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ABSTRACT: Neoantigens are promising candidates for personalized cancer
vaccines and immunotherapies. However, low immunogenicity and insufficient
cross-presentation of neoantigens remain a major challenge. Inspired by natural
glycocalyx and its important functions in immune response, here we report a
glycocalyx-mimicking nanovehicle constructed from (oligo)mannoside-modified
acid-sensitive glycopolymers to improve the efficiency of tumor neoantigens.
These amphiphilic glycopolymers assembled into nanoparticles could serve as
immune activators for dendritic cells maturation. The encapsulation of neoantigens
in the glycopolymer nanocarrier improves the physicochemical properties and
endosomal escape of the antigens, thereby not only enhancing their uptake and
cross-presentation by dendritic cells but also promoting cytotoxic T cell proliferation and proinflammatory cytokine secretion. These
results indicated that the glycocalyx-mimicking nanovehicle integrating delivery and immune adjuvant functions provides a
promising platform for cancer vaccines.

Vaccines, mainly composed of antigens and adjuvants,
make important contributions to the prevention and

treatment of diseases.1,2 For tumor treatments, tumor vaccines
provide a way to induce autologous antitumor immune
responses by stimulating antigen-presenting cells (APCs) and
then initiating antigen-specific T cell immunity.3−5 Tradition-
ally, proteins overexpressed in cancer cells have been widely
used as antigens, but their therapeutic efficacy is limited due to
central and peripheral immune tolerance.6,7 With the develop-
ment of large-scale sequencing, neoantigens have been
identified from somatic genetic events that are present only
in cancer cells, such as tumor somatic mutations and gene
rearrangements.8,9 They are highly specific in tumor tissues
and carry no risk of autoimmune toxicity, offering a promising
approach for personalized cancer vaccines and immunother-
apy.10,11 However, as subunit antigens, these neoantigens
composed of abundant nonpolar and aliphatic amino acids
suffer from insufficient immunogenicity and poor pharmaco-
kinetic properties for vaccine preparation, potentially due to
poor solubility and easy aggregation, which limit their
internalization by APCs.12,13 Furthermore, subunit antigens
have to effectively escape from endosomes to induce cytotoxic
T cell immune responses, which relies on antigen presentation
by APCs via the major histocompatibility complex I (MHC I)
pathway.14−16 Thus, it is highly valuable for developing
efficient approaches to improve physicochemical properties
of neoantigens and enhance the delivery efficacy of neoantigen
vaccines.
The glycocalyx is a polysaccharide layer on the cell

membrane that could selectively interact with carbohydrate
recognition proteins of immune cells to influence immune

activation, regulation, and evasion.17−20 Driven by the
indispensable functions of the natural glycocalyx, synthetic
glycopolymers have been engineered as multivalent scaffolds
for novel biomaterials, offering advantages such as high-density
saccharide presentation, facile chemical modification, tunable
self-assembly into nanostructures, and excellent biocompati-
bility.21−28 Beyond their physicochemical attributes, the
glycopolymers could also engage immune cell carbohydrate
recognition receptors to direct extracellular biosignaling,
showing potential for immune applications.29,30 However, the
potential of glycopolymers as adjuvants remains underex-
plored, partly because the multistep synthesis of carbohydrates
cannot be easily integrated with controlled polymerization
methods. Here, we report a glycopolymer-based nanocarrier
with inherent immune-activating capabilities that enhance the
immunogenicity of neoantigens (Scheme 1). The amphiphilic
glycopolymers were constructed by grafting mannopyranoside
(Man) or dimannopyranoside (dMan) onto a block copoly-
mer, and formed nanoparticles in aqueous solution. These
glyconanoparticles significantly induced the proinflammatory
activity and maturation of bone marrow-derived dendritic cells
(BMDCs), which are usually stimulated by potent adju-
vants.31−35 Taking advantage of this bioactivity, the neoantigen
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Scheme 1. Schematic Illustration of the Glycocalyx-Inspired Nanovaccine Enhancing Neoantigen Immunogenicity via
Improved Endocytosis and Cross-Presentation by APCs

