
UCSF
UC San Francisco Previously Published Works

Title
Specific targeting of cancer vaccines to antigen-presenting cells via an endogenous 
TLR2/6 ligand derived from cysteinyl-tRNA synthetase 1.

Permalink
https://escholarship.org/uc/item/30s8g8ct

Journal
Molecular Therapy, 32(10)

Authors
Kim, Hyeong
Cho, Seongmin
Kim, Sang
et al.

Publication Date
2024-10-02

DOI
10.1016/j.ymthe.2024.07.014
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/30s8g8ct
https://escholarship.org/uc/item/30s8g8ct#author
https://escholarship.org
http://www.cdlib.org/


Original Article
Specific targeting of cancer vaccines to antigen-
presenting cells via an endogenous TLR2/6 ligand
derived from cysteinyl-tRNA synthetase 1
Hyeong Yun Kim,1,8 Seongmin Cho,1,8 Sang Bum Kim,6 Ee Chan Song,1 Wonchul Jung,1 Yun Gyeong Shin,1

Ji Hun Suh,1 Jihye Choi,1 Ina Yoon,2 Uijoo Kim,1 Hamin Ban,1 Sunkyo Hwang,1 Jeongwon Mun,1 Joohee Park,1

Nayoung Kim,1 Youngjin Lee,7 Myung Hee Kim,7 and Sunghoon Kim1,3,4,5

1Institute for Artificial Intelligence and Biomedical Research (AIBI), Medicinal Bioconvergence Research Center, College of Pharmacy, Yonsei University, Incheon 21983,

Republic of Korea; 2Yonsei Institute of Pharmaceutical Sciences, College of Pharmacy, Yonsei University, Incheon 21983, Republic of Korea; 3College ofMedicine, Gangnam

Severance Hospital, Yonsei University, Seoul 06273, Republic of Korea; 4Institute for Convergence Research and Education in Advanced Technology, Yonsei University,

Incheon 21983, Republic of Korea; 5Interdisciplinary Graduate Program in Integrative Biotechnology & College of Medicine, Gangnam Severance Hospital, Yonsei

University, Incheon 21983, Republic of Korea; 6College of Pharmacy, Sahmyook University, Seoul 01795, Republic of Korea; 7Microbiome Convergence Research

Center, Korea Research Institute of Bioscience and Biotechnology (KRIBB), Daejeon 34141, Republic of Korea
Received 5 January 2024; accepted 18 July 2024;
https://doi.org/10.1016/j.ymthe.2024.07.014.
8These authors contributed equally

Correspondence: Sunghoon Kim, PhD, Professor and Director. Medicinal
Bioconvergence Research Center Institute for Artificial Intelligence and
Biomedical Research College of Pharmacy & College of Medicine The
Interdisciplinary Graduate Program in Integrative Biotechnology Yonsei
University 85 Songdogwahak-ro, Yeonsu-gu, Incheon 21983, Korea
E-mail: sunghoonkim@yonsei.ac.kr
Cancer vaccines have been developed as a promising way to
boost cancer immunity. However, their clinical potency is often
limited due to the imprecise delivery of tumor antigens. To
overcome this problem, we conjugated an endogenous Toll-
like receptor (TLR)2/6 ligand, UNE-C1, to human papilloma
virus type 16 (HPV-16)-derived peptide antigen, E7, and found
that the UNE-C1-conjugated cancer vaccine (UCV) showed
significantly enhanced antitumor activity in vivo compared
with the noncovalent combination of UNE-C1 and E7. The
combination of UCV with PD-1 blockades further augmented
its therapeutic efficacy. Specifically, the conjugation of UNE-
C1 to E7 enhanced its retention in inguinal draining lymph no-
des, the specific delivery to dendritic cells and E7 antigen-spe-
cific T cell responses, and antitumor efficacy in vivo compared
with the noncovalent combination of the two peptides. These
findings suggest the potential of UNE-C1 derived from human
cysteinyl-tRNA synthetase 1 as a unique vehicle for the specific
delivery of cancer antigens to antigen-presenting cells via
TLR2/6 for the improvement of cancer vaccines.

INTRODUCTION
Aminoacyl tRNA synthetases (ARSs) are essential enzymes in protein
synthesis, connecting amino acids to their corresponding tRNAs.1

Some eukaryotic ARSs have diversified their roles, often acquiring
new domains during evolution, which can be shared across multiple
or specific ARSs. For instance, tryptophanyl-tRNA synthetase 1 binds
to Toll-like receptor 4 (TLR4)/myeloid differentiation factor 2,
whereas glycyl-tRNA synthetase 1 binds to cadherin EGF LAG
seven-pass G-type receptor 2 on immune cells, both modulating im-
mune activities.2,3 In addition, human cysteinyl-tRNA synthetase 1
(CARS1) possesses unique domains (UNE-C1 and UNE-C2) with
distinct roles not found in other tRNA synthetases.4 Previous research
has highlighted the significance of UNE-C1 in CARS1 catalytic activ-
Molecul
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ity, its potential for TLR 2/6-mediated immune stimulation, and its
impressive thermostability.5 However, the potential utilization of
UNE-C1 as cancer vaccines with superior characteristics remains
largely unexplored, including their application in boosting the effi-
cacy of anti-tumor vaccines through precisely targeting dendritic cells
(DCs), and improving the uptake and stability of peptide vaccines.

Cancer vaccine development has traditionally focused on protein-
based antigens, which expose multiple epitopes. This exposure
potentially leads to immune tolerance or even elevates the risk of
autoimmunity as potential side effects.6 To address these concerns,
a synthetic long peptide (SLP) vaccine was introduced, aiming to
mitigate potential risks and improve efficacy. SLP vaccines have
become the preferred choice for tumor antigens in various vaccine
studies, and this preference is attributed to their ability to enhance an-
tigen processing and presentation, boost immunogenicity, and lower
the risk of resistance.7,8 However, while SLP vaccines elicit immune
responses in clinical trials, significant clinical benefits are often lack-
ing. These clinical failures are mainly considered to result from
insufficient uptake into lymphatic systems and a short in vivo antigen
half-life.9 When peptide vaccines with low molecular size are subcu-
taneously administered, they are prone to entering the bloodstream
rather than the lymphatic system. These vaccines may be taken up
by antigen-presenting cells (APCs) in remote lymphoid organs, which
ar Therapy Vol. 32 No 10 October 2024 ª 2024 The Authors.
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could potentially foster immune tolerance instead of eliciting a robust,
antigen-specific immune response against the designated antigen.10,11

Moreover, peptide and protein antigens entering the bloodstream can
be degraded by various proteolytic enzymes, potentially diminishing
their stable supply to APCs. One of the promising strategies devised to
overcome the bioavailability problem of peptide vaccines, especially
regarding organ-specific targeted delivery, is the use of carrier pro-
teins.12,13 This strategy significantly reduces antigen exposure to the
bloodstream and enables the vaccine to concentrate in the lymph no-
des (LNs), thus promoting an optimal antigen-specific immune
response.

APCs present in LNs play a central role in eliciting specific T cell re-
sponses to exogenous antigens. Hence, the coordinated delivery of an-
tigens and immunostimulants to the LNs is crucial to preventing im-
mune tolerance and enhancing efficacy.14 To deliver vaccines
accumulated in the LNs to DCs, attempts have been made to link an-
tigens with guide peptides or pattern recognition receptor ligands to
target cell surface receptors. However, because receptor expression
varies with DC subtype, target receptor expression on specific cells
must be considered to elicit an optimal antigen-specific immune
response. To stimulate an antigen-specific immune response, accom-
panying antigen delivery with immune stimulation, such as costimu-
lation factors or cytokine secretion, is essential. Hence, the selection of
an adjuvant must match the receptor expression levels of the targeted
cells, ensuring that antigen delivery and effective immune responses
occur within the same cells.15 Injected vaccines can be taken up by
migratory APCs or transported via lymphatic vessels to resident
APCs in LNs.16 Specifically, CD11c+ and CD8+ type 1 conventional
dendritic cells (cDC1s) excel in cross-presentation, cytokine produc-
tion, and costimulatory molecule expression, efficiently regulating
adaptive immunity.17 cDC1s play an important role in activating anti-
tumor immunity, and their performance correlates with improved
patient outcomes.18 Collectively, efficient delivery systems and tar-
geted stimulation of specific cells are emphasized as essential factors
for improving the efficacy of cancer vaccines.

In this study, we explored the applicability potential of a novel im-
mune booster for cancer vaccines by using the unique immune-stim-
ulating activity and physicochemical properties of UNE-C1. To
achieve this, we developed a conjugate vaccine by covalently linking
Figure 1. Design of the UNE-C1-conjugated cancer vaccine and its biodistribu

(A) We designed the conjugated cancer vaccines to covalently link the cancer antigens

oncoprotein E7 as the cancer antigen, the three repeats of (GGGGS) as the linker peptide

one peptide entity (upper panel). This conjugated cancer vaccine is expected to show e

specific delivery to DCs, and enhanced priming of CD8+ T cells (lower panel). (B–D) C57

Inguinal, axillary, and iliac lymph nodes were excised, and the presence of each peptide w

3 per group). The fluorescence signals in axillary or iliac lymph nodes were determined

immunization, immune cells were harvested from the excised inguinal lymph nodes, and

assessed via flow cytometry (n = 3 per group). (E and F) 5-FAM-labeled E or EUCV were

group). Less than 50 mL of blood was collected, and the antigen concentration in plas

concentrations in plasma over time (fit data ±mean with error). Data are representative o

Statistical significance was analyzed using Student’s t test (*p < 0.05, **p < 0.01, ***p

conjugated UNE-C1; IVIS, in vivo imaging system; DCs, dendritic cells.
UNE-C1 to SLPs and evaluated its efficacy in a mouse model of cer-
vical cancer. The conjugate vaccine, inheriting the characteristics of
UNE-C1, accumulates in draining lymph nodes (dLNs) and activates
or internalizes TLR2-expressing APCs. Combining the vaccine with
PD-1 inhibitors synergistically improved survival rates and achieved
complete regression (CR). These findings highlight the potential of
UNE-C1 as an immune-stimulating vehicle to deliver cancer antigens
to APCs for improved therapeutic efficacy.

RESULTS
Construction and characterization of UNE-C1-conjugated

cancer vaccine

The therapeutic efficacy of cancer antigens can be enhanced, and their
potential adverse effects can be reduced if they are covalently linked to
certain immune modulators that can specifically deliver them to
APCs.13 Here, we tested this possibility using UNE-C1, an immune
activator via TLR2/6, by coupling it to a cancer antigen derived
from human papilloma virus type 16 (HPV-16) via a designed peptide
linker (Figure 1A).We then investigated howUNE-C1 conjugation to
the antigens would affect the retention of the antigens in the
inguinal LN near the injected site through lymphatic drainage, spe-
cific delivery of the antigens to DCs, and the priming of the anti-
gen-specific CD8+ T cells.

