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ABSTRACT: Cancer vaccines have gained considerable attention
for tumor prevention and therapy; however, their clinical efficacy
remains limited by insufficient activation of antigen-specific
cytotoxic T lymphocytes (CTLs). This limitation is primarily
due to the inability of conventional vaccine components to
effectively promote dendritic-cell-mediated cross-presentation and
activation. While adjuvants are often used to enhance this
interaction, many conventional adjuvants suffer from poor
biocompatibility and systemic toxicity, limiting their clinical utility.
Here, we report a vaccine strategy that leverages the bioorthogonal
click chemistry reagent dibenzocyclooctyne (DBCO) as an
adjuvant-like immune enhancer to promote cross-presentation
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and a CTL response. DBCO modification to antigen significantly increased antigen uptake by dendritic cells in vitro and promoted
MHC class I-mediated cross-presentation via activation of the NF-kB/iNOS signaling pathway. In murine tumor models, systemic
administration of DBCO-conjugated protein vaccines elicited enhanced CD8" T-cell activation, leading to improved tumor control
and long-term immune memory. Furthermore, DBCO-modified protein vaccines significantly suppressed tumor metastasis when
combined with anti-PD-1 treatment. Collectively, our findings extend the immunotherapeutic potential of click chemistry reagents
and establish a promising platform for enhancing CTL-mediated cancer vaccine efficacy in clinical settings.

B INTRODUCTION

Cancer immunotherapy has emerged as a promising approach
to harnessing the host immune system to target and eliminate
established tumors. Among the various strategies, therapeutic
cancer vaccines aim to induce potent immune responses
against tumor-associated or tumor-specific antigens.1 Discov-
ery of tumor neoantigens offers a highly specific target for
immune recognition and has been associated with durable
responses in both preclinical models and early-phase clinical
trials.” However, clinical translation remains limited by
inefficient antigen delivery, poor uptake by antigen-presenting
cells (APCs), and inadequate cytotoxic T lymphocyte (CTL)
activation.” ™ These challenges are particularly pronounced in
the context of metastatic disease, where immunosuppression
limits vaccine efficacy.

CTLs mediate targeted cell killing through MHC class I
(MHC TI)-restricted antigen presentation,”® making them
particularly effective in preventing tumor relapse and
controlling tumor progression. Dendritic cells (DCs) are
central to initiating effective antitumor immunity, but efficient
in vivo antigen delivery to DCs remains a critical bottleneck. A
variety of approaches, including nanoparticle-based delivery
systems, DC-targeting ligands, and cell-based platforms, have
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been developed to address this issue.” However, these methods
often involve relatively complex formulations, which could
pose challenges in terms of their toxicity and clinical
translatability. Traditional adjuvants, such as aluminum salts
(alum), Freund’s adjuvant, and MFS9, primarily enhance
humoral immune responses by facilitating antigen interaction
with B cells and promoting Th2 responses.'’~'* While these
adjuvants can activate innate immune pathways, they have
limited ability to induce cross-presentation and CTL
activation, which are critical for effective cancer immunother-
apy. In recent years, a new generation of adjuvants, comprising
immune receptor agonists, immunoregulatory molecules, and
nanoparticle-based systems, has shown promise in improving
antigen cross-presentation, enhancing MHC I expression, and
potentiating CTL activation. However, challenges such as
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Figure 1. DBCO conjugation enhances antigen uptake and promotes MHC I-mediated cross-presentation. (A) Schematic representation of the
amide coupling reaction between DBCO-PEG,-NHS ester and DBCO-conjugated OVA (DBCO-OVA). (B) Western blot analysis confirming the
successful conjugation of DBCO to OVA. (C) MALDI-TOF mass spectra of OVA and DBCO-OVA. (D) Zeta potential analysis comparing OVA
and DBCO-OVA. (E) Confocal microscopy images demonstrating enhanced uptake of DBCO-OVA by DC2.4 cells, bar = 10 gm. (F—I) Flow
cytometry analysis showing increased uptake of DBCO-OVA by DC2.4 cells (F, G) and BMDCs (H, I). (J—M) Flow cytometry analysis illustrating
that DBCO-OVA treatment enhanced H-2K®-SIINFEKL presentation on the surface of DC2.4 cells (J, K) and BMDCs (L, M) compared to that of
OVA. (N-U) Flow cytometry analysis of surface maturation markers (MHC II, CD80, CD86, and CD40) on BMDCs following OVA or DBCO-
OVA treatment. (V—Y) ELISA quantification of cytokine (TNF-, IL-15, IL-12p70, and IL-6) concentrations in the culture supernatants of
BMDCs stimulated with DBCO-OVA or OVA. (Z and AA) Flow cytometry analysis assessing T cell-mediated cytotoxicity, in which CFSE-labeled
B16-OVA cells were cocultured with CD8* T cells and BMDCs pulsed with DBCO-OVA or OVA (T:BMDC:16-OVA = 10:5:1). (D, G, , K, M,
R-Y, and AA) n = 3 biologically independent samples. (E) Representative images from three independent experiments are shown. Statistical
analysis was performed using one-way analysis of variance (ANOVA), and the data are presented as mean =+ standard deviation (SD). **P < 0.01;
*#E%P < 0.001; ¥¥*¥P < 0.0001. Panel Z created with BioRender.com.
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excessive innate immune activation, systemic toxicity, and
manufacturing complexities remain.'>~"?