Figure 1. (a) Synthesis of amphiphilic glycopolymers. (b) Schematic illustration for BMDC activation by glyco-nanoparticles. (c) TEM images of
glyco-nanoparticles. (d, e) The concentrations of TNF-α and IL-12p40 secreted by nanoparticles-treated BMDCs. (f, g) Percentages and
representative flow cytometry histograms of CD86+ BMDCs. Bar graphs show the mean ± SD (n = 3, t test or one-way ANOVA, *P < 0.05; **P <
0.01; ***P < 0.001).
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Adpgk (Aneo) was selected as a model and loaded into these
glyconanoparticles to form nanovaccines. These nanovaccines
facilitated efficient internalization by BMDCs and promoted
endosomal escape of the neoantigen via the acid-sensitive units
on glycopolymers. Among them, the nanovaccine with the
dimannopyranoside modification showed better effects on the
delivery efficacy of neoantigen. In vitro studies indicated that
neoantigen presented by MHC I pathway of BMDCs could
significantly improve the proliferation and activation of
cytotoxic CD8+ T cells. These results highlighted the potential
of glycocalyx-mimicking nanovehicles with immune-activating
functions to potentiate the immunogenicity of neoantigens by
improving delivery and presentation efficacy, opening a new
avenue for the development of subunit vaccines and cancer
immunotherapy.
Inspired by the structure of mannan, a polysaccharide

composed of repetitive mannoside residues that have been
employed as an immune agonist,36−38 we synthesized natural
fragment mannoside derivatives, Man and α(1→2)-linked
dMan (Schemes S1−S4). Next, a methacrylate monomer
containing pentafluorophenyl group (PFPMA) was prepared
for coupling with the mannoside derivatives,40 and the acid-
sensitive 2-azacycloheptane-1-ethyl methacrylate (AEMA)
monomer with seven-membered tertiary amines was intro-
duced. Incorporation of PFPMA monomer and AEMA
monomer into a copolymer via reversible addition−fragmenta-
tion chain transfer (RAFT) polymerization obtained poly-
(ethylene glycol)44-b-poly(PFPMA-co-AEMA)n (termed as

PEO-b-P(PFPMA-co-AEMA)) (Figure 1a).41,42,46 The copoly-
mer possessed a molecular weight of 8.2 kDa (Mw/Mn = 1.13)
and comprised PFPMA segments (DP = 16) and AEMA
segments (DP = 25) (Figure S12). Then, aminated
monomannoside and dimannopyranoside derivatives were
conjugated to the side chains of copolymers and formed
glycopolymers PEO-b-P(Man-co-AEMA) and PEO-b-P(dMan-
co-AEMA) (Figures 1a and S15−S17). The result of 19F
nuclear magnetic resonance (NMR) spectra showed the
disappearance of the characteristic pentafluorophenyl signals
at δ-149, -157, and -162 ppm, confirming that both the
mannoside and dimannoside were successfully incorporated
into the polymers. The obtained glycopolymers were dissolved
in THF/DMF (4/1, v/v), and then slowly dropped into
phosphate buffered saline (PBS) under vigorous stirring,
followed by dialysis against PBS. The results of transmission
electron microscopy (TEM) showed that these glycopolymers
assembled into micellar nanoparticles with a diameter of about
40 nm, termed as Man-NP and dMan-NP, respectively (Figure
1c). Moreover, nonglycosylated copolymer also assembled into
nanoparticles, named as PA-NP (Figure S19).

Furthermore, BMDCs were employed to investigate the
immune activity of these glyco-nanoparticles (Figure 1b). The
cytotoxicity of the assemblies was first examined by incubation
with BMDCs at serial dilution concentrations for 24 h. Cell
counting kit-8 (CCK8) results showed that all assemblies had
no obvious cytotoxicity at concentrations of up to 100 μg/mL
(Figure S20). After overnight incubation, enzyme-linked

Figure 2. (a) Schematic illustration of pH-responsive antigen release by coassembled nanoparticle. (b) Morphology and (c) hydrodynamic
diameter of Aneo, Man@V, and dMan@V. (d) Calibration of fluorescence intensity against concentration of FITC-neoantigen standard. (e) pKa
determination of glycopolymers with dimannopyranoside modification. (f) Size distribution of Man@V and dMan@V under acidic condition. (g)
Release profiles of neoantigen at different pH conditions. (h) Images of erythrocytolysis. (i) Hemolysis ratios of erythrocytes at different pH
conditions (n = 3).
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immunosorbent assay (ELISA) was employed to detect the
secretion of proinflammatory cytokines by BMDCs, including
tumor necrosis factor α (TNF-α) and interleukin 12 (IL-12).
As shown in Figure 1d, both glyconanoparticles induced a
significant increase in TNF-α secretion, which was approx-
imately 2.5-fold compared to the mannan and PA-NP groups.
Consistent with TNF-α, the secretion of IL-12 also increased
significantly (Figure 1e), indicating that glyconanoparticles had
a strong immune-activating effect on BMDCs. The expression
of CD86, a surface marker expressed on mature BMDCs was

further analyzed by flow cytometry.43 The results showed that
after glyconanoparticle treatment the proportion of CD86+

BMDCs increased to 51.5% (dMan-NP) and 47.5% (Man-NP)
(Figure 1f, 1g). Together, these results indicate that glycocalyx-
mimicking nanoparticles not only stimulate the secretion of
proinflammatory cytokines by BMDCs but also enhance the
maturation of primary BMDCs, demonstrating their ability to
serve as adjuvants for active immune responses.