To construct the optimal UNE-C1-conjugated cancer vaccine (UCV),
we screened the SLP antigens derived from HPV-16-derived onco-
protein E6 or E7. We synthesized different E6- and E7-derived
SLPs derived from oncoproteins and compared their capability
of inducing antigen-specific immune responses. We immunized
mice with each of the SLPs alone or in combination with UNE-C1
(U stands for UNE-C1 hereafter).19 We observed that the highest
interferon gamma (IFN-g) activity was observed in the mice admin-
istered the E743–62 SLP and U (Figure S1A). We then connected the
E743–62 SLP to U with either a rigid “EAAAK” or flexible “GGGGS"
peptide linker and treated them to phorbol 12-myristate 13-acetate
(PMA)-differentiated THP-1 cells to measure the induced tumor ne-
crosis factor alpha (TNF-a) secretion.20 While the E743–62 SLP and U
linked with GGGGS showed comparable activity with U alone, the
two peptides linked with EAAAK slightly reduced the TNF-
a-inducing activity (Figure S1B). We thus selected GGGGS peptide
linkers for the construction of the conjugated vaccine, designated as
tion and pharmacokinetic profile

, linkers, and immune stimulators. For example, we selected E743–62 from HPV-16

, and U obtained from human CARS1 as the immune stimulator and fused them into

nhanced anticancer efficacy with increased local retention in draining lymph nodes,

BL/6 mice were subcutaneously injected with 5 nmol of FAM-labeled E or EUCV. (B)

asmonitored by fluorescence intensity through IVIS at the indicated time interval (n =

as ratios to those in the inguinal lymph node (n = 3 per group). (C and D) After 2 h of

the 5-FAM signals in T cells, B cells, macrophages and DCs, and DC subtypes were

either (E) subcutaneously or (F) intravenously injected into C57BL/6 mice (n = 3 per

ma was quantified for 24 h after injection. The data were used to determine drug

f three independent experiments, and the results are presented as the mean ± SEM.

< 0.001). U, UNE-C1; E, HPV-16 E743–62 peptide; EUCV, HPV-16 E743–62 peptide
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EUCV, for further experiments (E stands for E743–62 hereafter). To
determine whether U can generally be used for other cancer antigens,
U was fused to the ovalbumin (OVA) epitope (SIINFEKL) using the
same linker (O stands for OVA247–264(AAAAK) hereafter), and it was
confirmed that each EUCV and OUCV protein was stably produced
(Figures S1C and S18). We then observed that the OUCV conjugate
vaccine also induced a comparable level of immune activity with U or
EUCV (Figure S1D). Given that U has high thermal stability, we
examined if this characteristic was also displayed by the conjugated
vaccines EUCV and OUCV. Both maintained immune activity (Fig-
ure S1D) and circular dichroism (CD) spectra (Figure S1E), even after
boiling, confirming the thermal stability of the conjugated vaccines.
To rule out the possibility of lipopolysaccharide (LPS) contamination,
we treated EUCV and U with polymyxin B or protease K and re-
examined their TNF-a-inducing activity. The results showed that
only proteinase K treatment abated the activity, indicating that the
immune response triggered by EUCV was attributed to U but not
LPS contamination (Figure S1F). To determine whether the two con-
jugated vaccines would work via TLR2/6 as U, we treated them to
HEK cells expressing each of TLR2/6, TLR2/1, and TLR4. We found
that, like U and Pam2CSK4 (a known TLR2/6 agonist), they induced
nuclear factor kB in TLR2/6-expressing cells but not in other cells
(Figures S1G–S1I). TLR agonists play a crucial role in activating
both the innate and adaptive immune systems by inducing inflamma-
tory cytokines and costimulatory molecules.21 To explore the ability
of EUCV to stimulate APCs, we exposed bone marrow-derived den-
dritic cells (BMDCs) to E alone, E+U (combination), and EUCV in
equivalent doses. After 24 h, we found that EUCV and U induced
the costimulatory molecules CD80 and CD40 at comparable levels,
which is crucial for inducing an adaptive immune response
(Figures S2A and S2B). Moreover, both EUCV and U also triggered
the secretion of pro-inflammatory cytokines, IL-12p70 and IL-6,
while this response was absent in the E group (Figures S2C and
S2D). The expression of other inflammatory markers was also
observed to be increased in UCVs based on E or O antigens in a
dose-dependent manner (Figures S2E–S2H). These findings suggest
that UCV can stimulate APCs, promoting innate immunity through
upregulated costimulatory molecules and secreted pro-inflammatory
cytokines.

Enhanced retention of UCVs in the lymphatic system

Considering the challenges posed by systemic antigen degradation
and absorption after vaccination,13 we examined whether the conju-
gation of U to the antigen can alleviate these limitations. To monitor
the biodistribution of the cancer vaccines, we labeled E and EUCV
with FAM, administered them via subcutaneous routes, and moni-
tored their distributions over time. While E exhibited diffused distri-
bution to axillary and iliac LNs beyond inguinal LNs near the injec-
tion site, EUCV was preferentially detected in the inguinal dLNs.
The higher retention of EUCV apparently results from its larger
size compared with E alone.13 Notably, the signals from EUCV per-
sisted for up to 24 h, indicating a prolonged residence within the
inguinal dLNs (Figure 1B). The extended residence of the conjugated
vaccine in the inguinal dLNs substantially increased the preferred up-
3600 Molecular Therapy Vol. 32 No 10 October 2024
take of E to macrophages and DCs in this region, highlighting the
specificity of EUCV to APCs (Figure 1C). Interestingly, while a
2.5% higher signal was observed in DCs compared with macrophages
at 2 h after administration, a 3.4% higher signal was observed in mac-
rophages compared with that in DCs at 24 h (Figure S3A). This sug-
gests that the proteins taken up are processed more rapidly in DCs
than in macrophages, resulting in a lower signal at later time points.22

To determine whether selective antigen uptake of UCVs at APCs,
such as DCs and macrophages, is influenced by TLR2/6 expression
levels, we measured TLR2/6 expression in T cells, B cells, macro-
phages, and DCs residing in the inguinal dLNs. The results revealed
that both macrophages and DCs exhibited relatively high TLR2 and
TLR6 expression levels, with DCs displaying higher TLR2 expression
than macrophages (Figure S4A). Subsequently, we subcutaneously
administered FAM-labeled E and EUCV to mice to investigate anti-
gen uptake to cDC1, which is known for its role in cross-presentation.
The investigation into antigen uptake was conducted among various
DC subtypes in the LNs, including cDC1, with their compositions
distinguished as follows: CD8+ DCs (CD8+ cDC1), CD103+ DCs
(CD103+ cDC1), CD172+ DCs (cDC2), B220+ DCs (plasmacytoid
DCs, pDCs), Langerin+ cells (Langerhans cells), and CD64+ DCs
(monocyte-derived DCs). Antigen uptake was significantly enhanced
in the CD8+ DCs, CD103+ DCs, and CD64+ DCs of the EUCV-
administered mouse group but not in B220+ DCs, CD172+ DCs,
and Langerin+ cells (Figures 1D and S5A). These three cell types
play a crucial role in cytotoxic T lymphocyte (CTL) responses against
cancer, especially with CD8+ and CD103+ DCs sharing functional ho-
mology with human cDC1 (CD141+ DCs).23,24 We also examined the
differences in antigen uptake among DC subtypes in relation to
TLR2/6 expression levels, confirming that CD8+ DCs, CD103+

DCs, and CD64+ DCs displayed higher TLR2/6 expression levels
than other DCs (Figure S4B). This suggests that antigen uptake in
different DCs is influenced by the expression levels of TLR2/6, which
is the target receptor for UCV.

Next, to measure the blood concentrations of vaccines administered
via the subcutaneous route, blood samples were collected via orbital
hemorrhage at the indicated time points and used to measure the
blood levels of E and EUCV. The results showed that the concentra-
tion of E peaked at 0.25 h after the injection, whereas that of EUCV
peaked at 2 h, indicating a delayed systemic distribution of the conju-
gated vaccine (Figure 1E). When administered intravenously, the
half-life of EUCV (0.334 h) was approximately 15.9 times longer
than that of E (Figure 1F). These results suggest that E is rapidly
distributed throughout the body, regardless of the route, whereas
EUCV is well retained in the lymphatic system when administered
subcutaneously and shows an extended half-life in the blood
compared with E alone.

To investigate the effects of U on antigen distribution, we subcutane-
ously injected mice with each of FAM-labeled E, E++U, and EUCV
and analyzed the inguinal dLNs 24 h later. A 4.4-fold stronger E signal
was observed in the LNs from the mice injected with E++U than in
those with E alone (Figure S6A). This result appears to result from
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Figure 2. Pathway analysis of the UCV for antigen internalization and antigen presentation

(A and B) 5-FAM-labeled E and EUCVwere treated to BMDCs for 6 and 24 h (each 100 nM). (A) The cells with the internalized and surface-presented antigen were visualized

and analyzed using confocal microscopy and (B) flow cytometry, respectively. (C) BMDCs from naive or TLR2–/– C57BL/6mice were treated with 5-FAM-labeled E, E+U, and

EUCV for 24 h. Antigen uptake was analyzed from the CD11c+ gating population, and the FITC signal was evaluated using flow cytometry. (D) BMDCs from naive C57BL/6

mice were preincubated with chlorpromazine (CM, 40 mM), dynasore (20 mM), cathepsin S inhibitor (CS, 2 mM), methyl-b-cyclodextrin (Mbcd, 2 mM), and amiloride(2 mM) for

30min. FAM-labeled E, E+U, and EUCVwere treated to BMDCs for 24 h, and antigen uptake was detected using flow cytometry. (E) Antigen presentation was analyzed from

(legend continued on next page)
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the enhanced antigen uptake ability of DCs activated by U.25 Interest-
ingly, the covalent coupling of U with E further increased the E signal
10.8-fold compared with E alone. This additional improvement ap-
pears to be attributed to the increased molecular weight of E by cova-
lent linkage to U, which restricted the rapid systematic diffusion of E.
In conclusion, these results suggest that the covalent coupling of U to
cancer antigens can favor their accumulation in the lymphatic system,
providing an enhanced opportunity to stimulate the adaptive immu-
nity required for cancer immunology.

Enhanced antigen uptake and presentation by UCVs

Targeting DCs for antigen delivery enhances vaccination efficacy
due to their superior antigen processing and presentation capabil-
ities.26 To evaluate cellular uptake of the antigen, we labeled E
and EUCV with FAM, treated them to BMDCs, and compared
the amounts of the labeled antigen in the cells 6 h after treatment.
We found that the fluorescence intensity of EUCV was significantly
higher than that of E alone and EUCV (Figure 2A). Furthermore,
the higher uptake of EUCV was sustained for up to 24 h compared
with that of E alone or E+U (Figure 2B). A similar pattern
was observed with O+U and OUCV (Figure S7A). This improved
antigen uptake is presumably due to TLR2-specific delivery of
U-activated DCs.27 To investigate TLR2 dependency of antigen up-
take, BMDCs from TLR2 wild-type (WT) and knockout (KO) mice
were treated with E, E+U, and EUCV. Antigen uptake was signifi-
cantly reduced in TLR2 KO BMDCs compared with that in WT
BMDCs, confirming the TLR2 dependency of EUCV uptake
(Figure 2C).

