4/80 APC or FITC (clone Cl:A3-1, BIO-RAD), CD103 
PE (Clone M290, BD Biosciences), CD11c BV421 (clone N418, 
BioLegend), CD45.1 PE (clone A20, BioLegend), and BV605 CD90.1 
(Thy-1.1) (clone OX-7, BioLegend). Staining of Trp2-specific CD8+ 
T cells was performed using R-PE–labeled Pro5 MHC Pentamer 
H-2Kb SVYDFFVWL (Proimmune, Oxford, UK) according to the 
manufacturer’s instructions.

Immunohistochemistry
Skin samples were fixed with Zinc Fixative (BD Biosciences) for 
24 hours at 4°C and subsequently dehydrated by incubation in 20% 
sucrose for 2 days followed by 30% sucrose for 2 days. Dehydrated 
tissues were embedded in Tissue-Tek OCT Compound (Electron 
Microscopy Sciences), slowly frozen on liquid nitrogen vapors, and 
cut into 8-m sections using a cryostat (Thermo Fisher Scientific). 
For immunostaining, sections were incubated for 30 min at room 
temperature with tris-buffered saline (TBS) + 0.5% Casein to block 
nonspecific binding sites and then incubated overnight at 4°C with 
primary antibodies diluted in TBS + 0.5% casein. Following primary 
antibody staining, sections were washed three times with TBS+ 0.1% 
Tween 20 and two times in TBS and incubated with fluorochrome-
conjugated secondary antibodies diluted in TBS + 0.5% Casein for 
3 hours at RT. Secondary antibodies were washed with TBS + 0.1% 
Tween 20 three times and once with TBS, and slides were mounted 
with ProLong Gold Antifade Reagent either with or without DAPI 
(4′,6-diamidino-2-phenylindole) (Invitrogen). Immunostaining was 
performed using the following primary antibodies: Alexa Fluor (AF) 
488 rat anti–Lyve-1 (clone ALY7, eBioscience) and purified rabbit 
anti-CD3 (clone SP7, Abcam). Lyve-1 staining signal was further 
amplified using an anti-rat secondary antibody conjugated to AF488. 
An anti-rabbit secondary antibody conjugated with either AF594 or 
AF647 was used in combination with anti-CD3 primary antibody. 
Samples were imaged using an Olympus IX83 microscope and im-
ages were processed using ImageJ (National Institutes of Health).

Quantitative RT-PCR
Total RNA from tumor cell lines cultured in vitro was extracted us-
ing the RNeasy Plus Mini Kit (Qiagen), and retrotranscription was 
performed using GoScript Reverse Transcriptase transcription kit 
(Promega) according to the manufacturer’s instructions. Quantitative 
reverse transcription polymerase chain reaction (RT-PCR) was per-
formed using SYBR Green mix and a LightCycler 96 instrument (both 
Roche). Primer sequences were as follows: gp100, 5′-GAAGG A T C -
CAGGAATCAGGACTGGCTTG-3′ (forward) and 5′-GCAGTT​
AGACCCCTGCACCTCTGTC-3′ (reverse); Trp1, 5′-AGTTTC-
CACGAGAGTGTGCCAATATTGAGGCTC-3′ (forward) and 
5′-GTCGGGAGTCTGCAATCACAGCCAC-3′ (reverse); Trp2, 
5′-CAGATCGCCAACTGCAGCGTGTATGAC-3′ (forward) and 
5′-ATGGCCTTATAGGGGCGTCCTGGAC-3′ (reverse); -actin, 
5′-TGGAATCCTGTGGCATCCATGAAAC-3′ (forward) and 
5′-TAAAACGCAGCTCAGTAACAGTCCG-3′ (reverse). Relative 
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quantification was calculated with the Ct method and expressed 
as 2−Ct. Ct values were normalized first to the endogenous control 
(-actin) to obtain the Ct and then to the B16-VEGFC samples to 
obtain the Ct.

Protein lysate analysis
Skin tissue was snap frozen in liquid nitrogen, and protein lysates 
were obtained using Tissue Protein Extract Reagent and Halt Protease 
and Phosphatase Inhibition Cocktail (Thermo Fisher Scientific). 
After homogenization, lysates were spun down for 10 min at 4°C 
and 14,000g. The supernatants were collected, and protein content 
was quantified using a bicinchoninic acid assay (BCA assay, Thermo 
Fisher Scientific). Normalized samples were then analyzed for CCL21 
content by ELISA (cat. DY457, R&D Systems).

In vivo toxicity assessment
For toxicity parameter measurements, mouse blood was collected 
4 days after completion of the vaccination protocol and allowed to 
clot for 3 hours at 4°C. The serum was next collected by centrifugation 
at 2000g for 10 min and used for quantification of alanine amino-
transferase (ALT), amylase, calcium, creatinine kinase, total bilirubin, 
and total protein concentration using a Vet Axcel blood chemistry 
analyzer (Alfa Wasserman).

Statistical analysis
Statistical analysis was performed with Prism (v. 8.2.0, GraphPad, 
San Diego, CA). Groups were first compared with F test to test the 
hypothesis of equal variances. In the presence of significantly differ-
ent variances, datasets were compared using either a nonparametric 
test (specifically Mann-Whitney test for comparison of two groups 
and Kruskal-Wallis test with Dunn’s multiple comparisons post hoc 
test for comparison of three or more groups) or one-way analysis of 
variance (ANOVA) with Welch’s correction for unequal variances 
and Dunnett’s T3 multiple comparisons. In the presence of equal 
variances, parametric tests were used, specifically unpaired two-tailed 
Student’s t test for comparison of two groups, one-way ANOVA 
with Tukey’s multiple comparisons test for comparison of three or 
more groups, and two-way ANOVA with Sidak’s multiple compar-
isons test for comparison of dataset containing repeated measure-
ments. Two-tailed paired t test was also used where stated in the 
text. Statistical analysis of survival curves was performed with log-
rank test. P values were reported as follows: *P < 0.05, **P < 0.01, 
and ***P < 0.001.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/13/eabe4362/DC1

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