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Efficient antigen delivery to B cells and dendritic cells (DC) is critical for
enhancing vaccine immunogenicity. Here, we develop a dimeric vaccine
strategy by fusing antigens to the N-terminal of heat shock protein GP96. This
platform generates compact, nanoscale particles that fully exposed antigenic
sites. We validate the vaccine strategy using the SARS-CoV-2 receptor-binding
domain (RBD) antigen in a viral challenge model with hACE2 mice and the
human papillomavirus (HPV) E7 protein in a HeLa xenograft model with nude
mice. The GP96 moiety directly bound its receptor, LRP1, thereby enhancing
antigen accumulation on follicular DCs and prolonging lymph node retention,
ultimately amplifying germinal center B cell responses. Furthermore, GP96-
LRP1 interaction on DCs promotes antigen endocytosis, underpinning epitope
presentation and robust cross-conserved T cell activation. Consequently, this
design induces potent, durable humoral immunity, cross-conserved T cell
responses, and pulmonary mucosal immunity, underscoring its promise as a

versatile and effective vaccination strategy.

Effective vaccines against continuously emerging and mutating viruses
such as SARS-CoV-2 and influenza are challenging to design, and
existing vaccines have limited efficiency'. The primary concerns are
the limited cross-protection and transient nature of the antibody
response elicited by the vaccines®. Additionally, while T cells are
pivotal in viral clearance and confer long-lasting protection, current
vaccination strategies have encountered difficulties in mounting
effective T cell responses®. The lack of robust antiviral T cell immune
response also limits existing vaccine utility against chronic viral
infections such as HPV. Novel vaccination approaches are being
actively investigated, which include the utilization of diverse adju-
vants, nanoparticle-based antigen delivery systems, artificial intelli-
gence (Al) aided vaccine design, the advancement of mRNA-based or
viral vector vaccines, and the engineering of vaccines capable of

inducing a more extensive and enduring B cell and T cell response’™’.
Adjuvants strengthen and prolong the immune response by facilitating
antigen depot formation, prolonging antigen exposures and release,
stimulating innate immunity, and enhancing antigen presentation'®".
The emergence of SARS-CoV-2 variants has complicated the efficacy of
current vaccines; however, long-term persistence of neutralizing
antibody responses and the diversity and cross-reactivity of T cell
responses may serve to ameliorate the clinical impact of these
variants”'*, Therefore, vaccine development must prioritize strategies
to maintain long-term antibody response as well as the induction of
sustained, cross-protective T cell responses through revolutionizing
adjuvant development.

Heat shock protein GP96/GRP94, a member of the heat shock
protein 90 (HSP90) family, is a pivotal molecular chaperone located
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within the cellular endoplasmic reticulum (ER). GP96 has emerged as a
subject of intense scrutiny in immunological research, with its poten-
tial as a vaccine adjuvant to activate T-cell responses being particularly
promising™'®. Its ability to complex with a diverse array of MHC class |
and class Il epitopes, forming GP96-peptide complexes, is crucial for
the cross-presentation to CD8" T cells, a process integral to cellular
immune responses”. Additionally, GP96 also stimulates the produc-
tion of cytokines and chemokines via interaction with CD91 (LRP1) and
Toll-like receptors (TLR), thereby inducing the maturation of dendritic
cells and macrophages™. The application of GP96 as an adjuvant in
split influenza vaccine indicates its potential to elicit protective T cell
immune responses against various strains of the influenza virus®. In
the realm of tumor immunotherapy, tumor-derived GP96-peptide
complexes activate CD8" T cells by presenting tumor-specific antigens,
offering novel and safe strategies for clinical cancer treatment™?.
Despite the notable advancements in GP96 immunological function,
the precise form of antigen binding by GP96 remains to be fully elu-
cidated, and its relatively weak ability to promote B-cell responses
potentially limits its application in vaccine strategies™.

Given the uncertainty surrounding the binding of large antigens
to GP96, we adopt a fusion protein strategy to redesign the antigen-
GP96 complex using a structure-based approach® %, In this study, we
construct antigen-GP96 fusion proteins using the RBD of the SARS-
CoV-2 spike protein and the L1 and E7 proteins of HPV. Their immu-
nogenicity is compared with that of established adjuvants, including
aluminum salts, MF59, ASO4C, and AS04D. The results demonstrate
that this vaccine strategy induces potent humoral immunity, cross-
protective T cell responses, and pulmonary mucosal immunity. These
findings establish a novel vaccine platform for developing highly
effective and broad-spectrum vaccines against diverse pathogens.