Encouraged by these results, the neoantigen Aneo (ASMTN-
MELM) was selected to coassemble with these glycopolymers

Figure 3. (a, b) Percentages and representative flow cytometry histograms of nanovaccines internalized by BMDCs. (c) Confocal imaging of
BMDCs treated by nanovaccines after 6 h. The cells were costained by DAPI (blue) and Lyso-Tracker (red). (d) Illustration for the nanvaccines in
activating BMDCs. (e−g) The concentrations of TNF-α, IL-12p40, and IL-6 secreted by nanoparticles-treated BMDCs. (h, i) Percentages and
representative flow cytometry histograms of CD11c+CD80+CD86+ BMDCs following various treatments. (j, k) Representative flow cytometry
histograms and percentages of glyconanoparticles uptaked by BMDCs after receptor blockade. (l) Binding affinities and representative MST results
of glyconanoparticles to DC-SIGN. Bar graphs show the mean ± SD (n = 3, t test or one-way ANOVA, *P < 0.05; **P < 0.01; ***P < 0.001).
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to generate nanovaccine. Aneo peptide exhibits a strong Tyndall
phenomenon in aqueous solution (1 mg/mL), indicating its
poor solubility and ready aggregation due to the hydrophobic
amino acids. Microscopically, TEM observations showed that
Aneo self-assembled into fibers over several micrometers
(Figure 2b). Following the same process of fabricating
glyconanoparticles, Aneo coassembled with the two glycopol-
ymers could generate nanoparticles with similar diameters,
termed as Man@V and dMan@V, respectively (Figure 2b).
The results of Dynamic Light Scattering (DLS) further
confirmed that coassembly with glycopolymers improved the
hydrodynamic diameter of the neoantigens from larger
aggregates to smaller nanoparticles (Figure 2c). Meanwhile,
fluorescein isothiocyanate labeled Aneo peptides (FITC-Aneo)
were used to evaluate the antigen encapsulation efficiency of
the glycopolymers by redissolving the nanoparticles in
dimethyl sulfoxide (DMSO). Based on the standard calibration
curve of FITC fluorescence intensity versus antigen concen-
tration, there was no significant difference in the peptide
loading between Man@V (60.9%) and dMan@V (61.2%)
(Figure 2d). In subsequent experiments, the content of Aneo
was defined as the concentration of Aneo@V, Man@V, and
dMan@V.
Antigen presentation by APCs occurs primarily through two

pathways. One is that the internalized antigen is processed in
lysosomes and loaded onto MHC II molecules for presentation
to CD4+ T cells, and the other is that the cytoplasmic antigen
is bound to MHC I molecules and presented to CD8+ T cells
to induce a direct cytotoxic response.44 Efficient cross-
presentation requires the antigen to escape from endosomes
(pH 5.0−6.5) into the cytosol (pH 7.0−7.4), thereby
facilitating antigen release and cytoplasmic delivery.29,44

Therefore, to further test the responsiveness of nanovaccines
in different pH environments (Figure 2a), the apparent pKa
values of the glycopolymers were first determined. The results
showed that both monomannoside-modified and dimannoside-
modified polymers exhibited essentially identical pKa values of
approximately 6.7 (Figures 2e, S21, and S22). This indicates
that the polymers could become increasingly protonated as the
pH decreases. Based on this result, a pH range from 6.0 to 7.4
was selected to systematically investigate the pH-responsive
behavior of the nanovaccines. After incubation of these
nanovaccines under a mimic endosomal condition (pH 6.0),
DLS analysis revealed the reappearance of micrometer-sized
aggregates, indicating that the Aneo peptide was released
through nanoparticle disassembly in the acidic environment
(Figure 2f). The release efficiency of the peptide was further
revealed by FITC-Aneo encapsulated nanovaccines. Fluores-
cence measurements showed that the encapsulated Aneo
peptide could be released rapidly within 20 min, reaching
approximately 90% release at 80 min in both Man@V and
dMan@V (Figure 2g). These results demonstrated that the
nanovaccines could be decomposed in an acidic environment
and achieve effective antigen release by protonation of the
AEMA fragment. Another important factor contributing to
endosomal escape is the lipid membrane disruption caused by
the proton sponge effect, which was further investigated by red
blood cell (RBC) hemolysis assay. As shown in Figure 2h, Aneo
peptide could not damage the RBC membrane, while Man@V
and dMan@V triggered hemoglobin release at pH 6.5 and 6.0,
indicating lipid membrane disintegration. This was further
confirmed by UV−vis spectroscopy of the supernatant at
characteristic hemoglobin absorption peak (540 nm; Figure