To identify the specific endocytic pathway involved in the uptake of
the conjugated vaccines, we used specific inhibitors at several con-
centrations, including the clathrin-mediated endocytosis inhibitor
chlorpromazine (CM), the dynamin-dependent endocytosis inhibi-
tor (dynasore), transporters associated with the antigen processing
(TAP)-independent major histocompatibility complex class I
(MHC class I) cross-presentation inhibitor (cathepsin S inhibitor
[CS]), caveolae-mediated endocytosis inhibitor (methyl-b-cyclodex-
trin [Mbcd]), and macropinocytosis inhibitor (amiloride). At
various concentrations, CM and dynasore reduced E+U and
EUCV uptake, whereas no change was noted in the groups treated
with CS, Mbcd, or amiloride (Figures 2D and S8A). These results
suggest that the mechanism underlying UCV uptake can be regu-
lated by clathrin and dynamin. In addition, to examine the process-
ing and presentation pathway of the conjugated vaccine, we em-
ployed a CS, an inhibitor of the TAP-independent pathway, and
observed no effect on antigen uptake, suggesting that U-mediated
antigen uptake is a separate process from antigen processing and
presentation.28
the CD11c+ gating population from BMDCs after pretreatment with 100 nM of O, O+U

Flow cytometry analysis of SIINFEKL/H-2Kb expression in BMDCs was conducted af

amiloride (2 mM). After 30 min of pretreatment, 100 nM of O, O+U, or OUCV was used f

are presented as the mean ± SD and SEM. Statistical significance was analyzed using St

ovalbumin247–264A4K peptide; BMDC, bone marrow-derived dendritic cell; CD, cluster o
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To further validate the TLR2 dependency of U-mediated antigen up-
take and presentation, we used O to determine the effect on antigen
presentation and found that O presentation was significantly reduced
in TLR2 KO BMDCs compared with that in the TLR2 WT BMDCs
(Figure 2E). In addition, antigen presentation was reduced in
BMDCs treated with CM and dynasore, confirming that the limita-
tion in uptake led to a reduction in antigen presentation
(Figures 2F and S8B). The reduction in antigen presentation upon
CS treatment suggests that the antigens conjugated with U are pro-
cessed via a TAP-independent processing and presentation pathway.
Furthermore, the expression of CD80, a key indicator of innate im-
mune stimulation, showed similar patterns across the E+U and
EUCV groups as well as the O+U and OUCV groups (Figures S9A
and S9B). This suggests that TLR2 is an important mediator in the an-
tigen uptake and cellular activation functions of UCV.

To compare antigen-presenting ability in vivo, we subcutaneously
administered O, O+U, and OUCV to mice. OUCV-administered
mice showed increased antigen presentation of the SIINFEKL epitope
through H-2Kb in CD11c+, CD8+, and CD8– DCs, but not in B220+

DCs, compared with those administered O+U (Figure S9C). These
findings support previous reports that CD8+ DCs exhibit stronger
responsiveness to TLR2 agonists compared with B220+ DCs.29

Collectively, the conjugated vaccine demonstrated its effectiveness
in promoting intracellular delivery through TLR2/6 and clathrin-dy-
namin-mediated endocytosis and is processed through the TAP-inde-
pendent pathway for antigen presentation.

Thereafter, we investigated whether cellular stimulation of UCVwork
in human immune systems, extending beyond the mouse immune
system, by examining human DC subtypes. We isolated human
pan-DC (Lin–, HLA-DR+, CD11c+, CD123+, CD1c+, and CD141+)
from human PBMCs, and subsequently treated it with E, U, E+U,
and EUCV at 100 nM, respectively.30 As positive control, we used
LPS. After 24 h treatment, the EUCV group showed enhanced expres-
sion levels of activation markers CD80, CD83, and CD86 in human
CD141+ DCs (HLA-DR+, CD11c+, and CD141+), which share func-
tional homology with mouse CD8+ and CD103+ DCs (cDC1)
(Figures S10A–S10C).31 Meanwhile, in the CD1c+ DCs (HLA-DR+,
CD11c+, and CD1c+), which share homology with mouse CD172+

DCs (cDC2), the EUCV group displayed relatively low levels of acti-
vation markers, and virtually no activity was observed in the pDCs
(HLA-DR+, CD11c–, and CD123+). To measure the release of inflam-
matory cytokines, non-DCs and pan-DCs were seeded at equal cell
numbers and treated with E, U, E+U, and EUCV at 100 nM each. Af-
ter 24 h, the released TNF-a was quantified using ELISA, showing
relatively higher levels in pan-DCs (Figure S10D). To summarize,
UCV can intensively activate human CD141+ DCs, which share
, or OUCV, and the SIINFEKL/H-2Kb signal was evaluated using flow cytometry. (F)

ter pretreating with CM (40 mM), dynasore (20 mM), CS (2 mM), Mbcd (2 mM), and

or the assay. Data are representative of three independent experiments, and results

udent’s t test or two-way ANOVA (*p < 0.05, **p < 0.01, ***p < 0.001). U, UNE-C1; O,

f differentiation; LN, lymph node.
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functional homology with mouse cDC1, indicating that the immuno-
logical outcomes observed in mouse models are potentially applicable
to human systems.

Antigen-specific T cell priming elicited by UCVs

Next, we tested the ability of the UCV to induce antigen-specific im-
mune responses using an ex vivo IFN-g enzyme-linked immunospot
(ELISpot) assay. We subcutaneously injected the conjugated vaccine
and several TLR agonists into mice twice at 1-week intervals. A
week after the final administration, we isolated the cells from the
spleen or inguinal dLNs and re-stimulated them with the E749–57
epitope to measure levels of IFN-g expression and antigen-specific
T cell priming using the H-2Db E749–57 tetramer. Consequently,
EUCV showed a more robust response than other TLR agonists, spe-
cifically inducing 1.64-fold higher expression of IFN-g and 1.8-fold
stronger priming of antigen-specific T cells than E+U in the spleen
(Figures 3A and 3B). Enhanced immune response patterns were
also consistently observed in the inguinal dLNs, where the conjugated
vaccine was localized (Figures 3C and 3D), highlighting the impor-
tance of lymphatic circulation for immune cell priming.32 To examine
the impact of the conjugated vaccine on antigen-specific T cell re-
sponses, we treated TLR2 WT or TLR2 KO BMDCs with O, O+U,
and OUCV for 24 h. These cells were then subjected to a T cell acti-
vation assay by co-culturing with pulsed BMDCs and B3Z T cell hy-
bridoma, a CD8+ T cell line with a reporter function triggered by the
OVA epitope. After 24 h, T cell activation was quantified by
measuring LacZ production using the CPRG substrate.33 The results
demonstrated that OUCV treatment elicited notably stronger T cell
activation in TLR2 WT BMDCs than O+U treatment, whereas this
activation was absent in TLR2 KO BMDCs (Figure 3E). In addition,
the expression of CD8+ T cell functional markers related to CD8+

T cell activation and proliferation (CD69 and IL-2), cytotoxicity (Per-
forin, Granzyme B, and FasL), and effector function (IFN-g and TNF-
a) was significantly increased by OUCV treatment; however, this ef-
fect was abolished in TLR2 KO cells (Figures 3F–3I and S11A). To
further elucidate the relationship between antigen delivery within
the dLNs by UCV and CD8+ T cell stimulation, we investigated an-
tigen-specific immune responses using a depletion model. In brief, we
subcutaneously injected mice with control and clodronate liposomes
and, 24 h later, we administered con, E, and EUCV twice at 1-week
intervals. A week after the final injection, dLNs analysis revealed
clodronate liposome-depleted DCs (Figure S12A). Following the re-
stimulation of cells isolated from dLNs with equal cell counts and
Figure 3. Evaluation of improved antigen-specific CD8+ T cell immune respons

(A and B) (A) C57BL/6 mice were immunized with the indicated reagents on days 0 and

immune cells were isolated. The isolated immune cells (5 � 105 cells) from spleen wer

ELISpot reader (n = 3 per group). (B) Percentages of E7-specific CD8+ T cells in the splee

cells (5 � 105 cells) isolated from dLNs were stimulated ex vivo with the E7 epitope for 4

specific CD8+ T cells in the dLNs were measured using E7 tetramers by flow cytometry

24 h with O, O+U, or OUCV and co-cultured overnight in the presence of B3Z CD8+ T c

expression, (G) Perforin+, (H) Granzyme B+, and (I) IFN-g+ CD8+ T cell population via ab

three independent experiments, and the results are presented as the mean ± SEM. S

***p < 0.001). B3Z, B3xZ.8 CD8+ T cells; CPRG, chlorophenol red-b-D-galactopyrano
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analysis via ELISpot, the results indicated that the antigen-specific im-
mune response upregulated by EUCV was significantly inhibited by
clodronate (Figure S12B). In addition, antigen-specific CD8+ T cell
analysis within the dLNs exhibited a significant reduction in the pop-
ulation previously increased by EUCV (Figure S12C). Since clodro-
nate liposomes can be taken up by macrophages as well as DCs, we
do not rule out that the depletion of macrophages could also
contribute to the efficacy reduction of UCV. Whatever, these results
suggest that UCV promotes cross-presentation to CD8+ T cells in a
TLR2-dependent manner, indicating that antigen uptake in the
dLNs is crucial for this cross-presentation process.

Enhanced therapeutic efficacy of UCVs

Based on the ability of UCVs to induce effective antigen-specific im-
mune responses via the specific delivery of antigens to DCs in a TLR2-
dependent manner, we investigated whether these characteristics are
reflected as an improved efficacy in mouse tumor models. After im-
planting TC-1 cells to the right flank of C57BL/6 mice on day 0, we
subcutaneously injected saline, E, E+U, and EUCV on day 6 and
measured tumor growth at 2-day intervals. Among them, EUCV
most effectively suppressed tumor growth (Figure 4A), suggesting
that its improved biodistribution and specific antigen delivery were
well reproduced as antitumor activity. To further understand the
mechanism underlying the antitumor effect shown by UCV, we
analyzed tumor-infiltrated lymphocytes (TILs) isolated from tumor
tissues. The group treated with EUCV showed an increased number
of infiltrated CD8+ T cells and antigen-specific CD8+ T cells
(Figures 4B and 4C) compared with those treated with control, E,
and E+U. Furthermore, EUCV significantly enhanced the number
of activated TNF-a+ and IFN-g+ CD8+ T cells within TILs (Fig-
ure S13A). Using isolated tumor tissue, we analyzed gene expression
related to cytotoxicity (Perforin, Granzyme B, Granulysin, and FasL),
inflammatory or chemotactic cytokines (IFN-g, CXCL9, CXCL10,
and CXCL11), and CD8+ T cell activation and proliferation (CD69,
Tbx21, IL-2, and IL-12b). The analysis revealed that mice treated
with EUCV had relatively higher gene expression levels than all other
groups, and the E+U group also exhibited a significant increase
(Figures 4D and S14A). In addition, we also tested our hypothesis us-
ing an E.G7-OVA cancer model. A mouse model was constructed by
subcutaneously injecting E.G7-OVA cells into the right flank of
C57BL/6 mice on day 0. We then subcutaneously delivered saline,
O, O+U, and OUCV to the opposite side of the cancer cell injection
sites on days 3 and 10. As shown above with EUCV, OUCV mostly
e and TLR2-dependent cross-presentation of UCV

7. On day 14, spleen and dLNs tissues were harvested from immunized mice, and

e ex vivo stimulated with the E7 epitope (2 mg/mL) for 48 h and analyzed using an

n weremeasured using E7 tetramers by flow cytometry (n = 3 per group). (C) Immune

8 h and analyzed using an ELISpot reader (n = 3 per group). (D) Percentages of E7-

(n = 3 per group). (E–I) BMDCs from TLR2 WT and TLR2–/– mice were incubated for

ells. T cell activation was determined based on (E) b-galactosidase activity, (F) CD69

sorbance measurement and flow cytometry, respectively. Data are representative of

tatistical significance was analyzed using Student’s t test (*p < 0.05, **p < 0.01,

side; TCR, T cell receptor; E7 epitope, HPV16 E749–57.
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strongly suppressed tumor growth (Figure 4E), showing the highest
numbers of infiltrated CD8+ T cells and antigen-specific CD8+

T cells (Figures 4F and 4G). We also isolated tumor tissue from
mice to analyze the same genes as in the previous analysis, and the re-
sults indicated that most of these genes were upregulated in the
OUCV-treated group (Figures 4H and S14B). These data suggest
that UCVs could promote robust CD8+ T cell priming through
cross-presentation both in vitro and in vivo, leading to tumor regres-
sion via the recruitment and activation of antigen-specific CD8+

T cells.