Results

Structure-guided design of a dimeric form of RBD-GP96-Fusion
as a superior immunogen

Screenings related to different antigen-GP96 binding modes were first
carried out in light of the adjuvant characteristics of GP96. The binding of
multiple viral antigens was simulated using AlphaFold3, including SARS-
CoV-2 RBD, FluA HAL, HPV L1, HBV HBc, HIV gp120, MPXV B6R and MIR,
HFMD CA16 and EV71, and OVA, whose molecular weight is mainly
concentrated within the range of 35 to 50 kDa. And the modeling results
are corrected for deviations and subjected to orthogonal experiments to
ensure their rationality (Supplementary Fig. 1). After large-scale screening
and statistical analysis, it was found that these antigens tended to pre-
dominantly bind to the N-terminal domain (NTD), and secondly to the
middle domain (MD) of GP96 (Fig. 1A, B, and Supplementary Fig. 1, 2A).
Therefore, fusing the antigens to the N-terminal of GP96 is more con-
ducive to reducing the spatial hindrance between the antigens and GP96,
further ensuring the integrity of the recombinant protein structure and
the full exposure of the antigens. Moreover, we analyzed the GP96
binding sites with different subtype antigenic MHC class I/1l epitopes that
are usually less than 30 aa. The results show that the GP96 dimer uses its
lumenal channel formed within its MD and C-terminal domain (CTD) to
bind various viral epitope peptides for cross-presentation and induce T
cell immune responses (Supplementary Fig. 2B), which is in line with
previous reports®.

Unlike epitope peptides, the viral antigens (such as RBD and L1
protein), which are much larger in size, were unable to form stable
complexes with GP96 protein (Supplementary Fig. 2C). This offers a
valuable reference for our subsequent design of the antigen-GP96-
Fusion vaccine strategy. The mature GP96 protein contains a flexible
region (aa 22-45) at the N-terminal that could be used as a natural linker
to allow RBD to interact with NTD. Additionally, by leveraging the
dimerization characteristic of both the C-terminal of GP96 and RBD, a
more stable RBD-GP96 fusion protein with dimerization at both the N-
and C-terminal will be formed. The RBD is truncated at the C-terminal

residue G545 and connected with GP96 protein N-terminal residue D22
to construct fusion protein (Fig. 1C). Molecular dynamics simulation
results indicate that the root mean square deviation (RMSD) fluctua-
tions of the RBD-GP96-dimer tend to be more stable compared to the
GP96-dimer (Fig. 1D). The flexibility of Chain A and Chain B of GP96
dimer decreased when combined with RBD, particularly for Chain B
(Supplementary Fig. 3A). The snapshot of the last frame of the
dynamics simulation was then intercepted to represent a more rea-
sonable conformation of the GP96 and RBD-GP96 dimer complex for
further analysis. After RBD was coupled to its N-terminal, a large
number of hydrogen bonds were formed between RBD Chain A/B and
GP96 Chain A/B, further facilitating the stability of the N-terminal of
the dimer (Fig. 1E, and Supplementary Fig. 3B). Then recombinant RBD-
GP96-Fusion was expressed, and its molecular weight was determined
to be 231kDa through analytical gel filtration and analytical ultra-
centrifugation, suggesting stable dimer formation (Fig. 1F, G). Trans-
mission electron microscopy observations show that the dimerization
of RBD-GP96-Fusion is more compact at both the N- and C-termini
compared to GP96 (Fig. 1H). Based on the analysis of the mass spec-
trometry results regarding the positioning information of disulfide
bonds, disulfide bonds are formed mutually between Cys258 (Chain A)
- Cys258 (Chain B) of the two RBDs among partial RBD-GP96-Fusion
proteins, further facilitating the formation of dimerization conforma-
tions: “closed” conformation at the N-terminus through a disulfide
bond, and “open” conformation at the N-terminus with no disulfide
bonds (Fig. 1I, and Supplementary Fig. 4). Two different twisted
models of RBD-GP96-Fusion are consistent with the results of struc-
tural predictions.