2i). These results confirmed that the acid responsiveness of the
nanovaccine could promote the release of the neoantigen
peptides encapsulated in the nanoparticles and disrupt the lipid
membrane.

After the construction of self-assembled nanovaccines, we
evaluated the cellular internalization by incubating BMDCs
with free FITC-Aneo, Man@V, and dMan@V at a concen-
tration of 30 μg/mL. Flow cytometric analysis showed that,
both glyco-nanovaccines could be effectively internalized by
BMDCs, but only a small amount of free Aneo had been taken
up. Compared with that in the Man@V group, the percentage
of FITC+ BMDCs increased 1.4-fold after dMan@V treatment,
showing that the dimannoside modification of nanoparticles
could induce enhanced endocytosis in BMDCs (Figure 3a,b),
as reported in our previous work.39 Furthermore, confocal laser
scanning microscopy was used to examine the intracellular
distribution of the FITC-Aneo. As shown in Figure 3c, FITC-
Aneo (green) was barely detectable in BMDCs treated with free
Aneo, because its aggregation limited cellular uptake. In
contrast, both Man@V and dMan@V enabled strong intra-
cellular accumulation of FITC-Aneo, with partial colocalization
with endo/lysosomes (red). Meanwhile, FITC-Aneo was also
observed in the cytosol, suggesting that glyco-nanovaccines
facilitated effective endosomal escape of the neoantigen
peptide. To further assess the effects of these nanovaccines
on BMDCs, Aneo@V (Aneo mixed with 200 nM CpG), Man@
V, and dMan@V were incubated with BMDCs for 12 h (Figure
3d). The results of ELISA revealed that compared with the
Aneo@V group, both Man@V and dMan@V treatments led to
a significant increase in TNF-α, interleukin 6 (IL-6), and IL-12
secretion, which increased by approximately 2 to 3 times.
Moreover, due to enhanced uptake capacity by the dimanno-
side modification, the dMan@V treatment led to a modest
increase in these proinflammatory cytokines compared to the
Man@V treatment. Immune costimulatory molecule (CD80
and CD86) expression was further confirmed by flow
cytometric analysis. The proportion of CD11c+CD80+CD86+
BMDCs treated with Aneo@V was 24.5%, while it increased to
50.1% and 45.4% in the Man@V and dMan@V groups,
respectively (Figure 3h, 3i). Although Aneo@V contains CpG, a
commonly used and potent adjuvant that activates Toll-like
receptor 9 (TLR9),45 the nanovaccines constructed by
glycopolymers exhibited stronger immune activation effects
than Aneo@V. These results demonstrated that glycopolymer
nanovaccines could efficiently promote BMDCs activation as a
robust immune adjuvant and deliver antigens to the cytoplasm
via protonation in the endosomal environment.

The basis for the enhanced cellular internalization and
BMDC stimulation by dMan@V over Man@V was further
investigated. Since these glyconanoparticles possessed similar
morphologies and sizes (Figure 1c) and mannosides typically
function via C-type lectin receptors (CLRs) binding to trigger
endocytosis and innate immune responses,47 it is plausible that
the difference arose from the efficiency of CLR-mediated
endocytosis. Therefore, two C-type lectin receptors (Dectin-2
and DC-SIGN) binding with mannose were selected to verify
this speculation. The results of antibody blockade assay
showed that all C-type lectin receptor blockades could
decrease the cellular uptake of nanovaccines in both dMan@
V and Man@V groups (Figure 3j), suggesting that these glyco-
nanovaccines were internalized by C-type lectin receptors of
BMDCs. Meanwhile, dMan@V exhibited an approximately
1.5-fold enhancement in inhibitory efficacy over Man@V
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(Figures 3k, S20, and S22), indicative of its superior receptor-
mediated recognition. Therefore, we further determined the
interaction of glyconanoparticles with recombinant Dectin-2
protein and recombinant DC-SIGN protein by microscale
thermophoresis (MST) assays. The results showed that, the Kd
for dMan-NP binding to DC-SIGN and Dectin-2 was 33.1 nM
and 267.0 nM, respectively, whereas the corresponding Kd for
Man-NP was 171.0 nM and 481.0 nM (Figure 3l and S23).
These results demonstrated that dMan@V could enhance the
internalization of BMDCs by increasing the affinity between
saccharides and CLRs, thereby improving the efficacy of glyco-
nanovaccines.
The cross-presentation capacity of nanovaccine-treated