Synergistic efficacy of UCV and anti-PD-1 blockade

Immune checkpoint inhibitors (ICIs) have shown efficacy against
cervical cancer by targeting PD-1, PD-L1, and CTLA-4.34 However,
their use as monotherapy may result in T cell dysfunction and
impair clinical potency, prompting exploration into combination
therapies with other immunotherapies or chemotherapy.35,36 There-
fore, we tested whether EUCV could synergize with PD-1 ICIs. We
administered E, E+aPD-1 blockade, EUCV, and EUCV+aPD-1
blockade to mice with TC-1 tumors and monitored tumor growth.
Neither E alone nor the combination of E+aPD-1 blockade signifi-
cantly suppressed tumor growth. While EUCV showed strong tu-
mor-suppressive activity, it failed to eliminate residual tumor
growth. In contrast, combined treatment with EUCV and aPD-1
blockade completely inhibited tumor growth during the observation
period (Figure 5A). While the E– and E+aPD-1-treated mouse
groups experienced 100% mortality by day 26, the EUCV-treated
group exhibited 25% survival until day 60, with 12.5% of CR (Fig-
ure 5B). In the EUCV+aPD-1-treated group, final survival was sus-
tained at 50%, with 37.5% of CR (Figure 5C). These results suggest
that EUCV can enhance the limited efficacy of PD-1, at least in the
cervical cancer mouse model. To investigate the synergistic effect of
EUCV and aPD-1 blockade in more detail, we analyzed the expres-
sion of the genes related to CD8+ T cell functionality. The combina-
tion of EUCV and aPD-1 blockade induced the expression of
various genes involved in CD8+ T cell effector functions
(Figures 5D and S15A).37 Immunohistochemistry revealed signifi-
cantly increased T cell infiltration inside the tumor in the EUCV+
aPD-1 group, and the ratio of functional T cells was also signifi-
cantly higher than in the other groups (Figure 5E). Therefore, the
combination of EUCV and aPD-1 blockade could induce synergistic
antitumor efficacy by enhancing extended T cell function in the tu-
mor microenvironment (TME).
Figure 4. Induction of antigen-specific T cell response and tumor regression b

(A) C57BL/6 mice were subcutaneously inoculated with 1 � 105 TC-1 cells. On days 6

tumor volumes were measured 3 times a week using a caliper (n = 4 per group). (B–D

frequencies of (B) CD8+ T cells and (C) E7-specific CD8+ T cells were assessed using fl

including Perforin, Granzyme B, FasL, Granulysin, IFN-g, CXCL-9, CD69, and Tbx21, we

1 � 106 E.G7-OVA cells. On days 3 and 10, mice were subcutaneously injected with 5

using a caliper (n = 4–5 per group). (F–H) Tumors were excised on day 17, and TILs were

CD8+ T cells were assessed using flow cytometry. (H) The expression levels of inflamm

Data are representative of three independent experiments, and the results are present

(*p < 0.05, **p < 0.01, ***p < 0.001). S.C., subcutaneous; TIL, tumor-infiltrated lympho
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Toxicity analysis of UCV

TLR expression is observed in various tissues and cells, implying that
TLR ligand exposure to the entire system can cause toxicity.38 There-
fore, for the successful development of cancer vaccines in clinical set-
tings, a TLR ligand-conjugated cancer vaccine with in vivo safety and
efficacy is warranted. To determine whether UCV induces cytotox-
icity by binding to its target receptor, we examined TLR2/6 expression
levels in various cell lines in vitro. This evaluation involved the mouse
cancer cell lines E.G7-OVA (lymphoma) and TC-1 (lung cancer),
along with the following immune cell lines: EL4 (T cells), A20
(B cells), Raw 264.7 (macrophages), and DC2.4 (dendritic cells).
The results revealed elevated TLR2 expression in DC2.4, Raw 264.7,
and TC-1 cells as well as significantly increased TLR6 expression
exclusively in DC2.4 and Raw 264.7 cells (Figure S16A). Thereafter,
we assessed the in vitro cytotoxicity of EUCV in DC2.4, Raw 264.7,
and TC-1 cells, which exhibited significant TLR2/6 expression. While
doxorubicin exhibited concentration-dependent toxicity across all
three cell lines, EUCV did not display toxicity at any concentration
(Figure S16B). To evaluate the in vivo safety of UCV, we administered
EUCV at 25 mpk (25.2 nmol) and 100 mpk (100.6 nmol) to mice. We
used TLR2/6 agonist Pam2CSK4 (100.6 nmol), TLR3 agonist
poly(I:C) (2.5 nmol), U (100.6 nmol), and E (100.6 nmol) as controls.
EUCV did not affect body weight at either dose, while Pam2CSK4
induced weight loss and splenomegaly (Figures S17A and S17B).
Furthermore, on analyzing bloodstream cytokines to assess systemic
toxicity, significant inflammatory cytokine expression was observed
in the poly(I:C) and Pam2CSK4 groups, whereas EUCV did not
induce systemic toxicity at either dose (Figure S17C). These results
suggest that UCV is a potential novel cancer vaccine with a higher
safety profile in vitro and in vivo than other agonists.

DISCUSSION
Effective cancer vaccines rely on precise targeting of antigen delivery
and immunostimulants to elicit long-lasting anticancer immunity.
While several types of APCs are involved in antigen presentation,
achieving optimal efficacy necessitates the specific targeting of anti-
gens/immunostimulants to specialized APCs responsible for main-
taining the delicate balance between immunity and tolerance of
CD8+ T cells.16,21 In this study, we found that the cervical cancer an-
tigen, E7, conjugated with U, was mainly taken up by myeloid cells
and extensively internalized by resident CD8+ DCs and migratory
CD103+ DCs (Figure 1D). Because murine cDC1 subtypes, including
CD8+ DC and CD103+ DCs, are known to uptake exogenous antigens
y the UCVs in a subcutaneous cervical cancer and lymphoma model

and 13, mice were subcutaneously injected with 5 nmol of E, E+U, and EUCV, and

) Tumors were excised on day 20, and TILs were isolated from tumor tissues. The

ow cytometry. (D) The expression levels of genes related to CD8+ T cell activation,

re analyzed using qRT-PCR. (E) C57BL/6micewere subcutaneously inoculated with

nmol of O, O+U, and OUCV, and tumor volumes were measured 2–3 times a week

isolated from tumor tissue. The frequencies of (F) CD8+ T cells and (G) OVA-specific

atory cytokines and genes related to cell activation were analyzed using qRT-PCR.

ed as the mean ± SEM. Statistical significance was analyzed using Student’s t test
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and cross-present them to CD8+ T cells, we hypothesized that UCVs
may also facilitate the priming of antigen-specific CD8+ T cells.39

Furthermore, as CD103+ DCs and CD8+ DCs can share antigens
through synapses, targeting both cell types with UCVs is expected
to enhance the interaction of these cells with CD8+ T cells.40 Addi-
tional findings demonstrated that UCVs induced BMDCs to express
inflammatory cytokines (IL-12p70 or IL-6) and costimulatory mole-
cules (CD80 or CD86) while increasing the recruitment of DC subsets
in vivo. Because the recruitment and activation of DCs, alongside an-
tigen internalization, are required for CD8+ T cell priming, these re-
sults support the hypothesis that UCVs can act as a mediator facili-
tating cDC1-CD8+ T cell interactions.41 Intriguingly, murine CD8+

DCs, the specific target cells of UCV, share high conservation with
human CD141+ DCs, which play a pivotal role in cross-priming
CD8+ T cells in the human immune system.42 CD141+ DCs, a subtype
of human cDC1s, have clinical relevance to the induction of anti-
cancer immunity and prognosis of patients with cancer, exhibiting
substantial expression of TLR2 and 6.43–45 As revealed by the results,
EUCV exhibited greater internalization in CD141+ DCs than in
CD1c+ DCs, displaying consistency with the observed specific inter-
nalization of UCV in the mouse cDC1 subset (Figure S10). Moreover,
innate immune response analysis also indicated a stronger response
in CD141+ DCs, suggesting that internalization and immune
response induction by UCV is potentially applicable not only to
mouse systems but also to human systems. Consequently, the profile
of UCV target cells shown in the murine model suggests promise for
potential clinical applications.

To effectively target antigens to DCs, the antigens should be highly
accumulated in the dLNs. However, SLPs with antigenic properties
often disperse widely throughout the body, lowering the chance of
reaching dLNs. This raises biodistribution challenges and can result
in protease degradation and undesired immune tolerance.14,46 To
address these concerns, we explored the potential of U conjugation
to enhance the pharmacokinetic properties of the conjugated
SLPs.13 The covalent linkage of U to SLPs decelerates the systemic dis-
tribution of the conjugated antigens. Biodistribution analysis showed
that UCVs exhibited a propensity to accumulate in the nearby
inguinal dLNs, whereas the antigens alone dispersed to distant LNs
(Figure 1B). Importantly, the localized vaccine was taken up by
migratory CD103+ DCs and resident CD8+ DCs. This suggests that
the administered vaccine either directly reaches the dLNs and is ab-
sorbed by resident APCs or is taken up by migratory APCs at the in-
jection site and then delivered to the dLNs. Compared with a mixture
Figure 5. Synergistic effect of the combination of the UCV and anti-PD-1 block

(A and B) C57BL/6 mice were subcutaneously inoculated with 1 � 105 TC-1 cells. On d

opposite dorsal side. Anti-PD-1 blockade was intraperitoneally injected on days 6, 9, 12

week using a caliper (n = 8 per group), and (B) the percentage of mouse survival was det

treated with the indicated vaccine and/or anti-PD-1 blockade for 60 days (n = 8 per grou

Tumor tissue slides were stained with anti-CD8, anti-perforin, and anti-granzyme B antib

are representative of three independent experiments, and the results are presented as

survival days were analyzed using the Kaplan-Meier method with the log rank (Mantel-C

CXCL-9, chemokine (C-X-C motif) ligand 9.
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of SLPs and U, the conjugated vaccine displayed superior localization
in the inguinal dLNs and demonstrated enhanced antigen-presenta-
tion capabilities (Figure S9C). The similarity in CD80 expression, a
crucial costimulatory molecule, underscores the importance of direct
antigen delivery in facilitating cross-presentation. Notably, UCVs
outperformed other TLR agonist mixtures by robustly inducing the
production of IFN-g, along with enhanced priming of E7-specific
CD8+ T cells in vivo (Figures 3A–3D). Furthermore, our experiments
with BMDCs from TLR2 WT and KO mice highlighted the necessity
for coordinated target cell activation and antigen delivery to sustain
CD8+ T cell responses (Figure 3E).