The surface plasmon resonance (SPR) and ELISA assays indicated
that the RBD-GP96-Fusion bound to the SARS-CoV-2 receptor hACE2
with an affinity comparable to the RBD dimer counterpart (Fig. 2A, and
Supplementary Fig. 5A). This implies the exposure of the receptor
binding motif (RBM), which is in accordance with the results of mul-
tiple structural predictions (Fig. 2B, Supplementary Fig. 5B). The
aggregation temperatures (Tagg) of GP96 and RBD-GP96-Fusion were
significantly higher than that of RBD (Fig. 2C, Supplementary Fig. 6A).
Meanwhile, the anti-trypsin enzymatic cleavage ability of GP96 or RBD-
GP96-Fusion was significantly enhanced compared to RBD alone
(Fig. 2D). Obviously, the enhanced stability of RBD-GP96-Fusion is
majorly dependent on the properties of GP96. The results of the in vivo
stability study showed that the duration for RBD-GP96-Fusion to exist
stably, acting like a sustained-release depot, at the injection site on the
backs of mice and subsequently in the inguinal lymph nodes was sig-
nificantly prolonged compared to that of RBD and GP96 proteins
(Fig. 2E). A larger amount of fluorescently labeled RBD was captured by
the inguinal lymph nodes (LN) as early as 3 h after the subcutaneous
injection of RBD-GP96-Fusion, and the majority of the RBD antigen
persisted within the lymph nodes and spleen for at least 30 days.

RBD-GP96-Fusion vaccine promotes the generation of potent
neutralizing antibodies via activation of GC B cell response

To evaluate humoral responses, BALB/c mice were immunized three
times with RBD-GP96-Fusion or RBD immunogen plus alum or GP96
adjuvant as controls (Fig. 3A). The antibody response to RBD-GP96-
Fusion is dose-dependent, and a sufficient high-titer antibody can be
produced when immunized with 20 pg of protein (Supplementary
Fig. 7A). The inoculation dosage of 20 pg RBD-GP96-Fusion protein
was used in the following experiment. The dose of 5ug of RBD was
then used for inoculation in the control groups to maintain the same
molar amount of RBD immunogen as in RBD-GP96-Fusion group™.
Compared to the RBD with alum or GP96, the RBD-GP96-Fusion of
prototype SARS-CoV-2 induced significantly higher levels of antigen-
specific IgG, IgGl, 1gG2a, IgG2b and IgM, and no obvious increases in
IgA and IgE levels were observed in serum (Fig. 3B, and Supplementary
Fig. 7B-E). The mean IgG titer under RBD-GP96-Fusion treatment was
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up to 63 times higher than that of alum after the 3™ immunization,
which persisted for 6 months. In terms of cross-antibody reactions
against different SARS-CoV-2 strains of RBD and S1 subunit, RBD-GP96-
Fusion immunity was significantly stronger than other treatments
(Fig. 3C, D). We found that RBD-GP96-Fusion could induce a strong

antibody-dependent cellular cytotoxicity (ADCC) reporter activity in
mouse cells (Fig. 3E)*"%,

Sed_coefficient (S)

RBD-GP96-Fusion
(Dimer)

We then detected the major inflammatory cytokines in the
plasma. As seen in Supplementary Fig. 7F, only a modest increase in
IFN-y and TNF levels was observed after the third immunization of
RBD-GP96-Fusion relative to alum adjuvant, suggesting that it did not
trigger a systemic inflammatory response’. We also monitored the
weight change curves of mice throughout the entire vaccination per-
iod and did not observe any significant weight loss under RBD-GP96-
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Fig. 1| Structure-guided design and critical structure characterization of
antigen-GP96-fusion strategy: RBD-GP96-Fusion as an instance. A Large-scale
analysis of the key binding regions of antigens with GP96 using AlphaFold3 (n = 22).
B The possible structural pattern diagram of the combination of RBD and GP96
modeled by AlphaFold3. C The schematic representation of RBD-GP96-Fusion
(monomer). RBDs (prototype strain) are truncated at the C-terminal residue G545
and connected to GP96 protein N-terminal residue D22 to construct the fusion
protein (SP, signal peptide). The structure of the fusion protein was predicted
based on AlphaFold3 (yellow RBM motif, hACE2 binding domain). D, E Molecular
dynamics of GP96-dimer and RBD-GP96-dimer predicted by AlphaFold2-multimer
were performed using AMBER. D The RMSD was analyzed. The red line represents

RBD-GP96-dimer and the black line represents GP96-dimer. E The last frame of the
molecular dynamics operation of the dimer conformations is captured for display.
F Analytical gel filtration of the RBD-GP96-Fusion protein was performed with
Superdex 200 Increase 10/300 GL. The resulting 280-nm absorbance curve is
shown. The reduced SDS-PAGE migration profile of the pooled sample is shown.
The data are representative of two independent experiments with similar results.
G Ultracentrifugation sedimentation profiles of RBD-GP96-Fusion. H Transmission
electron microscopy of RBD-GP96-Fusion and GP96 protein. The red frames
represent typical transmission electron microscopy (TEM) structures. Below is a 3D
cartoon sketch of the RBD-GP96-Fusion (surface, cone). I Analysis of GP96 and
RBD-GP96-Fusion dimerization models.