Dibenzocyclooctyne (DBCO), a key reagent in copper-free
click chemistry, has gained attention in drug conjugation, cell
labeling, and targeted drug delivery due to its rapid reactivity
and compatibility with physiological conditions.'°™"* Unlike
conventional copper-catalyzed click reactions, DBCO-medi-
ated click reactions eliminate the need for cytotoxic copper
catalysts, making them particularly attractive for biological and
clinical uses. Previous studies have primarily employed DBCO
for surface modification of cells or for constructing
bioorthogonal click chemistry-mediated target drug delivery
systems.'”>° However, the immunomodulatory effect of direct
DBCO modification has not been previously reported.

In this study, we report a novel protein vaccine strategy
based on conjugation of DBCO to tumor-associated antigen.
We show that DBCO—antigen conjugation markedly promotes
antigen uptake by APCs and improves antigen cross-
presentation, consequently augmenting effector T cell
cytotoxicity and memory. Using a B16-OVA lung metastasis
model, we show that the DBCO-conjugated vaccine suppresses
tumor burden, prolongs survival, and synergizes with the
immune checkpoint blockade (ICB). Importantly, our data
reveal that DBCO modification enables local immune priming
in metastatic niches by enhancing DC and T-cell recruitment
and activation. These results uncover an unexpected
immunomodulatory role for DBCO and highlight its potential
as a bioorthogonal immune potentiator in cancer vaccine

design.

B RESULTS

DBCO Conjugation Enhances Antigen Uptake and
Promotes MHC I-Mediated Cross-Presentation

Protein-based vaccines usually contain multiple lysine residues,
with exposed e-amino groups that can efficiently undergo
covalent conjugation with N-hydroxysuccinimide (NHS)
esters. To establish a modular and generalized strategy for
antigen loading, we utilized DBCO-PEG,-NHS to modify the
model antigen ovalbumin (OVA), yielding DBCO-conjugated
OVA (DBCO-OVA) (Figure 1A). Western blot analysis
demonstrated that DBCO-OVA efficiently reacted with an
azide-functionalized CyS (N;-CyS) via strain-promoted azide—
alkyne cycloaddition (SPAAC), confirming the successful
DBCO functionalization of the protein (Figure 1B). MALDI-
TOF mass spectrometry indicated an average of ~4 DBCO
groups conjugated per molecule of the OVA (Figure 1C).

High-resolution liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) was employed to identify the DBCO
conjugation sites on the OVA. As detailed in Table S1, DBCO
conjugation occurs randomly on lysines. To assess whether
DBCO conjugation alters the global folding of the antigen, we
performed circular dichroism (CD) spectroscopy, which
showed that DBCO-OVA exhibited a secondary structure
similar to that of native OVA (Figure S2A). Quantitative
analysis revealed similar content of a-helix (15 vs 18%) or f5-
sheet (35 vs 32%) between the conjugated and native proteins
(Figure S2B). This indicates that DBCO modification does not
disrupt the overall folding of OVA. DBCO-—antigen con-
jugation increased the protein’s negative surface charge, as
evidenced by the zeta potential decreasing from —7.39 to
—19.47 mV (Figure 1D).
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Next, we evaluated the uptake of DBCO-modified antigens
by DCs. DBCO-OVA and unmodified OVA were fluorescently
labeled with FITC and incubated with DC2.4 cells. Confocal
microscopy showed significantly stronger intracellular fluo-
rescence in DBCO-OVA-treated cells than in controls (Figure
1E), indicating an enhanced antigen uptake. This observation
was further confirmed by flow cytometry, which showed a
substantial increase in the proportion of antigen-positive
DC2.4 cells, from 13.4% in the OVA group to 65.7% in the
DBCO-OVA group, representing nearly a 5-fold enhancement
(Figure 1F,G). Consistent results were obtained using bone-
marrow-derived dendritic cells (BMDCs), where DBCO
modification to OVA increased antigen uptake efficiency
from 29.0 to 62.4%, demonstrating the enhancement across
different DC models (Figure 1H,I).

To determine whether modification of DBCO to antigen
enhances its cross-presentation through MHC I molecules, we
quantified the surface expression of H-2K’/SIINFEKL
complexes on DCs. In DC2.4 cells, DBCO-OVA treatment
increased the mean fluorescence intensity (MFI) of H-2K"/
SIINFEKL from 2092.7 to 4255.1 (Figure 1],K). Similarly, in
BMDCs, MFI rose from 10,898.5 to 22,939.5 (Figure 1L,M).
These findings indicate that modification of the DBCO to
antigen significantly improves antigen processing and MHC 1
loading efliciency, thereby enhancing the cross-presentation
capability of DCs. Beyond enhancing antigen presentation, the
DBCO-modified antigen also promoted DC maturation. Flow
cytometry analysis revealed that DBCO-OVA-treated BMDCs
exhibited significantly elevated the surface expression of
costimulatory molecules (CD80, CD86, and CD40) and
MHC II compared to those from the control group (Figure
IN-U). ELISA further demonstrated that DBCO-OVA
stimulated secretion of pro-inflammatory cytokines, such as
TNEF-a, IL-1f, IL-12p70, and IL-6, indicating enhanced DC
activation (Figure 1V—Y). We further evaluated the T-cell
response induced by DCs using an in vitro T-cell killing assay.
Antigen-pulsed BMDCs were cocultured with CD8" T cells,
and CFSE-labeled B16-OVA cells were used as target cells.
Flow cytometry indicated significantly reduced tumor cell
survival in the DBCO-OVA group, with an approximately
15.2% increase in killing efficiency (Figure 1Z,AA). These
findings indicate that DBCO modification to OVA not only
enhances antigen uptake and presentation but also effectively
improves the effector function of CTLs. Notably, direct
addition of OVA and DBCO-PEG,-NHS into the cell culture
medium failed to replicate these effects, i.e, no enhanced
antigen uptake, presentation, or DC maturation (Figure S3).
These results indicate that DBCO-PEG,-NHS alone does not
possess intrinsic adjuvant properties and that covalent
conjugation is essential for its immunostimulatory function.