As expected, the DC depletion experiment revealed that the antigen-
specific immune response of UCV was abolished, underscoring the
importance of activation and antigen delivery to target cells (Fig-
ure S12). However, because clodronate depletes not only DCs but
also macrophages, specific selection is challenging. While macro-
phages can process external antigens and exhibit cross-presentation,
their efficiency in these functions is generally less robust than that of
DCs.47 Therefore, even though macrophages may play a role in the
clodronate-mediated suppression of the immune response in UCV
treatments, DCs are still the primary target cells due to their superior
capacity for antigen presentation and activation of T cells. To induce
DC-specific deficiency, the CD11c-DTR transgenic mouse system
should be used; however, owing to the limitations of experimental
techniques, a broader range of deficiency using clodronate has been
adopted. Ultimately, UCV has the potential to effectively induce an-
tigen-specific CD8+ T cell responses by leveraging the TLR2/6 affinity
conferred by U, thus restricting systemic exposure of antigens, and
promoting lymphatic localization and efficient antigen delivery based
on its increased molecular size.

Our findings indicate that UCV exploited the TLR2/6 and clathrin-
dynamin-mediated endocytosis pathways for internalization. This
observation aligns with previous research, where the TLR2 ligand
Pam2IDG was also found to enter cells through clathrin-mediated
endocytosis, with TLR2 playing a central role.28 Moreover, cells
with a relatively high uptake of UCV also displayed elevated TLR2/
6 expression. Exogenous antigens can be absorbed by cells via pro-
cesses such as phagocytosis, pinocytosis, and receptor-mediated
endocytosis, with the latter significantly enhancing antigen uptake
and cross-presentation.48 Thus, the increased antigen uptake specif-
ically observed in DCs with high TLR2/6 expression, especially the
aforementioned CD8+, CD103+, and CD64+ DCs, suggests that this
ade

ays 6 and 13, mice were subcutaneously injected with 5 nmol of E and EUCV at the

, and 15 to check the synergistic effect. (A) Tumor volumes were measured 3 times a

ermined. (C) Individual tumor growth and survival profile of TC-1 tumor-bearing mice

p). (D) Gene expression was assessed via qRT-PCR using resected tumor tissue. (E)

odies to identify T cells, followed by immunohistochemistry. Scale bar, 50 mm. Data

the mean ± SEM. Statistical significance was analyzed using Student’s t test, and

ox) test (*p < 0.05, **p < 0.01, ***p < 0.001). PD-1, programmed cell death protein 1;
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is potentially advantageous in eliciting antigen-specific immune re-
sponses. In contrast, another study demonstrated that a Pam3Csk4-
conjugated lipopeptide engaged APCs via TLR2 activation, neverthe-
less, the internalization process occurred independently of TLR2 and
necessitated both clathrin- and caveolae-mediated endocytosis.49

Together, these investigations highlight the significant role of TLR2
in endocytosis and activation, with the specific mechanism depending
on the physicochemical properties of the ligand. MHC class I cross-
presentation, facilitated by TLR2 and clathrin-mediated antigen up-
take, encompasses multiple pathways. Typically, internalized antigens
are processed in a common route: they are transported to the cyto-
plasm, degraded by the proteasome, and presented via MHC class I
in the endoplasmic reticulum.50 Our study revealed that UCVs
partially rely on CS, contributing to the vacuolar pathway, an alterna-
tive, TAP-independent route. The reduction in antigen presentation
with CS indicates its partial role (Figure 2F). Clathrin-dynamin-medi-
ated endocytosis is closely tied to the endocytic recycling compart-
ment (ERC), a source of MHC class I for the vacuolar pathway.
Notably, the vesicles containing ERC-derived MHC class I are opti-
mized in the vacuolar pathway through Myd88-dependent TLR
signaling, eventually fusing with phagosomes carrying TLR ligands.51

The vacuolar pathway can counteract immune evasion strategies used
by oncogenic viruses or the TME, which hinder the TAP function
from evading immune surveillance.52–54 Consequently, the processes
of clathrin-dynamin-mediated uptake and TLR2/6-driven cellular
activation support the effectiveness of UCVs in efficiently inducing
antigen-specific cellular immune responses.

SLP antigens offer the advantages of enhancing the antitumor im-
mune response, including efficient processing and preventing immu-
nological tolerance, as demonstrated in clinical studies.55,56 In
contrast to synthetic short peptides, which may lead to suboptimal
presentation or immune tolerance on non-professional APCs, SLP
antigens have the potential to efficiently prime CD8+ T cells through
cross-presentation, especially compared with whole protein anti-
gens.57 While research into therapeutic cancer vaccines explores
various platforms, including nucleic acid vaccines, such as DNA
and RNA, these systems often present challenges related to immuno-
genicity, potential integration into the host genome, leading to gene
dysfunction or inactivation, and the complexity of conservation pro-
cesses.58,59 This work suggests that the covalent coupling of natural
immune stimulators, such as U-conjugated SLP antigens, can be a
means of overcoming these challenges and improving pharmacoki-
netic limitations.

Over 70% of patients with cervical cancer are infected with HPV,
particularly HPV-16 as the major subtype.60 Prophylactic vaccines
primarily target HPV viral capsid proteins L1 and L2, whereas ther-
apeutic vaccines target major oncoproteins E6 and E7. Among
them, E7 is considered a vaccine antigen due to its high carcinogenic-
ity prevalence, low somatic mutation frequency, and relatively high
human leukocyte antigen (HLA)-type coverage in patients.61–64 In
our study, we selected highly immunogenic candidates with predicted
CD8 epitopes within the E7 or E6 oncoproteins, as identified in pre-
vious research.65 Among the various SLPs derived from E7 and E6,
the data revealed that E743–62 SLP elicited a robust antigen-specific
immune response. Consequently, we developed UCV using E743–62
SLP as the antigen. Notably, both in vivo results using U and predic-
tion scores generated using the NetCTL server (http://www.cbs.dtu.
dk/services/NetCTL) consistently identified E743–62 as the most
promising SLP, indicating the alignment between experimental re-
sults and the prediction model.19 Notably, the E711–19 epitope, pre-
dominantly presented on HLA molecules, can be inhibited by the
E749–57 epitope.66 This suggests the need for a unique strategy
when combining different antigens, as multiple antigens potentially
inhibit subsequent immune responses. While accurate assessment
in this context may pose challenges, the results indicated an increase
in the E711–19-specific CD8+ T cell response due to U, warranting
further investigation.

In the clinical context of cervical cancer, PD-1 ICIs have shown prom-
ise in countering the immunosuppressive TME. Nevertheless, low
response rates in some patients are linked to insufficient T cell activa-
tion and limited tumor infiltration.67–69 This study explored combi-
nation therapy involving UCV and a PD-1 ICI in a mouse tumor
model. The results demonstrated effective tumor suppression and
improved survival rates, coupled with a notable increase in activated
CD8+ T cell infiltration, resulting in complete tumor suppression in
some cases (Figures 5A–5C).70,71 Blocking the PD-1 pathway alone
can face resistance in the absence of robust T cell priming, suggesting
that T cell priming is a crucial step to unlocking the potential of PD-1
ICIs.35 These findings highlight the synergistic potential of the conju-
gated vaccine and PD-1 ICIs, offering a combined therapeutic
approach to enhance response rates and overcome immune barriers
in cervical cancer treatment.

In conclusion, our study introduces a novel immunotherapy
approach employing a conjugated vaccine incorporating U, an endog-
enous immune-activating domain obtained from human CARS1. Our
results highlight the enhanced anticancer efficacy of this conjugated,
attributed to its advantageous biodistribution and specific antigen de-
livery to functional cells, compared with that of conventional peptide
vaccines. Notably, the conjugated vaccine exhibited a synergistic ef-
fect when used in combination with PD-1 ICIs, and no toxicity was
observed when administered at high doses. This research underscores
the potential of U-based conjugate vaccines as promising tools for
cancer immunotherapies with the capacity to enhance the effective-
ness of established treatments.

MATERIALS AND METHODS
Cell lines

THP-1 (ATCC, RRID: CVCL_0006), TC-1 (from Dr. C.Y. Kang/
Seoul National University, RRID: CVCL_4699), E.G7-OVA (ATCC,
RRID: CVCL_3505), DC2.4 (Millipore, RRID: CVCL_J409), A20
(ATCC, RRID: CVCL_1940), and B3Z (from Dr. S.B. Kim/
Sahmyook University, from RRID: CVCL_6277) cells were cultured
in RPMI-1640 medium (HyClone, no. SH30255.01) supplemented
with 10% heat-inactivated FBS (HyClone, no. SV30207.02) and 1%
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penicillin-streptomycin (HyClone, no. SV30010). EL4 (ATCC, RRID:
CVCL_0255) and Raw 264.7 (ATCC, RRID: CVCL_0493) were
cultured in DMEM (HyClone, no. SH30243.01) supplemented with
10% heat-inactivated FBS and 1% penicillin-streptomycin. THP-1,
DC2.4, A20, and B3Z cell culture medium were added with 50 mM
b-mercaptoethanol (Thermo Fisher Scientific, no. 21985-023). To
differentiate THP-1 cells, PMA (Sigma-Aldrich, no. P8139-1MG)
was diluted with 50 ng/mL into a culture medium and incubated
for 24 h. After a day, the differentiation medium was exchanged
with the culture medium and incubated for 24 h. All cell lines were
cultured for a limited number of passages (<10 passages) and main-
tained at 37�C and 5% CO2 in an incubator. The cell lines were tested
for Mycoplasma contamination by PCR method (Bionicsro).

Animal

TLR2–/– mice were kindly provided by Dr. Myung Hee Kim (Korea
Research Institute of Bioscience and Biotechnology, South Korea)
and Dr. Eun-Kyeong Jo (Chungnam National University, South Ko-
rea). Six-week-old female C57BL/6 mice were purchased from
DooYeolBiotech. All animals were maintained in the pathogen-free
authorized facility at Yonsei University, and all experiments were per-
formed under the approval of the Institutional Animal Care and Use
Committee (IACUC-202212-1578-01).

Peptide

All SLP peptide antigens were predicted from HPV16 E6 (P03126)
and E7 (P03129) sequences using the prediction systems of Immune
Epitope Database & Tools (https://www.iedb.org/) or by manual
screening. SLP peptide antigens and epitope peptides were purchased
fromGL Biochem (Shanghai, China) and reconstituted in 4mg/mL in
distilled water. The amino acid sequence information for all antigens
used is listed in Table S3.