Fusion treatment (Supplementary Fig. 7G). No other apparent toxicity
was found.

In terms of vaccine protection efficacy, all serum samples from
the RBD-GP96-Fusion group also exhibited a much higher neutralizing
activity against both live prototypic and Omicron BA.1 strains, with
approximately a 63-fold and 4-fold increase, respectively, compared to
alum (Fig. 3F, and Supplementary Fig. 7H, I). Additionally, neutralizing
antibody (NADb) titers demonstrated a stronger correlation with 1gG
titers (Supplementary Fig. 7J). We further applied this N-terminal
fusion strategy to reconstitute the SARS-CoV-2 XBB.1.5 RBD-GP96-
Fusion vaccine for immunization (Supplementary Fig. 8A). Similar to
the prototypic RBD, the XBB.1.5 RBD-GP96-Fusion generated stronger
antigen-specific IgG and NAbs (Fig. 3G, and Supplementary Fig. 8B),
and the NAD titers against Omicron BA.1 were enhanced significantly
(Supplementary Fig. 8C). After immunization of hACE2 transgenic
mice, a nasal SARS-CoV-2 XBB.1.22 challenge test was conducted. The
RBD-GP96-Fusion group showed significantly better protective effect
than RBD plus alum group, with the lower viral titer in the lungs and no
signs of severe bronchopneumonia or interstitial pneumonia in the
pathological sections (Fig. 3H-J). Then we compared bone marrow
SARS-CoV-2-specific Ab-secreting cells (ASC) elicited by the different
vaccines 6 months post-immunization. Consistent with the serum IgG
data, mice immunized with prototypic or XBB.1.5 RBD-GP96-Fusion
but not RBD plus alum or GP96 generated RBD-specific IgG" long-lived
plasma cells (LLPC) (Fig. 3KL), suggesting efficient generation of
multiple facets of long-term humoral immunity by RBD-GP96-Fusion
vaccines. Notably, the RBD-GP96-Fusion barely produces antibodies
against its own GP96 (Supplementary Fig. 8D).

We then proceeded to investigate the immune cell repertoire
bound by RBD-GP96-Fusion protein via flow cytometry and single-cell
RNA sequencing (scRNA-seq), as illustrated in Supplementary Fig. 9A.
As shown in Supplementary Fig. 9B,C, RBD-GP96-Fusion protein
accumulates significantly more at the draining lymph nodes of the
mice. Among Cy5' cells, we initially grouped the scRNA-seq data into 8
cell clusters, including clusters of B cells, T cells, monocytes, etc., to
provide an analytical framework for further in-depth refinement
(Supplementary Fig. 9D, E).

Next, we subclustered B cells and obtained 5 subsets according to
the expression of canonical B cell markers®* (Supplementary
Figs. 10A, B). As seen in Fig. 3 M-N, compared with the RBD control
group, the RBD-GP96 fusion protein was most bound to germinal
center (GC) B cells. The enrichment of functional modules of differ-
entially expressed genes (DEG) in the various cell types indicated that
the shared upregulation module was predominantly enriched in GC B
cells, and was focused on amino acid metabolism as well as formation
of immunological synapse with antigen-presenting cells (APC) (Sup-
plementary Figs. 10C, D).

Subsequently, GC B cells from the draining inguinal LNs were
assessed 7 days post-immunization by flow cytometry (Fig. 30). The
RBD-GP96-Fusion immunization significantly induced a higher fre-
quency and quantity of GC B cells and antigen-specific GC B cell
responses compared to alum or GP96 (Fig. 3P, Q and Supplementary
Fig. 11A). The same GC B cell responses were maintained but slightly

diminished on day 40 (Supplementary Fig. 11B). To understand the
long-term efficacy of antibody levels further, we measured GC memory
B-cell (MBC) precursors (as defined in Supplementary Fig. 11C) in the
inguinal LNs 7 days post-immunization. We found that a substantial
population of RBD-specific MBC precursors was present only upon
immunization with RBD-GP96-Fusion vaccines (Fig. 3R, and Supple-
mentary Fig. 11A). MBCs were measured in the spleen of mice 6 months
after vaccination. RBD-GP96-Fusion vaccines promoted the generation
of class-switched MBCs expressing IgGl and IgG2a/2b, but no sig-
nificant difference was observed in RBD specificity’** (Fig. 3S, and
Supplementary Fig. 11D, E). The immunization with XBB.1.5 RBD-GP96-
Fusion is also consistent with the GC responses mentioned above
(Supplementary Fig. 11F-H). To better study MBCs and MBC pre-
cursors, the formation of MBCs was analyzed 8 weeks after the third
immunization, that is, after the GC collapse. At this time, the differ-
ences in MBC precursors were no longer significant, and the differ-
ences in memory cells were more concentrated on the high-intensity
IgGl1 and 1gG2a/b MBCs. The progress of the promoting kinetics con-
forms to the above-mentioned GC transformation (Supplemen-
tary Fig. 12).