To exclude the possibility that the observed immunostimu-
latory effects were caused by nonspecific physicochemical
alterations, we synthesized and evaluated a series of structurally
defined control analogs (Figure S4), including (1) DBCO-
PEG,-COOH + OVA, a physical mixture control where the
free DBCO ligand was simply mixed with the antigen without
covalent attachment; (2) m-PEG,-OVA, a PEG-only control to
rule out PEGylation effects; (3) BCN-OVA, modified with
bicyclononyne, an alternative strained alkyne; and (4)
THDBCO-OVA, modified with a nonstrained dibenzocyclooc-
tene analog retaining the exact hydrophobic aromatic scaffold
of DBCO but with a reduced (nonalkyne) bond. We assessed
DC antigen cross-presentation and maturation following
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Figure 2. Transcriptomic analysis of BMDCs stimulated with OVA or DBCO-OVA. (A) Volcano plots showing differentially expressed genes in
BMDCs stimulated with OVA or DBCO-OVA, where genes with a P-value <0.05 and llog,(fold change)l > 0.58 are considered significantly
different. (B) Gene Ontology (GO) and KEGG enrichment analysis of differentially expressed gene (P < 0.05). (C) KEGG pathway enrichment
analysis of differentially expressed genes, highlighting the top 6 signaling pathways of interest in a bubble plot (P < 0.05). (D) Heatmap displaying
the differential expression of genes in the NF-kB signaling pathway in response to OVA and DBCO-OVA stimulation. (E) Immunofluorescence
images showing nuclear translocation of p6S following OVA or DBCO-OVA stimulation, indicating activation of the NF-kB pathway. (F) Western
blot analysis confirming p6S nuclear translocation after DBCO-OVA stimulation. (G) Western blot analysis of p65 and IkBa phosphorylation in
BMDCs cocultured with 50 g of OVA and DBCO-OVA, for 24 h. (H) H-2K®-SIINFEKL complex levels on BMDCs at 24 h post DBCO-OVA
plus the NF-«B inhibitor BAY 11—-7082 (1 uM or S uM) treatment. (I) Nos2 expression level in BMDCs 24 h post DBCO-OVA treatment. (J)
iNOS level in BMDCs treated with DBCO-OVA detected by flow cytometry. (K) H-2K*-SIINFEKL complex levels on BMDCs at 24 h post
DBCO-OVA plus the iNOS inhibitor 1400W 2HCI (100 or S00 uM) treatment. (D, H-K) n = 3 biologically independent samples. (E—G)
Representative images from three independent experiments are shown. Statistical analysis was performed using one-way ANOVA, and the data are

presented as the mean + SD. **P < 0.01; ***P < 0.001; ****P < 0.0001.

treatment with these conjugates. As shown in Figure S4D—F,
the DBCO-OVA conjugate induced significantly enhanced
antigen cross-presentation and upregulation of CD80 and
CD86 compared to all tested structural analog controls. The
nonstrained analog (THDBCO-OVA), the alternative strained
alkyne (BCN-OVA), the PEG-only conjugate (m-PEG,-OVA),
and the physical mixture control all exhibited basal levels of
DC activation and MHC 1 presentation comparable to
unmodified OVA controls. These results indicate that the
adjuvant-like activity was not attributable to nonspecific
alterations such as PEGylation, surface charge, hydrophobic
aromatic scaffolds, or the presence of a strained alkyne alone.

To investigate whether DBCO modification on the antigen
epitope could influence its interaction with the MHC I
molecule, we performed a molecular docking method using the
H-2K® molecule with either the native SIINFEKL peptide or
the DBCO-SIINFEKL conjugate. As illustrated in Figure SS,
the analysis suggested that the predicted binding free energy of
the DBCO-modified epitope (—7.444 + 0.260 kcal/mol) was

8226

comparable to that of the native SIINFEKL peptide (—7.944 +
0.508 kcal/mol). These results indicate that DBCO
modification does not compromise the affinity of the
peptide—MHC 1 complex, suggesting that the enhanced
cross-presentation is unlikely to arise from altered peptide—
MHC physical interactions but instead reflects the adjuvant-
like immunostimulatory effects associated with DBCO
modification.

Considering the heterogeneity of cancers and the challenges
of recognizing tumor-specific antigens, we extended this
strategy to tumor cell lysates (TCL) to explore the broader
applicability of DBCO modification. DBCO-TCL again
significantly enhanced BMDC uptake, with the uptake rate
increasing from 58.1 to 73.4% (Figure S6). Furthermore,
DBCO-modified TCL significantly promoted DC maturation,
as evidenced by upregulated expression of costimulatory
molecules, CD80 (MFI from 23,1943 to 39,816.5) and
CD40 (MFI from 23,286 to 38,564.7), representing more than
a 50% increase in both markers. These demonstrate that
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Figure 3.