Antibodies

For flow cytometry analysis, antibodies to CD11c (clone N418, RRID:
AB_313778), CD3 (clone 17A2, RRID: AB_312661), CD8 (clone 53–
6.7, RRID: AB_312750), CD45 (clone 30-F11, RRID: AB_312971),
CD80 (clone 16-10A1, RRID: AB_313126), CD86 (clone GL-1,
RRID: AB_313148), CD40 (clone 3/23, RRID: AB_1134090),
CD45R/B220 (clone RA3-6B2, RRID: AB_893355), CD11b
(clone M1/70, RRID: AB_2129374), CD19 (clone 6D5, RRID:
AB_313643), F4/80 (clone BM8, RRID: AB_893493), CD103 (clone
2E7, RRID: AB_535948), CD172 (clone P84, RRID: AB_2563549),
CD64 (clone X54.5/7.1, RRID: AB_10613497), XCR1 (clone ZET,
RRID: AB_2564363), HLA-DR (clone L243, RRID: AB_893574),
CD11c (clone Bu15, RRID: AB_1236439), CD1c (clone L161,
RRID: AB_10644008), CD141 (clone M80, RRID: AB_10899578),
CD123 (clone 6H6, RRID: AB_493576), CD80 (clone 2D10, RRID:
AB_314501), CD83 (clone HB15e, RRID: AB_314514), CD86 (clone
BU63, RRID: AB_2721573), Perforin (clone S16009A, RRID:
AB_2721638), Granzyme B (clone QA16A02, RRID: AB_2687031),
IFN-g (clone XMG1.2, RRID: AB_315402), TNF-a (clone MP6-
XT22, RRID: AB_315426), FasL (clone MFL3, RRID: AB_313278),
and OVA257–264 (SIINFEKL) peptide bound to H-2Kb monoclonal
3610 Molecular Therapy Vol. 32 No 10 October 2024
antibody (clone 25-D1.16, RRID: AB_10895905) were purchased
from BioLegend, and CD69 (clone H1.2F3, RRID: AB_396675) was
purchased from BD, and CD207 (Langerin, clone eBioL31, RRID:
AB_763452), CD282 (TLR2, clone 6C2, RRID: AB_465440), IgG2b
kappa isotype control (clone eB149/10H5, RRID: AB_470004), and
IgG2a kappa isotype control (clone eBR2a, RRID: AB_493963)
were purchased from Thermo Fisher, and CD286 (TLR6, clone
148601, RRID: AB_2256201) was purchased from R&D Systems.
For immunohistochemistry staining, antibodies to Granzyme B (no.
ab53097, RRID: AB_2114427) and Perforin (no. ab16074, RRID:
AB_302236) were purchased from Abcam, and CD8 (no. 14-0081-
82, RRID: AB_467087) was purchased from Thermo Fisher. For west-
ern blot detection, rabbit polyclonal anti-His (Santa Cruz, clone H-3,
no. sc-8036, RRID: AB_627727) and goat anti-mouse IgG (H+L),
HRP (Thermo Fisher Scientific, no. 31430, RRID: AB_228307) were
purchased.

BMDC differentiation

Bone marrow was harvested from femurs and tibias of C57BL/6 mice.
Red blood cells were lysed with Pharm Lyse lysing solution (BD, no.
555899), and the remaining cells were washed using DPBS
(HyClone, no. SH30378.02), followed by centrifugation to the collec-
tion. Bone marrow cells were resuspended at a concentration of
1 � 106 cells/mL in RPMI-1640 medium supplemented with 10%
FBS, 1% streptomycin-penicillin, and 20 ng/mL GM-CSF (R&D Sys-
tems, no. 415-ML-005). On day 3, add an additional medium of the
same supplemented as described above. BMDCs were harvested on
day 6 and seeded at 3� 105 cells/mL in 24-well plates for stimulation.

DNA construct

HPV16 E743–62 SLP (GQAEPDRAHYNIVTFCCKCD) and
OVA247–264EAAAAK SLP (DEVSGLEQLESIINFEKLAAAAK) se-
quences were synthesized (GENEWIZ) and cloned into a pET28a
expression vector (Bionicsro). The U sequence was inserted at the
back of the SLP sequence, and the space was filled by a rigid
(EAAAK3) or flexible (GSSSS3) peptide linker sequence.20 The
amino acid and DNA sequences of DNA construct are listed in
Tables S1 and S2.

Conjugated vaccine expression and purification

All constructs were transformed with E. coli BL21-CodonPlus (DE3)-
RIPL competent cells (Agilent, no. 230280), and a single colony was
overnight inoculated into 3 mL LB medium with 50 mg/mL kana-
mycin at 37�C. After incubation, 1 mL inoculated LB medium was
transferred to fresh 1 L LB medium, and 0.5 mM of IPTG to induce
protein expression when fresh LB medium OD600nm reached 0.4–0.5.
After inducing at 4�C for 16 h, the cells were harvested and resus-
pended in lysis buffer (50 mM Tris [pH 7.5], 300 mM NaCl, 5% glyc-
erol). Suspended cells were sonicated in ice and centrifuged at
5,000 � g for 30 min at 4�C. The soluble fraction passed through a
0.45-mm filter was bound twice to the Ni-NTA resin (Thermo Fisher
Scientific, no. 88221). After fraction loading, the column was washed
with washing buffer (50 mM Tris [pH 7.5], 300 mM NaCl, 5% glyc-
erol, and 15 imidazole) and eluted with elution buffer (50 mM Tris
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[pH 7.5], 300 mMNaCl, 5% glycerol, and 300 mM imidazole). Eluted
proteins were dialyzed using dialysis tubing (Thermo Fisher Scienti-
fic, no. 68100) with dialysis buffer (300 mM NaCl and 15% glycerol
containing PBS) for 16 h at 4�C. For endotoxin removal, proteins
were mixed with endotoxin buffer containing 2% Triton X-114
(Sigma-Aldrich, no. X114-500ML) based on dialysis buffer. As a
result of confirmation using the LAL assay kit (Thermo Fisher Scien-
tific, no. 88282) to measure the remaining LPS, it was found that
about 0.04 EU/mg remained.

CD spectroscopy

CD spectroscopy was used to demonstrate the thermal stability of
conjugated vaccines, and far-UVCD spectra were recorded on a Chir-
ascan spectrometer (Applied Photophysics) using a cell with a path
length of 1 mm. To compare the structural conformation of the native
or boiled form of conjugated vaccines, indicated samples were
analyzed to far-UV CD measurements at 20�C. CD spectra were ob-
tained over the wavelength range of 190–260 nm with 1.0 nm band-
width and modified as molar ellipticity, [q] (degree cm2 dmol–1).

Western blot

Isolated protein concentration was calculated using a BCA protein
assay kit (Thermo Fisher Scientific, no. 23225) and boiled in 1�
reducing sample buffer for 10 min at 95�C. Reduced protein samples
(1 mg) were run on an SDS-PAGE gel and blotted on an Immobilon-P
PVDF membrane (Merck, no. IPVH00010) using the Trans-blot
semi-dry transfer cell (Bio-Rad). After blocking with 5% skim milk
(Difco, no. 232100) for 1 h at room temperature, membranes
were incubated overnight at 4�C with His-probe (1:1,000) followed
by detection with a goat anti-mouse secondary antibody, HRP
(1:10,000). The target band was visualized using the Absignal detec-
tion reagent (Abclon, no. ABC-3001).

SLP screening

Seven-week-old C57BL/6 mice were immunized subcutaneously in
the right back twice at 1-week intervals using SLPs (HPV16 E623–42,
E643–62, E6123–143, E75–25, E743–62, and E776–95; 20 mg per SLP) with
U (100 mg). After 7 days at final immunization, cells were isolated
from the spleen and seeded in the ELISpot well in triplicates
(5 � 105 cells per well) with 10 mg/mL of re-stimulatory 8–9 mer
epitope peptides (HPV16 E629–37, E649–57, E6129–138, E711–19,
E749–57, and E782–90), respectively. Antigen-specific immune re-
sponses were detected by AID EliSpot Reader (AID, no. ELR08).

In vitro myeloid cell stimulation

Differentiated THP-1, BMDC (3 � 105 cells per well) were seeded,
and after 24 h starved with serum-free-medium for 1 h. Each sample
was treated and reacted for 4 or 16 h. To measure the inflammatory
cytokine level, the culture medium was harvested, centrifuged at
500 � g for 10 min at 4�C, and the supernatant was separated. The
expression of inflammatory cytokines was measured using hTNF-a
(BD, no. 555212), IL-12p70 (BD, no. 555256), IL-12p40 (BD, no.
555165), and IL-6 (BD, no. 555240) ELISA kits according to the man-
ufacturer’s instructions. To investigate the expression of costimula-
tory molecules on the cell surface, cells were harvested using dissoci-
ation buffer (5 mM EDTA in DPBS), washed, and stained with
1 mg/mL antibody, followed by flow cytometry analysis. Antibodies:
anti-CD11c (BioLegend, no. 117309), anti-CD40 (BioLegend, no.
117309), anti-CD80 (BioLegend, no. 117309), and anti-CD86
(BioLegend, no. 117309).

HEK-Blue SEAP assay

HEK-Blue hTLR2/6 (Invivogen, no. hkb-htlr26), hTLR2/1 (Invivo-
gen, no. hkb-htlr21), and hTLR4 (Invivogen, no. hkb-htlr4) cells
were cultured in DMEM (HyClone, no. SH30243.01) supplemented
with 10% heat-inactivated FBS, 1% penicillin-streptomycin, and
100 mg/mL normocin (Invivogen, no. ant-nr-1), with added HEK-
Blue Selection (Invivogen, no. hb-sel) added in medium after the cells
were passaged twice. For the SEAP assay, HEK-Blue cells were har-
vested and resuspended to 2.8 � 105 cells/mL in a culture medium.
Different concentrations of U, conjugated vaccine, Pam2CSK4
(Invivogen, no. tlrl-pm2s-1), Pam3CSK4 (Invivogen, no. tlrl-pms),
and LPS (Invivogen, no. tlrl-3pelps) were added in 96-well
plates at 20 mL, and 80 mL of the cell suspension was seeded
(5 � 104 cells/well). The plates were then incubated for 24 h at
37�C, and 5% CO2 and the supernatant was collected. After removing
the remaining cells by centrifugation, 20 mL of supernatant was trans-
ferred into a 96-well plate with 180 mLQUNATI-Blue solution (Inviv-
ogen, no. rep-pbs). All plates were incubated at 37�C, 5% CO2 for 3–4
h, and absorbance was measured at 620 nm with a microplate reader
(TECAN, no. 30087502).

Immunofluorescence

5-FAM-E743-62 peptide was synthesized from Anygen and recombi-
nant proteins EUCV were labeled with NHS-5/6-FAM (Thermo
Fisher Scientific, no. 46410) according to the manufacturer’s instruc-
tions. After protein labeling, the concentration of protein was calcu-
lated using A493. BMDC cells (3� 105) were seeded on the coverslip
and placed in the 24-well plate. After 24 h, the cells were starved with
serum-free medium for 1 h and treated with 100 nM FAM-E-, FAM-
E+U-, and FAM-labeled EUCV for 6 or 24 h. After the sample treat-
ment, the medium was removed from the well, replaced with a me-
dium containing 100 nM Lysotracker (Thermo Fisher Scientific, no.
L7528), and cultured for 1 h. Cells were washed twice with cold
PBS and fixed with 4% paraformaldehyde (Biosesang, no. PC2031)
for 10 min. After washing twice with cold PBS, coverslips were incu-
bated with CAS-Block buffer (Thermo Fisher Scientific, no. 008120)
for 10min, followed by washing 2 times with cold PBS and incubation
with Hoechst 33342 (1:500) for 10 min in the dark. After washing
twice with PBS, coverslips were mounted on a slide glass and dried
for 2 h in a dark place. The slides were observed using a confocal mi-
croscope (Nikon, A1Rsi).