After analyzing the above immune response, it was found that the
quantity of RBD-GC B cells shows a strong correlation with IgG and
NT50 titer at different immunization stages (Supplementary
Fig. 13A-C). Regarding the maintenance of antibodies, the strong
correlation between RBD-specific ASCs and long-lasting antibodies in
the RBD-GP96-Fusion group also demonstrated its superiority (Sup-
plementary Fig. 13D).

Besides BALB/c mice, induction of humoral response by RBD-
GP96-Fusion was also determined in C57BL/6 background mice®.
Despite a somewhat weakened humoral response compared to BALB/c
mice, RBD-GP96-Fusion induced significantly stronger antibody
response and GCB-related reactions than those of alum or GP96
adjuvant control in HLA-A2(Kb)/B6 transgenic mice (Supplemen-
tary Fig. 14).

The RBD-GP96-Fusion vaccine generates an alternative antigen
retention route via LPR1 on FDCs for continuous activation of
GC B cells

Then we subclustered monocyte cells and obtained 6 subsets
according to the expression of canonical cell markers* (Supplemen-
tary Fig. 15A, B). There was a significant increase in RBD-GP96-Fusion
protein-bound follicular dendritic cells (FDC) compared to RBD con-
trol (Fig. 4A, B). The enrichment of functional modules of DEGs indi-
cated the upregulation of cytokine-mediated signaling and regulation
of cell-cell adhesion (Supplementary Fig. 15C), suggesting that the
RBD-GP96-Fusion protein promotes direct or indirect interactions
between FDCs and targeted cells.

FDCs are dynamic antigen libraries in the GCs, providing the first
signal for activating GC B cells***. T follicular helper (Tfh) cells can
provide the second signal for activating GC B cells by secreting cor-
responding cytokines’. There were no significant differences in the
frequency, quantity, and activation of Tfh cells between the RBD-GP96-
Fusion group and the groups with RBD with alum or GP96 overall
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(Supplementary Fig. 16). A relatively higher percentage of IFN-y* or IL-
4" Tfh was observed in the RBD-GP96-Fusion group under stimulation
with PMA/lonomycin or RBD peptide pool. FDCs have the unique
ability to retain intact antigen for extended periods. They primarily
bind antigen-immune complexes onto the cell membrane via surface
Fc fragment receptor (FcR) and complement receptor 2 / complement
receptor 1 (CR2/CR1), and subsequently present them to B cells. FDCs

were evaluated in inguinal LNs 7 days post-immunization by flow
cytometry®®* (Supplementary Fig. 17A). In the RBD-GP96-Fusion
group, the frequency of RBD-GP96-Fusion-specific FDCs exceeded
that of RBD-specific FDCs in the RBD with alum group by around 1.3-
fold. Furthermore, even after applying FcR blocking inhibitors, the
disparity persisted (Fig. 4C, Supplementary Fig. 17B). This indicates
that aside from the classical antigen retention pathways involving FcR
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Fig. 2 | Biological stability and immunological migration characteristics of
RBD-GP96-Fusion as a dominant vaccine. A Representative BlAcore diagrams of
RBD and RBD-GP96-Fusion bound to hACE2 protein (baculovirus expression). The
Kp value was calculated using the software BlAevaluation Version 4.1 (GE Health-
care). The values shown are mean + SD of two independent experiments. B The
complex structure of hACE2 (PDB: 1R42) is docked onto RBD-GP96-Fusion dimer by
ZDOCK, showing the complete exposure of dual RBMs. Two RBD protomers are
shown as surface and colored in hot pink and cyan, respectively. Two hACE2 pro-
teins are shown as cartoon and colored in yellow. C The difference in thermal
aggregation degree between RBD, GP96 and RBD-GP96-Fusion proteins was

analyzed using the PR.NT .48 instrument. D The SDS-PAGE migration profiles of
RBD, GP96 and RBD-GP96-Fusion hydrolyzed by trypsin at different pH were ana-
lyzed to determine the difference in anti-enzymatic ability. E Representative in vivo
fluorescein image of 6- to 8-week-old female BALB/c mice on days 0, 7, and 30 after
dorsal vaccination with RBD (with aluminum hydroxide adjuvant), GP96 and RBD-
GP96-Fusion vaccines. In (C, E), n = 3 samples per group were analyzed. The data are
representative of two independent experiments with similar results. Geometric
mean + geometric SD are shown. One-way ANOVA with Bonferroni correction or
unpaired two-tailed t tests were conducted according to the distribution of the
data. ns p a 0.05, *p <0.05, ***p < 0.0001.

and CR2, the RBD-GP96-Fusion antigen can be retained on the surface
of FDC through other routes.