DBCO-modified antigens enhance the antitumor immune response of DCs. (A) Workflow for adoptive transfer of DCs into B16-OVA

tumor-bearing mice. BMDCs were generated with GM-CSF and IL-4 before being pulsed ex vivo with either OVA alone or DBCO-OVA and then
injected subcutaneously adjacent to established B16-OVA tumors on days 4, 9, and 14 post-tumor inoculation. (B) Tumor growth curves showing
the effect of DC (pulsed with OVA or DBCO-OVA) adoptive transfer on tumor progression in the B16-OVA model (n = 4 mice/group). (C)
Image of tumors at the end point of the experiment on day 19. (D) Tumor weight measurements on day 19 after treatment. (E) Workflow for
adoptive transfer of DCs into B16—F10 tumor-bearing mice. BMDCs were generated with GM-CSF and IL-4 before being pulsed ex vivo with
either B16-F10 TCL or DBCO-TCL and then injected subcutaneously adjacent to established B16-F10 tumors on days 4, 9, and 14 post-tumor
inoculation. (F) Tumor growth curves of B16-F10 tumors, illustrating the therapeutic effect of DC (pulsed with TCL or DBCO-TCL) adoptive
transfer (n = 4 mice/group). (G) Image of dissected B16-F10 tumors on day 19. (H) Tumor weight measurements for B16-F10 tumors on day 19.
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Figure 3. continued

(I) Ki-67 immunofluorescence staining of tumor sections from B16-F10 tumors after the DC adoptive transfer treatment. Bar = 50 ym. (J)
Quantification of the percentage of Ki-67" cells. (K) CD3 immunofluorescence staining of tumor sections from B16-F10 tumors after DC adoptive
transfer treatment. Bar = 50 ym. (L) Quantification of the percentage of CD3" T cells in tumor sections. (M) Percentages of MHC II* of CD11c*
DCs in B16-F10 tumor tissues on day 19 post-treatment. (N, O) Quantification and representative flow cytometry plots showing the percentages of
mature DCs (CD80"CD86") in B16-F10 tumor tissues on day 19 post-treatment. (P) Quantification of CD4" T cells in B16-F10 tumor tissues on
day 19 post-treatment. (Q) Quantification of CD8" T cells in B16-F10 tumor tissues on day 19 post-treatment. (R, S) Quantification and
representative flow cytometry plots of IFN-y* T cells in B16-F10 tumor tissues on day 19 post-treatment. (T) Quantification of granzyme B* T cells
in B16-F10 tumor tissues on day 19 post-treatment. (U, V) Percentages of effector memory T cells (CD44*CD62L") of CD8" T cells and CD4* T
cells in spleens on day 19 post-treatment. Tumor growth curves over time were analyzed using ordinary two-way ANOVA, while other data were
analyzed using one-way ANOVA. The data are presented as the mean + SD. n = 4 mice/group. In parts (I) and (K), representative images from
three independent experiments are shown. ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Panels A and E created with

BioRender.com.

DBCO can serve as a broadly applicable modification strategy
to enhance the immunogenicity of structurally diverse antigen
preparations.

DBCO-Antigen Vaccine Improves DC Function via the
NF-xB/iNOS Signaling Axis

To understand the molecular mechanism through which
DBCO modification enhances the antigen presentation, we
performed RNA sequencing analysis of BMDCs treated with
PBS, OVA, or DBCO-OVA. Here, PBS served as a negative
control to show baseline gene expression, while OVA
represented the unmodified antigen, allowing for the
distinction between antigen-specific and DBCO-specific
effects. Comparing the DBCO-OVA to PBS group identified
global transcriptional changes induced by DBCO-OVA, where
1189 genes were upregulated and 1524 genes were down-
regulated (llog,(fold change)l > 0.58, P < 0.05) (Figure S7).
Comparing the DBCO-OVA to OVA group further isolated
the specific effects induced by DBCO modification, where 826
genes were upregulated and 1354 genes were downregulated (|
log,(fold change)l > 0.58, P < 0.05) (Figure 2A). Furthermore,
we compared gene expression profiles of BMDC:s treated with
OVA and DBCO-OVA to identify genes specifically regulated
by DBCO modification independent of the antigen itself. Gene
Ontology (GO) analysis indicated enrichment of immune-
related pathways, including leukocyte cell—cell adhesion
(GO:0007159), leukocyte migration (GO:0050900), and
positive regulation of response to external stimulus
(G0O:0032103) and regulation of T-cell activation
(GO:0050863) (Figure S7B and Figure 2B). KEGG pathway
enrichment analysis further identified the activation of immune
regulatory networks, including NF-«B, TNF, Toll-like receptor,
and RIG-I-like receptor signaling pathways in DBCO-OVA-
treated BMDCs (Figure 2C). These results suggest that
DBCO modification to antigen engages key innate immune
pathways to enhance DC activation.

Given the critical role of the NF-kB signaling pathway in
regulating pro-inflammatory cytokine production, costimula-
tory molecule, and MHC upregulation,”’ we further inves-
tigated its activation in response to DBCO-conjugated
antigens. A heatmap of NF-xB pathway genes revealed
significant upregulation of several key genes, including
chemokines such as Cxcll and Cxcl2, and the pro-inflammatory
cytokine Il1b, in BMDCs treated with DBCO-OVA versus
OVA (Figure 2D). Immunofluorescence analysis showed that
DBCO-OVA treatment promoted the translocation of the p65
subunit from the cytoplasm to the nucleus (Figure 2E),
consistent with the results of Western blot analysis (Figure
2F), indicating the activation of the canonical NF-xB pathway.
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This was further confirmed by Western blot analysis, which
showed an increased level of phosphorylation of p6S and its
inhibitory protein IkBa in the DBCO-OVA-treated group
(Figure 2G). To determine the functional importance of NF-
kB activation, we treated DCs with a selective NF-kB inhibitor
BAY 11-7082 during antigen loading. The results demon-
strated that blocking NF-«B signaling significantly reduced the
antigen-presenting capacity induced by DBCO-OVA (Figure
2H), confirming the crucial role of the NF-xB pathway in
DBCO-mediated immunostimulation. Additionally, bulk RNA-
seq analysis revealed a significant upregulation of inducible
nitric oxide synthase (iNOS, encoded by Nos2) in DBCO-
OVA-treated cells (Figure 2I), which is a downstream effector
of NF-kB.”>"** Flow cytometry further validated an approx-
imately 1.7-fold increase in iNOS protein levels in DBCO-
OVA-treated DCs (Figure 2J). Functionally, pharmacological
inhibition of iNOS using 1400W 2HCI significantly impaired
DBCO-OVA-mediated antigen presentation (Figure 2K),
supporting a critical role for the NF-kB/iNOS axis in
promoting DC function. Together, the DBCO-modified
antigen systematically enhances DC antigen processing and
cross-presentation by activating the NF-«kB/iNOS signaling
pathway.