In vitro antigen uptake and presentation

To investigate time-dependent uptake of antigens, isolated BMDC
cells (3 � 105) were seeded in the 24-well plate and incubated with
FAM-E-, FAM-E+U-, or FAM-labeled EUCV at 37�C, 5% CO2 for
6 or 24 h. BMDCs were harvested and stained with 1 mg/mL of
Molecular Therapy Vol. 32 No 10 October 2024 3611

http://www.moleculartherapy.org


Molecular Therapy
APC anti-CD11c antibody for 30 min at 4�C, followed by antigen up-
take was analyzed by flow cytometry. To examine TLR2-specific an-
tigen uptake and presentation, BMDCs were isolated from TLR2WT

and TLR2–/– mice as described above. BMDC cells (3 � 105) were
seeded in the 24-well plate. BMDCs were incubated with 100 nM
FAM-O-, FAM-O+U-, and FAM-labeled OUCV at 37�C, 5% CO2

for 24 h. BMDCs were harvested and stained with 1 mg/mL of APC
anti-CD11c antibody for 30 min at 4�C, followed by antigen uptake
was analyzed by flow cytometry. For antigen presentation, BMDC
cells (3 � 105) were seeded in the 24-well plate and incubated with
100 nM O, O+U, and OUCV at 37�C, 5% CO2 for 24 h. BMDCs
were harvested and stained with 1 mg/mL of APC anti-CD11c and
PE anti-mouse H-2Kb bound to SIINFEKL antibody for 30 min at
4�C, followed by antigen presentation, and analyzed by flow cytome-
try. To investigate the mechanism of uptake and presentation, the
BMDCs were pretreated with 20 or 40 mM CM (Sigma-Aldrich, no.
C8138), 20 or 40 mM dynasore (Sigma, no. 324410), 1 or 2 mM
cathepsin S inhibitor (MCE, no. LY 3000328), 1 or 2 mM methyl-
b-cyclodextrin (Sigma-Aldrich, no. C4555), or 1 or 2 mM amiloride
(Merck, no. A7410) 1 mg/mL for 30 min. After pretreatment, labeled
or native samples were treated in the wells, followed by antigen uptake
or presentation analyzed by flow cytometry as described above.

TLR2 and TLR6 expression test

For the in vitro confirmation of TLR2/6 expression, we used mouse
cancer cell lines E.G7-OVA (lymphoma) and TC-1 (lung cancers),
along with immune cell lines EL4 (T cells), A20 (B cells), Raw
264.7 (macrophages), and DC2.4 (dendritic cells). The cells were
stained with anti-TLR2 antibody, anti-TLR6 antibody, IgG2b kappa
isotype control (TLR2 isotype control), and IgG2a kappa isotype con-
trol (TLR6 isotype control) and analyzed by flow cytometry. The
expression level was normalized using the respective isotype controls
for each TLR antibody. For the analysis of TLR 2/6 expression in im-
mune cells in vivo, cells were isolated from LNs of naive mice. The
various DC subtypes were categorized into two groups as follows:
group 1 consists of T cells (CD45+ and CD3+), B cells (CD3– and
CD19+), macrophages (CD11b+ and F4/80+), and DCs (CD11b–

and CD11c+). Group 2 includes CD8+ DCs (CD11c+, XCR1+, and
CD8+), CD103+ DCs (CD11c+, XCR1+, and CD103+), CD172+ DCs
(CD11c+ and CD172+), B220+ DCs (CD11c+ and B220+), Langerin+

cells (CD11c+ and Langerin+), and CD64+ DCs (CD11c+ and
CD64+). The expression was measured by flow cytometry after stain-
ing the cells with anti-TLR2 antibody, anti-TLR6 antibody, IgG2b
kappa isotype control (TLR2 isotype control), and IgG2a kappa iso-
type control (TLR6 isotype control). The expression level was
normalized using the appropriate isotype controls for each TLR
antibody.

Human DC isolation and stimulation

Pan-DCs were isolated from human PBMCs (Lonza, no. CC-2703)
using the Pan-DC Enrichment Kit (Miltenyi Biotec, no. 130-100-
777), according to the Miltenyi Biotec protocol. By using the kit,
non-DCs were retained within a magnetic field in the LS column,
and the flowthrough containing pan-DCs was collected. Subse-
3612 Molecular Therapy Vol. 32 No 10 October 2024
quently, the LS column was removed from the separator and non-
DCs were collected using a plunger. The separated pan-DCs and
mon-DCs were resuspended in RPMI-1640 medium supplemented
with 50 mM b-mercaptoethanol, 1� non-essential amino acids (Hy-
Clone, no. SH30853.01), 1 mM sodium pyruvate (Thermo Fisher Sci-
entific, no. 11360070), and 10% human normal serum (Merck, no. S1-
100ML). Cells (1 � 105) were seeded in a 24-well plate and treated
with LPS, E, U, E+U, and EUCV. After incubation at 37�C with 5%
CO2 for 24 h, the supernatant was collected for TNF-a quantification
using an ELISA kit (BD). Then, cells were collected and subtyped us-
ing anti-HLA-DR, anti-CD11c, anti-CD1c, anti-CD141, and anti-
CD123 antibodies, and the expression levels of costimulatory
molecules were analyzed using anti-CD80, anti-CD83, and anti-
CD86 antibodies through flow cytometry.

Flow cytometry

Flow cytometry analysis was performed using primary cells or cell line
suspensions. Cells were first washed with PBS and incubated with
blocking buffer (1% BSA in PBS) at 4�C for 20 min. After incubation
in the blocking buffer, cells were stained for surface markers with an-
tibodies diluted in the blocking buffer at 4�C for 30 min. After
washing in the blocking buffer, cells were resuspended with the block-
ing buffer for detection. Antibodies used: anti-CD40, anti-CD80,
anti-CD86, anti-CD11c, anti-CD3, anti-CD8, anti-CD45, anti-B220,
anti-CD69, and anti-mouse H-2Kb bound to SIINFEKL, all from
BioLegend. For intracellular staining, cells were fixed and permeabi-
lized using Cytofix/Cytoperm solution (BD, no. 554722) at 4�C for
20 min. After washing in Perm/Wash buffer (BD, no. 554723), cells
were stained with intracellular antibodies diluted in Perm/Wash
buffer at 4�C for 30 min. After washing in Perm/Wash buffer, cells
were resuspended with blocking buffer for detection. Antibodies
used: anti-IFN-g and anti-TNF-a from BioLegend. Cells were ac-
quired on an Accuri C6 plus flow cytometer (BD, no. 663931) and
analyzed using FlowJo v.7 (FlowJo LLC).

Pharmacokinetics

Seven-week-old mice were intravenously or subcutaneously injected
with 5 nmol labeled SLP or protein. At the indicated time point, blood
was collected using ophthalmic bleeding into heparin-coated micro
hematocrit capillary tubes (Fisherbrand, no. 22-362574). After being
transferred blood into a microtube, plasma was isolated from blood
by centrifugation at 4�C for 10 min at 1,000� g to eliminate the cells,
and then centrifugation at 4�C for 15 min 2,000 � g for removed
platelets. The plasma was diluted 1:20 into PBS and measured on In-
finite 200 PRO (TECAN) against a standard curve of analytes diluted
into PBS (Ex/Em: 494/518 nm). All plasma was normalized to the
maximum fluorescence detected in the individual injection
sample and plotted as percent injection dose (% ID) versus time.
The half-life was calculated by fitting the intravenous plasma
curve using C = C0 � e--kt . The subcutaneous curve was fit to
C = ½F � ka � C0 = VDðka--kÞ� � ðe--k�t--e--ka�t), where C is the
plasma concentration of indicated times, C0 is the initial serum con-
centration, k is the elimination rate constant, F is the systemic absor-
bance, ka is the absorption rate constant, VD is the volume of
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distribution.72 The curve graphs were represented using nonlinear
regression on GraphPad Prism.

Biodistribution

Seven-week-old C57BL/6 mice were subcutaneously injected with
5 nmol FAM-E-, FAM-E+U-, or FAM-labeled EUCV, respectively.
After 0.5, 2, 6, or 24 h, organs were collected and washed with PBS
to remove any remaining blood. For biodistribution analysis, images
were obtained using an In Vivo Imaging System (IVIS) Lumina II im-
aging systems (PerkinElmer; excitation 494 nm, emission 518 nm)
and analyzed by Living Image software.

In vivo antigen uptake, presentation, and activation of DCs

To assess the effects of antigen uptake and cell activation in vivo,
7-week-old C57BL/6 mice were injected subcutaneously with
5 nmol FAM-E-, FAM-E+U-, or FAM-labeled EUCV, respectively.
After 2 or 24 h, cells were harvested from the inguinal draining LN,
and the remaining red blood cells lysed using Pharm Lyse lysing
solution. For analysis of each immune cell, cells were stained
with 1 mg/mL of anti-B220, anti-CD3, anti-F4/80, and anti-
CD11c antibodies, and classified to identify T cells (CD45+ and
CD3+), B cells (CD3– and CD19+), macrophages (CD11b+ and
F4/80+), and DCs (CD11b– and CD11c+). For DC subtype analysis,
cells were stained with 1 mg/mL of anti-CD11c, anti-B220, and
anti-CD8 antibodies, and classified to identify CD8+ DCs
(CD11c+, XCR1+, and CD8+), CD103+ DCs (CD11c+, XCR1+,
and CD103+), CD172+ DCs (CD11c+ and CD172+), B220+ DCs
(CD11c+ and B220+), Langerin+ cells (CD11c+ and Langerin+),
and CD64+ DCs (CD11c+ and CD64+). FITC signals were detected
for antigen uptake and anti-CD80 antibody was used to measure
activation level. For antigen presentation, mice were injected sub-
cutaneously with O, O+U, and OUCV, respectively. Cells were pre-
pared as described above, and the anti-mouse H-2Kb bound to
SIINFEKL antibody used to analyze antigen presentation through
flow cytometry.