We postulate that there may exist GP96-related receptors on the
surface of FDCs, enabling RBD-GP96-Fusion to anchor the antigen
more abundantly on the surface of FDCs via GP96*°*2, The results of
flow cytometry indicated that both TLRs and LRP1 were expressed on
the surface of FDCs (Fig. 4D). Then, FDCs were evaluated in LNs 7 days
post-immunization. The combination of FcR blocking, TLR mAb, and
LRP1 mAb inhibitors was employed to detect the frequency variations
of antigen-specific FDCs. The results revealed that blocking both FcR
and LRP1 mostly decreased the binding of the RBD-GP96-Fusion anti-
gen to FDCs, and the combination blocking almost completely inhib-
ited the binding (Fig. 4E-G, and Supplementary Fig. 17C). However,
only blocking FcR, not LRP], significantly decreased the binding of RBD
to FDCs. Similar to the binding to FDCs, the results of in vivo immune
experiments in mice also demonstrated that LRP1 blocking led to a
significant reduction in IgG titers (Fig. 4H, I). After the first immuni-
zation, the lymph nodes were extracted and ground, and FDCs were
sorted for RBD IP-Western analysis (Fig. 4), Supplementary Fig. 17D).
Likewise, for the unimmunized lymph nodes, FDCs were sorted and
incubated with various proteins before undergoing RBD IP-Western
analysis (Fig. 4K). The in vivo and in vitro results both indicated the
existence of the RBD-GP96-Fusion-LRP1 complex on the surface of
FDCs. After one immunization, the lymphocyte suspension was used
for Protein A/G beads to directly bind B cells’ BCR and perform IP-
Western blot. The results directly proved that B cells and FDCs were
bound by the RBD-GP96-Fusion mediated by LRP1 (Fig. 4L).

Next, we assessed the ability of in vitro RBD-GP96-Fusion-
stimulated FDCs to prolong the interaction with GC B cells, as mea-
sured by time-lapse live-cell microscopy. Figure 4M shows repre-
sentative FDC-GC B interactions over time. The interaction time
between FDCs and GC B cells was significantly enhanced by RBD-GP96-
Fusion, and could be blocked by LRP1 antibodies (but not by an isotype
control antibody) (Fig. 4N, O). Additionally, after immunization, the
frequency of RBD-GP96-Fusion-bound FDCs and GC B cells in the LNs
was significantly higher than RBD-bound cells in the alum adjuvant
group (Fig. 4P, and Supplementary Fig. 18).

From a structural perspective, AlphaFold3 was utilized to model
and analyze LRP1/CD91a. Based on research conducted by Robert J.
Binder, we determined that the free GP96 subunit binds to CD91-a
through a structural proline-cleavage site to evaluate the feasibility of
the vaccine conformation*® (Supplementary Fig. 19). Subsequently,
GP96 and RBD-GP96-Fusion were docked with CD91-a for analysis. The
results revealed that the docking sites were all situated on the free
subunit, suggesting that the docking results merit consideration
(Supplementary Fig. 20). At this point, the proposed solution is fea-
sible, as indicated by the fully exposed RBM in RBD (Fig. 4Q). To
enhance the structural platform’s subsequent application potential, we
analyzed the CD91a-GP96 binding interface via molecular dynamics,
and identified the top 10 amino acids within CD91 or GP96 con-
tributing the most to binding energy of CD91x-GP96 (Supplementary
Fig. 21, Supplementary Table 1). The most binding-energy-contributing
amino acids of GP96 were then mutated to Ala, and WT and mutant
GP96 proteins were expressed, purified and characterized

(Supplementary Fig. 22A-F). Experiments showed that these mutations
within GP96 significantly affected its binding to CD91a (Supplemen-
tary Fig. 22G), thus verifying the binding interface between GP96 and
CD91a. Based on the abovementioned experiments, a schematic dia-
gram of the mode in which the RBD-GP96-Fusion vaccine is fixed on
FDCs in GCs through binding to LRP1/CD91-a, in addition to FcRs and
CR2 pathways, to enhance GC B cell activation, is presented as shown
in Fig. 4R. By using the presented model that combines the results of
Figs. 2D and 2E, we proposed that the RBD-GP96-Fusion strategy can
enhance antigen stability, enter B cell follicles more effectively through
sinuses, and target FDCs surface LRP1 with GP96 to accumulate more
intact antigens for B cells, thereby causing a strong and long-lasting
humoral immune response.