DCs Treated with DBCO-Antigen Vaccine Suppress Tumor
Growth in Mouse Models

Next, we sought to determine whether DBCO modification of
antigens enhances the role of DC in antitumor immunity. We
pulsed DCs with an OVA or DBCO-OVA before adoptively
transferring them to B16-OVA tumor-bearing mice. Mice
received three peritumoral injection of DBCO-OVA-pulsed
DCs on days 4, 9, and 14 post-tumor inoculation (Figure 3A).
Compared with PBS or OVA-treated DC groups, mice
receiving DBCO-OVA-treated DCs exhibited significantly
reduced tumor growth, suggesting that DBCO-enhanced DC
activation contributes to tumor control (Figure 3B). Terminal
dissection confirmed that the DBCO-OVA-treated DC group
had markedly lower tumor weights (Figure 3C,D), confirming
the enhanced antitumor activity of this modification strategy.
Additionally, no significant differences in body weight were
observed across the groups (Figure S8A).

To validate this approach in a more complicated antigen
context, we utilized DBCO-TCL (Figure 3E). The DBCO-
TCL-pulsed DCs exhibited superior tumor suppression,
showing 71.5% tumor volume inhibition, a 23.7% improve-
ment over unmodified TCL (Figure 3F). End point tumor
weights further supported these findings (Figure 3G,H). Again,
there were no significant changes in body weight across the
groups, indicating a favorable biocompatibility (Figure S8B).
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Figure 4. DBCO modification enhances the immunogenicity of protein vaccines in vivo. (A) In vivo fluorescence imaging showing organ-specific
distribution of the OVA-FITC and DBCO-OVA-FITC in mice. (B) Quantification of fluorescence signals from in vivo imaging (two-way
ANOVA)). (C) Schematic overview of antigen uptake analysis by pulmonary antigen-presenting cells. (D, E) Flow cytometry analysis of antigen
uptake by pulmonary macrophages at 24 h following OVA-FITC or DBCO-OVA-FITC administration. (F, G) Flow cytometry analysis of antigen
uptake by pulmonary DCs at 24 h following OVA-FITC or DBCO-OVA-FITC administration. (H) Schematic overview of DC maturation analysis
in the lung. (1, J) Flow cytometry quantification of the percentages of mature pulmonary DCs (CD80*CD86")/ CD11c* DCs following DBCO-
OVA or OVA administration. (K) Schematic overview of in vivo CTL cytotoxicity assay. (L) Representative plots showing in vivo CTL cytotoxicity
assay, demonstrating the enhanced cytotoxic response immunized with DBCO-OVA. (M) Quantification of antigen-specific cytotoxicity in the
spleen. (N) Quantification of antigen-specific cytotoxicity in the lung. (O, P) ELISA detection of OVA-specific IgG and IgG1 antibody titers in
serum 7 days after immunization with OVA or DBCO-OVA. P values in E, G, J, M, N, and P are analyzed using one-way ANOVA. The data are
presented as mean + SD. n = 3 mice/group. In A, representative images from three independent mice are shown. ns, no significance; *P < 0.05;
*#kP < 0.01; ***P < 0.001; ****P < 0.0001. Panel C, H, and K created with BioRender.com.

In addition, Ki-67 immunofluorescence staining revealed a
significant reduction in proliferation markers in tumors from
the DBCO-TCL group, indicating an enhanced suppression of
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tumor cell proliferation (Figure 3LJ). DBCO-TCL treatment
substantially elevated the proportions of MHC II* and
CD80*CD86" DCs in tumor tissue (Figure 3M—0).
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Figure 5. DBCO-OVA suppresses pulmonary metastasis. (A) Schematic of the treatment protocol for the B16-OVA lung metastasis model using
DBCO-OVA. Mice were intravenous (i.v.) injected with B16-OVA cells and were i.v. injected with 100 mg of OVA or DBCO-OVA on days 4, 9,
and 14 post-tumor inoculation. On day 22, lungs were collected for metastasis quantification. (B) Body weight monitoring during treatment (n = S
mice/group). (C) Images of dissected lungs from treated mice on day 22. (D) Quantification of pulmonary metastatic nodules. (E) Quantitative
analysis of the average nodule sizes of pulmonary metastases. (F) Survival curves of the treated mice. (G) H&E staining of lung tissue. (H)
Immunofluorescence staining of Ki-67 in the nodules of lung metastases. Bar = 100 ym. Zoom, XS. (I) Schematic representation of the
combination therapy protocol using DBCO-OVA and a-PD-1. Mice were iv. injected with B16-OVA cells and were iv. injected with 100 mg of
OVA or DBCO-OVA on days 4, 9, and 14, i.v. injected with a-PD-1 (1 mg/kg) on days 6 and 11, post-tumor inoculation. On day 22, lungs were
collected for metastasis quantification. (J) Images of dissected lungs after combination therapy (n = 4 mice/group). (K) Quantification of
pulmonary metastatic nodules after combination therapy. (L) Quantitative analysis of the average nodule sizes of pulmonary metastases after
combination therapy. (M) Body weight changes during combination therapy. (N) H&E staining of lung tissue after combination therapy. n = 4
mice/group. In (G, H, N), representative images from three independent mice are shown. Statistical analysis was performed using one-way

ANOVA, and the data are presented as mean =+ SD; ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Panels (A) and (I)
created with BioRender.com.