BMDCs in inducing T cell responses was subsequently
evaluated (Figure 4a). Naive CD3+ T cells were isolated
from mouse splenocytes by magnetically activated cell sorting
(MACS). Moreover, T cells were labeled with the carboxy-
fluorescein succinimidyl ester (CFSE) to quantitatively
evaluate the ability of nanovaccine-treated BMDCs to activate
T cell proliferation. After naive T cells incubated with
nanovaccine-treated BMDCs for 72 h, flow cytometric analysis
indicated that the T cell proliferation rate of BMDCs treated
with Aneo@V was 18.0%, while that of BMDCs treated with
Man@V and dMan@V was increased to 46.0% and 55.0%,
respectively (Figure 4b,c). The significant improvement in T
cell proliferation suggested that enhanced BMDC maturation
and antigen entry into the cytoplasm by glycopolymer

nanocarriers could effectively stimulate T cell responses. The
phenotype of coincubated T cells was further analyzed to
investigate whether endosomal escape of neoantigens could
activate cytotoxic CD8+ T cells via the MHC I pathway of
BMDCs. The proportion of CD8+ T cells showed a time-
dependent increase in all treatments (Figure 4e). Quantitative
analysis of the T cell subtypes at 72 h showed that, Man@V-
and dMan@V-treated BMDCs induced a large number of
CD3+CD8+ cytotoxic T lymphocytes, accounting for 20.2%
and 36.6% respectively (Figure 4d,e), which were significantly
higher than those of Aneo@V-treated BMDCs (8.71%). This
result indicated that most of the Aneo peptides that escaped
lysosomes through nanocarrier-assisted delivery were pro-
cessed and presented via the MHC I pathway, demonstrating
the effectiveness of acid-responsive glycocalyx-mimicking
nanovehicles. The proinflammatory cytokines secreted by T
cells, including interferon-γ (IFN-γ) and interleukin 2 (IL-2),
were further quantitatively measured by ELISA. The time-
dependent results showed that Man@V- and dMan@V-treated
BMDCs induced significantly enhanced IFN-γ and IL-2
production by T cells, compared with Aneo@V (Figure 4e,f).
Together, these results confirmed that glyco-nanovaccines
enable a fraction of the delivered antigen to escape endosomal
compartments and enter the cytosol for cross-presentation by
APCs, thereby promoting T cell proliferation and differ-
entiation.

Figure 4. (a) Schematic illustration of antigen cross-presentation by BMDCs to CD8+ T cells. (b) Flow cytometry profiles and (c) quantitative
analysis of CFSE-labeled T cells after coculture with nanovaccine-treated BMDCs. (d, e) Representative flow cytometry plots and quantification of
CD3+CD4+CD8+ T cells after coculture with BMDCs treated by different vaccine formulations. (f) Concentrations of IFN-γ and (g) IL-2 in the
supernatants of BMDC-T cell cocultures measured by ELISA (n = 3). Bar graphs show the mean ± SD (n = 3, t test or one-way ANOVA, *P <
0.05; **P < 0.01; ***P < 0.001).
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In summary, this work highlights a glycopolymer-based
nanocarrier system with inherent immune-activating capabil-
ities that enhances the immunogenicity of neoantigens by
improving solubility and endocytic efficacy. By incorporation
of acid-sensitive units, these nanovaccines enable efficient
endosomal escape and facilitate antigen cross-presentation by
APCs, resulting in robust T cell proliferation and differ-
entiation. This work represents a pioneering effort to utilize
artificial glycocalyx-inspired structures as agonists for peptide
vaccine construction in the absence of other potent activators,
demonstrating the potential of synthetic glycopolymers in
activating immune cells and potentiating specific cytotoxic T
cell responses. Moreover, this work suggests that the
glycocalyx-inspired architectures that enable better cargo
functions could serve as bioactive encapsulation nanoplat-
forms, with promising applications in biomaterials and
nanomedicine.
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