In vitro cross-presentation

BMDCs (from TLR2WT or TLR2–/–) were seeded in 96-well plates at
1 � 105 cells/well and pulsed with 100 nM of O, O+U, and OUCV
for 16 h. After washing with PBS, B3Z cells were added to the well at
2 � 105 cells/well. After co-culture, cells were centrifuged at room
temperature at 500 � g for 2 min, followed by washing with PBS.
Cells were incubated with 100 mL of CPRG (Merck, no.
10884308001) lysis solution (0.5% NP-40 and 91 mg/mL CPRG
powder containing PBS) at 37�C for 4 h and the absorbance at
570 with 650 nm measured as the reference, to estimate the activa-
tion of B3Z cells. For T cell activation marker and cytokine analysis,
co-cultured cells were harvested, and cells or supernatant were sepa-
rated by centrifugation. The cells were stained with 1 mg/mL
anti-CD45, anti-CD3, anti-CD8, anti-CD69, anti-Perforin, anti-
Granzyme B, anti-IFN-g, and anti-FasL antibodies, followed by
flow cytometry analysis. Cytokine levels were measured using the
IL-2 (BD, no. 555148) ELISA kit using the supernatant according
to the manufacturer’s instructions.
In vivo CD8+ T cell priming

Seven-week-old C57BL/6 mice were subcutaneously injected in the
right flank twice at 1-week intervals with 5 nmol of Flagellin (Inviv-
ogen, no. vac-fla), MPLA (Invivogen, no. vac-mpls), poly(I:C) (Inviv-
ogen, no. vac-pic), U plus E, E alone, or EUCV. After 7 days at final
injection, splenocytes and inguinal draining LN cells were harvested,
and the red blood cells lysed using Pharm Lyse lysing solution. For
ELISpot, cells (5� 105 cells per well) were seeded in an ELISpot plate
and proceeded to mouse IFN-g ELISpot assay (Mabtech, no. 3321-
4APT) according to the manufacturer’s instructions. To analyze anti-
gen-specific CD8+ T cell frequency, cells were stained with 1 mg/mL of
anti-CD45, anti-CD3, anti-CD8, and H-2Db HPV16 E749–57 tetramer
(MBL, no. TB-5008-1), followed by flow cytometry analysis.

Depletion assay

C57/BL6 mice were administered 200 mL each of control liposomes
(Formumax, no. F70101-A) and clodronate liposomes (Formumax,
no. F70101C-A) via intraperitoneal injection once per week for
2 weeks. One day after liposome injection, E and EUCV were
each administered at 5 nmol. Seven days after the last injection,
cells were harvested from the inguinal draining LNs, and rbc lysis
was performed. To analyze depletion, the cells were stained with
anti-CD3, anti-CD11b, and anti-CD11c antibodies for 30 min at
4�C, then measured by flow cytometry. Antigen-specific immune
responses were assessed by seeding an equal number of cells iso-
lated from the inguinal draining LNs of mice treated with each
liposome, re-stimulated with E7 (49–57 aa), and evaluated via
ELISpot. Antigen-specific CD8+ T cells were measured using the
E749–57 tetramer.

Tumor implantation and immunization

TC-1 tumor cells expressing HPV16-E6 and E7 proteins and E.G7-
OVA cells expressing chicken OVA were used to generate of mouse
tumor model. For the therapeutic cancer vaccine model, 7-week-old
C57BL/6 mice were subcutaneously injected on the right flank with
TC-1 cells (1 � 105 cells per mouse) in 100 mL DPBS. On day 6
when tumors measured 100 mm3 in diameter, treatment with
5 nmol of E, E+U, and EUCV was initiated as indicated in the
schedule. On day 20 mice were sacrificed, and tumor tissues were
collected for TILs analysis. For the anti-PD-1 antibody combination
model, 5 nmol of E and EUCV was injected subcutaneously, and
200 mg of anti-PD-1 antibody (BioXcell, clone 29F.1A12, no.
BE0273) was injected intraperitoneally as indicated in the schedule.
On day 20 mice were sacrificed, and tumor tissues were collected
for qRT-PCR and immunohistochemistry analysis. Survival was re-
corded by observing the mice up to 60 days and mice were euthanized
when tumor volume reached 1,500 mm3. For the E.G7-OVA tumor
model, 7-week-old C57BL/6 mice were subcutaneously injected on
the right flank with E.G7-OVA cells (1 � 106 cells per mouse) in
100 mL DPBS. On day 3 when the tumor measured 100 mm3 in diam-
eter, treatment with 5 nmol of O, O+U, and OUCV was initiated as
indicated in the schedule. On day 17 mice were sacrificed, and tumor
tissue was collected for TIL analysis. In all experiments, tumors were
measured 3 times a week using a caliper and calculated using the
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formula V ðvolume : mm3Þ = L ðlengthÞ�W2ðwidthÞ� 0:52,5 and
mice were euthanize when tumor volume reached 1,500 mm3.

Tumor and organ dissociation and analysis

TC-1 and E.G7-OVA tumors were collected after euthanasia and
transferred to a dissociation buffer consisting of collagenase type IV
(Roche, no. 17104019) and DNase I (Roche, no. 89836) in RPMI-
1640 complete medium. The tumors were cut into small pieces (2–
3 mm) using scissors and incubated for 1 h at 37�C. After incubation,
dissociated tumors were passed through a 70-mm cell strainer (Milte-
nyi Biotec, no. 130-110-916) to obtain single-cell suspensions and
centrifuged at 450 � g for 5 min at 4�C. The cells were resuspended
in 45% Percoll solution (Cytiva, no. 17089101) layered on top of 70%
Percoll solution and centrifuged at 400 � g for 45 min at 20�C (with
accel = 0 and brake = 0). After suctioning out the lipid layer in the top
parts of the supernatant, cells were collected in the middle parts of the
supernatant using a dropping pipette. Red blood cells were removed
using Pharm Lyse lysing solution and washed with 10 mL of PBS. To
analyze TILs, cells were resuspended in a staining buffer (2% BSA in
PBS) and stained with 1 mg/mL of anti-CD3, anti-CD8, anti-CD45,
and H-2Db HPV16 E749–57 tetramer for 30 min at 4�C, followed by
flow cytometry analysis. For intracellular staining, TILs were re-stim-
ulated with 2 mg/mL of E749–57 peptide for 16 h in the presence of
GolgiPlug (1:1,000, BD, nos. 555029) and fixed using Cytofix/
Cytoperm solution (BD) according to the manufacturer’s instruc-
tions. Cells were stained with 1 mg/mL of anti-CD3, anti-CD8, anti-
IFN-g, and anti-TNF-a for 30 min at 4�C followed by flow cytometry
analysis. Spleen and inguinal draining LNs were collected immedi-
ately after euthanasia and transferred to RPMI-1640 complete me-
dium. Each organ was processed through a 70-mm cell strainer, and
red blood cells were removed using Pharm Lyse lysing solution. All
cells were washed 2 times with 10 mL of PBS.

qRT-PCR

Total RNA was extracted from tumor tissue using RNAmini
(QIAGEN, no. 74004), quantified by measuring the absorbance at
260 nm using NanoDrop (Thermo Fisher, no. ND-2000), and reverse
transcribed into cDNAs using the Maxima First Strand cDNA Syn-
thesis Kit (Thermo Fisher, no. K1642) according to the manufac-
turer’s instructions. Gene expression was analyzed by qRT-PCR
with the Thermal Cycler Dice Real-Time System III (Takara). PCR
amplification reactions were performed in a final reaction volume
of 25 mL with TB Green premix Ex Taq (Takara, no. RR420), forward
and reverse primer (10 mM, Bionicsro), Template cDNA (<10 ng),
and sterile purified water. Primer sequences used are listed in
Table S4 and GAPDH was used as a reference gene for normalizing
gene expression. All reactions were performed in triplicate and rela-
tive expression was calculated by the 2–DDCt method. Gene expression
levels were validated in threshold cycle (Ct) using Thermal Cycler
Dice Real-Time System Software and compared using the t test.

Immunohistochemistry

Tumor tissues were harvested, fixed with 4% paraformaldehyde for a
day, and embedded in paraffin for generation paraffin block. Five-mi-
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cromillimeter-thick sections were cut from paraffin-embedded tu-
mors using a section tool and collected on glass slides. For staining,
section slides were incubated for 10 min at 60�C oven and deparaffi-
nized using a processor. For antigen retrieval, slides were boiled with
citrate buffer for 10 min and blocked with blocking buffer (goat
serum) for 10 min at room temperature. After blocking, slides were
stained with primary antibodies diluted in blocking buffer overnight
at 4�C in a humidified chamber. On the following day, slides were
washed with wash buffer (0.05% Tween 20 containing PBS) and
stained with secondary antibodies for 1 h at room temperature. After
incubation, slides were washed with wash buffer and developed with
chromogen solution. Next, slides were washed with deionized water
for 5 min and stained with hematoxylin solution for 5 min at room
temperature for counterstaining. For rehydration, slides were incu-
bated in the processor and covered with coverslips (Marienfeld, no.
010115) using mounting medium (Biomeda, no. M01), followed by
drying in a fume hood. All slides were recorded using a slide scanner
with CaseViewer software (3DHISTECH) and H-score analysis was
performed using ImageJ software (FIJI). All of these analyses were
performed in three random fields per slide at 400� magnification.

ELISpot

Pre-coated ELISpot plates (Mabtech, no. 3321-4AST-10) were
washed 3 times with PBS and blocked using 100 mL of RPMI medium
supplemented with 10% FBS, 1% streptomycin, and penicillin for 1 h.
After blocking, splenocytes and inguinal draining LN cells from
C57BL/6 mice were seeded in the ELISpot plate with duplicates
(5 � 105 cells per well) and incubated for 24 h at 37�C and 5%
CO2 with the following stimuli: 2 mg/mL of HPV16 E6 (29–37, 49–
57, 129–138), HPV16 E7 (11–19, 49–57, 81–90), and OVA (257–
264). After 24 h, plates were washed 4 times with PBS, and anti-mouse
IFN-g (Mabtech) was added at 100 mL/well (1:1,000 in 0.5% FBS con-
taining PBS) for 2 h at room temperature. Next, the plates were
washed 4 times with PBS, and SA-ALP (Mabtech) was added at
100 mL/well (1:1,000 in 0.5% FBS containing PBS) for 2 h at room
temperature. After incubation, the plates were washed 4 times with
PBS, and developed by adding 100 mL/well BCIP solution (Mabtech).
The ELIspot plates were read using an AID EliSpot Reader and
analyzed with the AID EliSpot software 7.0.

In vitro and in vivo toxicity

The in vitro cytotoxicity test was assessed using Cell Counting Kit
(CCK)-8 assays (Dojindo, no. CK04). DC2.4, Raw 264.7, and TC-1
cells were seeded onto 96-well plates for 24 h before treating them
with different concentrations of EUCV and doxorubicin. A 10%
CCK-8 solution was added to each well 18 h after treatment, and
the plates were incubated at 37�C in a 5% CO2 atmosphere for
30min to 4 h. The absorbance at 450 nmwas detected using an instru-
ment. Relative cell viability was calculated as a percentage of un-
treated control cells. To assess in vivo toxicity, E7 (100.6 nmol) and
EUCV at 25 mpk (25.2 nmol) and 100 mpk (100.6 nmol) were sub-
cutaneously injected into the backs of C57BL/6 mice. As controls,
we used poly(I:C) (2.5 nmol) and Pam2CSK4 (100.6 nmol). Mouse
body weight was measured immediately after administration and at
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24 h intervals, and at 48 h the mice were euthanized tomeasure spleen
size to evaluate splenomegaly. After vaccine administration, blood
was drawn at 2, 8, and 24 h, and cytokines IL-6 (BD, no. 555240)
and IL-12p40 (BD, no. 555165) in serum were quantified using
ELISA.

Statistical analysis

All statistical analysis was performed using GraphPad Prism software
v.7.0, and data were presented as mean ± SD or SEM. Significance
values for each result were calculated using a Student’s t test and
two-way ANOVA (Tukey multiple comparison tests), and p < 0.05
was considered as statistically significant. For the survival curve, sta-
tistical significance analysis was performed using Kaplan-Meier with
the log rank (Mantel-Cox) test.
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