8230 https://doi.org/10.1021/jacs.5¢17189
J. Am. Chem. Soc. 2026, 148, 82238235


https://pubs.acs.org/doi/10.1021/jacs.5c17189?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c17189?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c17189?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c17189?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c17189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS Article
B
A 100 * 807 -~
7] - -
B16-OVA Immunization Analysis 3 80 ns = 2 60 2
v 2 8 ns
o 60 i T
: : : : : > S 2 40 |
(] 4 9 14 21 Time (days) o
C57BL/6 mice (days) S 40 3
Immunization: OVA/DBCO-OVA 100 pg, i.v. 2 2 g 20+
H
0 0-
P ¥ & 2 ¥
® <>4 & o,o“
@ O
D E < g
OVA DBCO-OVA 50— 50—
<y —_ sk
€ 4o & 40
2 » *
336 39.6 3 2
2 30 o304 | o
) Bt fo] |
D @ o204 ] g 204 -
U2 8 5 g
2 ® © 0 10 8 104
o 50.8 48.0 48.9
Tos T e Ao R TR 0- T . o 0- T . o
AN QQ 4 A QQ 04 09\\
O
0 L
G H © ©
PBS OVA DBCO-OVA 20 " £ 50 -
- 1 o
B3 ns * 3 40
‘;15— o ns *
= =
108 3 & 30 N
3.22 5.95 '; 10 [3)
a a 20 z
ol 7 ARE ar
I 57 © 104
Z o @ ® © P 5 ;
w [=]
B 0 104 10 0 10¢ 10 0 104 " 10 0- o 0° R R
cD4 N & & & & &
I oy
N4 N4
I J 5
PBS OVA DBCO-OVA Shell |
| £ * *k
1 S 3 40
Y - .
10° 4 ° o 30
] 4.96 d 8
o a
204
o LA Q)
X o
T @ ® z & 10
Y z
) :
B i T e 0 00 100 0- L
cDs & &
&
S
M *k
DBCO-OVA | —
ns *
P ¥
o o
o

Figure 6. DBCO-OVA reprograms the pulmonary immune microenvironment. (A) Schematic of the DBCO-OVA treatment protocol in the B16-
OVA lung metastasis model. C57BL/6 mice bearing B16-OVA lung metastases received i.v. DBCO-OVA or OVA (100 yug) as indicated on days 4,
9, and 14. On day 21, lungs were collected and analyzed by flow cytometry. (B) Quantification of the percentages of MHC II* cells in CD11c" cells.
(C) Quantification of the percentages of CD3" T cells in CD45" cells. (D—F) Representative flow cytometry plots and quantification of the
percentages of CD4" and CD8* T cells in CD4S" cells in the lungs. (G, H) Representative flow cytometry plots and quantification of the
percentages of IFN-y" in CD4* T cells. (I, ]J) Representative flow cytometry plots and quantification of the percentages of IFN-y* in CD8" T cells.
(K, L) Quantification of the percentages of effector memory T cells (CD44*CD62L") in CD4" or CD8" cells in the spleen. (M, N) Representative
plots and quantification of the percentages of tissue-resident memory T cells (CD103*CD69") in CD44"CD8* T cells in lungs. n = 3 mice/group.
Statistical analysis was performed using one-way ANOVA, and the data are presented as mean = SDj; ns, no significance; *P < 0.05; **P < 0.01;
*#E%P < 0.001; ¥**¥P < 0.0001. Panel A created with BioRender.com.
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Concurrently, an increased CD3" T-cell infiltration was
observed in the tumor microenvironment (Figure 3K/L),
where CD4* T-cell numbers showed no statistical differences,
and CD8" T cells were significantly augmented (Figure 3P,Q).
Functional analysis revealed 2.7-fold and 1.5-fold increases in
IFN-y and granzyme B expression, respectively, in CD8" T
cells (Figure 3R—T), indicating that DBCO-TCL-pulsed DCs
promote T-cell recruitment and activation. Furthermore, there
were significantly higher proportions of both CD4" and CD8*
effector memory T cells (CD44"CD62L") in the DBCO-TCL
group (Figure 3U,V), potentially enabling long-term antitumor
immune memory. Thus, unlike traditional DBCO applications
in click chemistry for bioconjugation, we explored DBCO as a
direct antigen modifier or adjuvant to enhance DC-mediated
antitumor immunity and not simply as a tool for linking
molecules or modifying cell surfaces.

DBCO-Antigen Vaccine Boosts Systemic Immune
Activation

To further assess the immune-activating and antitumor
potential of DBCO-conjugated vaccines, we first characterized
the biodistribution of DBCO-conjugated antigens in vivo. We
intravenously injected FITC-labeled unmodified OVA and
DBCO-OVA into mice, followed by fluorescence imaging at 8
h postinjection. DBCO-OVA exhibited significantly prolonged
systemic retention and lung-specific accumulation compared to
unmodified OVA, as indicated by stronger fluorescent signals
in pulmonary regions (Figure 4A).