RBD-GP96-Fusion vaccines induce broad and long-lasting T cell
responses by targeting DCs
Given the superiority of the interaction between CDI1lc* DCs and
effector T cells with the GP96, we proceeded to subcluster T cells and
identified 7 subsets based on the expression of canonical T cell mar-
kers (Supplementary Fig. 23A, B). As depicted in Figs. 5A and 5B, there
was a notable increase in CD8 effector T cells bound to the RBD-GP96-
Fusion protein compared to the RBD control. The enrichment of
functional modules of DEGs in the various cell types indicates that the
shared upregulation module is predominantly enriched in CD8 effec-
tor cells and focuses on leukocyte-mediated cytotoxicity, regulation of
cell killing, and regulation of lymphocyte-mediated immunity (Sup-
plementary Fig. 23C, D). Additionally, cell interactions between CD8
effector cells and cDCs are increased in RBD-GP96-Fusion protein-
treated mice compared to RBD-control (Fig. 5C), as calculated by
CellPhoneDB.

Then cellular immune response was examined in BALB/c and HLA-
A2 transgenic mice after immunization (Fig. 5D). The RBD-GP96-Fusion
immunization demonstrated higher levels of secreted TNF and IFN-y
by splenocytes, indicating a more prone Thil-type cellular immunity
compared to the RBD with alum or GP96 group (Supplementary
Fig. 24A). Further design of H-2-Kd and HLA-A2 epitopes was carried
out”™ (Supplementary Table 2). After the third immunization,
epitope-specific T cell immune responses were detected by ELISPOT
(Supplementary Fig. 24B, C), and the conservation of these epitopes
was predicted (Supplementary Fig. 24D). After screening out the highly
efficient and conserved epitopes Ssss.sqz and Sip4.43, intracellular
cytokine staining (ICS) assays were conducted (Fig. 5E, F and Supple-
mentary Fig. 25A). The above results showed that the RBD-GP96-
Fusion vaccine could induce highly efficient cellular immune respon-
ses and had conservation against different virus strains. The results of
the ICS assay and the frequencies of activation-induced marker (AIM)*
CD4" and CDS8'T cells stimulated by Ss3s.543 or SARS-CoV-2 RBD pep-
tide pool after the first immunization showed that the RBD-GP96-
Fusion vaccine was significantly more effective than the RBD with alum
or GP96 group (Supplementary Fig. 25B-D), suggesting that the RBD-
GP96-Fusion vaccine may be able to establish cellular immune pro-
tection at an early stage.

Compared to RBD with alum or GP96 group, the proportion of
CDS8'T cells secreting IFN-y in the bronchoalveolar lavage fluid (BALF)
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of the RBD-GP96-Fusion group after the third immunization sharply
increased by 5.3-fold and 8.2-fold respectively (Fig. 5G, H, and Sup-
plementary Fig. 26A), indicating that the vaccine could induce immu-
nodominant epitope-specific CD8" T cells in the lung and airways***¢
Moreover, the expression of CD11a and CXCRé6 in CD8'T cells of the
BALF was significantly enhanced (Fig. 51, and Supplementary Fig. 26A,
B), suggesting that the lung cellular immune response induced by RBD-
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GP96-Fusion vaccine might be driven by the corresponding chemo-
kines for migration. And to further confirm that the drive originated
from the lungs, we detected the lung tissue-resident memory T cells
(Trm) and the corresponding integrins***¢"*%, The results showed that
RBD-GP96-Fusion group had
CD69'CD103" Trm of CD4" and CD8' T cells, as well as a47* CD4" and
CD8" T cells than control groups (Fig. 5J, K, and Supplementary

significantly higher levels of
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Fig. 3 | RBD-GP96-Fusion vaccines elicit robust IgG titers and strong antigen-
specific GC B cell responses. Mice (n= 6 per group) were intramuscularly immu-
nized with SARS-CoV-2 RBD vaccines (prototype or XBB.1.5 strain). A Schematic of
RBD-GP96-Fusion induced humoral immunity. B-G Serum analyses at indicated

time points. B RBD-specific IgG kinetics at day 7 post-immunization and 6 months
after the 3 dose. C, D S1-specific and cross-reactive RBD IgG against variants at day
7 post-3 dose. E Serum ADCC activity. F, G Neutralization titers (NT50) against

SARS-CoV-2 variants at day 7 post-3™ dose. H Immunization and challenge timeline.
I Lung viral RNA by reverse transcription quantitative PCR (RT-qPCR) at day 3 post-
infection. J H&E staining of lung tissues (scale bars: 400/100 um). K, L Bone marrow

RBD-specific and XBB.1.5-RBD-specific IgG* ASCs by ELISPOT at 6 months.