Quantification revealed an 8.9-fold higher lung fluorescence
intensity, highlighting the lung-targeting capability conferred
by DBCO-modified OVA (Figure 4B). To determine whether
DBCO modification improves antigen uptake by pulmonary
APCs, we performed a quantitative flow cytometry analysis of
alveolar macrophages (AMs) and pulmonary DCs (Figure
4C). Results showed that DBCO-OVA significantly enhanced
antigen uptake, with a 5.9-fold increase in AMs and a 5.3-fold
increase in pulmonary DCs compared to the unmodified group
(Figure 4D—G). Moreover, DBCO modification promoted
DC maturation and activation in the lungs, as evidenced by an
increase in the proportion of CD80*CD86" double-positive
DCs from 15.2 to 27.9% (Figure 4H—J). Next, the OVA-
specific CTL response was quantified by adoptive transfer of
CFSE-labeled splenocytes (Figure 4K). Results indicated that
DBCO-OVA treatment induced stronger CTL activity in both
spleen and lung tissues, with killing efficiencies reaching 27.3 +
8 and 28.5 + 5.4%, representing 7.1-fold and 6.5-fold increases,
respectively, compared to unmodified OVA (Figure 4L—N).
These findings suggest that DBCO modification enhances the
MHC I cross-presentation and CTL activation. Additionally,
DBCO-OVA also augmented the humoral immune responses.
Total IgG titers were increased from 544.7 + 54.3 to 1048.2 +
119.8 (1.9-fold, Figure 40), while the IgG1 subtype—barely
detectable in the unmodified group—showed a significant
expression (198.6 + 12.0, Figure 4P) in the DBCO-OVA
group, indicating Th2-associated antibody response potentia-
tion. Crucially, to rule out immunogenicity against the DBCO
moiety itself, we further measured the DBCO-specific antibody
titers. As shown in Figure S9, the levels of DBCO-specific IgG
and IgM in the DBCO-OVA group were statistically
indistinguishable from those in the PBS and unmodified
OVA control groups. These findings demonstrate that DBCO
modification successfully directed the adaptive immune
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response toward the protein antigen without inducing off-
target immunity against the chemical linker.

In summary, modification of DBCO to antigen substantially
improves the retention of protein antigens, enhances
pulmonary APC uptake capacity, and comprehensively elevates
vaccine immunogenicity through activation of cellular and
humoral immunity.

DBCO-Antigen Vaccine Suppresses Lung Metastasis and
Reshapes the Metastatic Microenvironment

To evaluate DBCO-OVA’s therapeutic potential in lung
metastasis, we established a B16-OVA metastasis model in
mice and administered three injections to demonstrate that
DBCO modification successfully directed the adaptivections of
PBS, OVA, or DBCO-OVA vaccines (100 pug/injection)
according to the schedule shown in Figure SA. All groups
maintained stable body weights, indicating vaccine safety
(Figure SB). On day 22, mice were euthanized for lung tissue
analysis. Macroscopic examination revealed a significant
reduction in visible metastatic nodules in the DBCO-OVA
group (Figure SC). Quantitative analysis showed a 69.4%
reduction in lung nodule counts compared with the OVA
group and a 79.3% reduction compared with the PBS control
(Figure SD). Quantitative analysis of the area also demon-
strated that DBCO-OVA exhibited a marked inhibitory effect
on pulmonary metastasis (Figure SE). Survival analysis showed
that the median survival in the DBCO-OVA group extended to
37 days compared to 29 days in the PBS group (Figure SF).
While the difference between the DBCO-OVA and OVA
groups was not statistically significant, a trend toward
prolonged survival was observed. Histological analysis further
confirmed these findings as there was reduced tumor
infiltration and the best-preserved alveolar structure in the
DBCO-OVA group (Figure SG). In addition, Ki-67 staining
demonstrated that DBCO-OVA significantly suppressed tumor
cell proliferation (Figure SH). Next, we combined the DBCO-
OVA vaccine with the immune checkpoint inhibitor a-PD-1
antibody to evaluate their combined antitumor effects (Figure
SI). Quantification of lung metastatic nodules showed that the
combination therapy group exhibited a significant reduction in
tumor burden compared with either monotherapy treatment,
achieving an inhibition rate exceeding 72.3% (Figure SJ—L).
No significant weight loss or observable toxicity was noted
during treatment, indicating that the combined strategy was
well tolerated (Figure SM). Histological analysis further
confirmed that there was minimal tumor infiltration and the
best-preserved alveolar structure in the combination group
(Figure SN). These results suggest that DBCO-OVA
vaccination enhances the therapeutic efficacy of the a-PD-1
blockade in suppressing lung metastases.

To understand how the DBCO-antigen vaccine triggers
immune responses against lung metastasis, we performed a
comprehensive analysis of immune cell composition and
functional status in lung tissue and spleen using multi-
parameter flow cytometry with a focus on APCs, effector T
cells, and memory T-cell subsets (Figure 6A). In the lung
tissue, the expression level of MHC II on CD11c" DCs was
significantly increased to 62.5 + 7.1% in the DBCO-OVA-
treated group, approximately 1.6-fold higher than that in the
PBS group (Figure 6B). The DBCO-OVA group also exhibited
enhanced T-cell infiltration, with CD3"* T cells accounting for
41.1% of lung immune cell infiltration. Among them, CD4"
and CD8" T-cell subpopulations increased to 20.9 and 20.2%,
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respectively, representing ~1.5-fold and ~1.7-fold increases
compared to the PBS group (Figure 6C—F). Further analysis
revealed that the DBCO-OVA vaccine significantly enhanced
T-cell effector activity in the lung metastatic microenviron-
ment. The proportion of IFN-y* CD4" T cells reached 12.2 +
0.6%, representing 5.0-fold and 2.1-fold increases compared to
the PBS and OVA groups, respectively (Figure 6G,H). IFN-y*
CD8" T cells increased to 15.6 + 2.5%, approximately 4.7-fold
and 2.5-fold increases over the PBS and OVA groups,
respectively (Figure 6L]). These results demonstrate that the
DBCO-antigen vaccine effectively remodels the pulmonary
immune microenvironment by promoting DC activation and
T-cell infiltration, thereby improving antitumor immune
responses.

To assess the induction of long-term immune protection, we
further analyzed systemic effector memory T cells (TEM) and
tissue-resident memory T cells (TRM). Flow cytometry
showed that the DBCO-OVA vaccine significantly expanded
splenic TEM populations, with CD4" TEM
(CD4"CD44"CD62L") cells accounting for 25.8 + 2.5% in
CD4" T cells and CD8" TEM (CD8'CD44*CD62L") cells
reaching 273 = 62% in CD8" T cells (Figure 6K\L).
Meanwhile, CD8" TRM (CD44"CD103*CD69") cells in the
lung tissues increased to 17.1 + 5.1% in CD44"CD8" T cells,
showing 4.1-fold and 2.1-fold increases over PBS and the OVA
groups (Figure 6M,N). These findings indicate that the
DBCO-antigen vaccine elicits both local immune residency
and systemic memory responses, establishing a coordinated
local-systemic immune defense against cancer.

Biosafety Evaluation of DBCO-OVA Treatment

To assess the in vivo biosafety of the DBCO-modified vaccine,
we conducted a comprehensive evaluation of the systemic
toxicity and inflammatory responses. Serum biochemical
markers of liver, kidney, and cardiac function were first
analyzed. As shown in Figure A10AH, mice treated with
DBCO-OVA exhibited levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), total bilirubin
(TBIL), creatinine (CREA), urea (UREA), creatine kinase
(CK), and creatine kinase-MB (CK-MB) that were statistically
indistinguishable from those observed in the PBS control
group, indicating no detectable functional impairment of major
organs. To further assess the risk of systemic inflammatory
responses, serum levels of the pro-inflammatory cytokines IL-6
and TNF-a were measured. No significant elevation of either
cytokine was detected following vaccination (Figure S10L]). In
addition, to evaluate potential autoimmune induction, sera
from vaccinated mice were screened for antinuclear antibodies
(ANA) and anti-Smith (anti-Sm) antibodies. As shown in
Tables S2 and S3, all mice in the DBCO-OVA group tested
negative for both ANA and anti-Sm, comparable to the PBS
control group.

Finally, histological examination of major organs, including
the heart, liver, spleen, lung, and kidney, revealed normal tissue
architecture with no signs of pathological damage (Figure
S10K). Collectively, these data provide an initial biosafety
assessment of the DBCO-OVA vaccine and indicate a
favorable biocompatibility profile under the experimental
conditions tested.

B DISCUSSION

Therapeutic cancer vaccines have long promised to induce
robust and specific antitumor immunity, yet their clinical
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impact has been hindered due to inefficient antigen delivery,
poor immunogenicity, and ineffective APC activation. In this
study, we present a streamlined, chemistry-based antigen
modification strategy using DBCO, which enhances cancer
vaccine performance while maintaining biocompatibility.

We demonstrate that direct DBCO conjugation to protein
antigens improves their biodistribution and uptake by APCs.
Compared to prior DBCO-related cancer vaccine studies,
which employ DBCO for nanoparticle cross-linking or cell
surface engineering,'”*° our work uniquely reports that DBCO
modification to antigen can enhance vaccine efficacy. We
successfully modified various antigens, including a model
antigen and tumor cell lysates, with DBCO, demonstrating the
flexibility and broad applicability of this strategy. Mechanisti-
cally, DBCO modification enhanced DC function via the NF-
kB/iINOS signaling axis and collectively promoted both
cytotoxic T-cell responses and antibody production, translating
into improved therapeutic efficacy against lung metastases in a
murine melanoma model. Notably, DBCO-OVA vaccination
reshaped the tumor microenvironment by promoting DC
activation, effector T-cell infiltration, and functional reprog-
ramming, while also contributing to a sustained antitumor
immune network via systemic and tissue-resident memory T-
cell expansion. When combined with the PD-1 blockade, the
modified vaccine further enhanced therapeutic responses,
underscoring its compatibility with current immunotherapies.

To bridge the gap between model antigens and clinically
relevant tumor antigens, we evaluated the DBCO conjugation
strategy using B16-F10 tumor cell lysates. Unlike single-
epitope vaccines, whole tumor cell lysates provide a
heterogeneous antigenic repertoire that better reflects the
tumor complexity and antigenic diversity. DBCO modification
again enhanced the immunogenicity of tumor-lysate-based
vaccines and improved tumor control. While tumor lysates lack
the precision of defined neoantigen vaccines, these results
suggest the feasibility of extending the DBCO strategy to
complex, multiepitope antigen formulations. Building on these
findings, future studies applying this approach to sequence-
validated neoantigens may further refine antigen specificity and
enable evaluation in more precise and personalized cancer
vaccine settings.

This work demonstrates the potential of rational chemical
conjugation to modulate antigen pharmacokinetics and
immune engagement without the need for complex delivery
systems. The modularity and simplicity of DBCO conjugation
offer a versatile platform for tailoring protein vaccines against
diverse tumor antigens and metastatic niches. Future studies
leveraging this strategy with clinically relevant neoantigens,
multiepitope constructs, or personalized tumor antigens could
accelerate progress toward effective, scalable therapeutic cancer
vaccines.
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