M, N scRNA-seq of Cy5" cells in draining LNs: t-SNE visualization of B cell clusters
(M) and absolute numbers/percentages of subsets (N). O-R Inguinal LN analysis at
day 7 post-1** dose. O Flow cytometry of GC B cells and RBD-specific GC B cells.
P, Q Frequencies of GC B cells and RBD-specific GC B cells. R Frequency of RBD-
specific CCR6" MBC precursors in LZ. S IgG1" and IgG2a/2b* MBCs frequencies at
6 months. Data represent two independent experiments. Geometric mean + SD
shown; individual points represent mice. L.O.D. indicated (dotted line). Statistical
analysis by one-way ANOVA with Bonferroni correction or unpaired two-tailed t-
test. ns p>0.05, *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.

Fig. 26C-1). However, the generation of RBD-specific IgA antibodies in
the lungs could not be detected (Supplementary Fig. 26)).

To assess the long-term durability of cellular immunity main-
tenance, the spleen immune responses were examined 6 months after
the third immunization. The peptide pool-stimulated AIM'CD8'T cell
immune responsein the RBD-GP96-Fusion group remained sig-
nificantly higher than the RBD with alum or GP96 group, whereas there
was no significant difference in the AIM'CD4'T cell immunity*’ (Fig. 5L,
and Supplementary Fig. 27). Among the main subsets of memory
T cells, the stem cell-like memory T cells (Tscm) were significantly
higher in the RBD-GP96-Fusion group (Supplementary Fig. 28), indi-
cating that this cell subset is vital for maintaining long-term T cell
immunity in this immune group®. After stimulation with the peptide
pool, the corresponding antigen-specific activated effector memory
T cells (Tem) and IFN-y* CD8* Naive T/Tem subtypes of memory T cells
showed a significant increase (Supplementary Fig. 29). The cellular
immune responses elicited by the SARS-CoV-2 XBB.1.5 RBD-GP96-
Fusion vaccine constructed with the same strategy align with the
trends observed in the above experiments (Supplementary Fig. 30).

The variation of the RBD signal intensity on the cell membrane
surface after co-incubation of different antigens with bone marrow
dendritic cells (BMDC) can indicate that RBD-GP96-Fusion can be
enriched on the surface of BMDCs more quickly and in greater quan-
tities (Fig. 5M, N). The immunofluorescence co-localization signals
indicated that the antigen enrichment occurred through the binding of
GP96 and CD91/LRPI1 (Fig. 50, P). Subsequently, the cross-presentation
pathway after antigen endocytosis was analyzed via immuno-
fluorescence co-localization signals, based on various treatments with
endocytosis and autophagy-lysosomal inhibitor BAFA1 and protea-
some inhibitor MG132. It was observed that more RBD was delivered to
the ER under treatment with RBD-GP96-Fusion than RBD with Alum or
GP96, and this process was strongly inhibited by BAFA1 and MG132
(Supplementary Fig. 31, 32). Similar results were observed on the
Raw264.7 cell line (Supplementary Fig. 33). The results indicate that
after endocytosis of the RBD-GP96-Fusion vaccine, it undergoes
hydrolysis in the lysosome or proteasome, and RBD peptides are
delivered to the ER for antigen presentation and T cell activation
(Fig. 5Q, Supplementary Fig. 34 presents a schematic diagram).

We further conducted flow cytometry validation of major differ-
ential immune cell populations bound by the RBD-GP96-Fusion pro-
tein, following the process outlined in Supplementary Fig. 9A. The
differences in absolute cell counts were consistent with the scRNA-seq
conclusion (Supplementary Fig. 35), demonstrating the reliability of
the above conclusion.

The HPV vaccine constructed by a fusion strategy induces
potent antibodies, cellular immune responses, and virus clear-
ance ability

To validate the universality of this GP96 fusion strategy, another vac-
cine was designed. For the modification of the HPV vaccine, the HPV-18
L1 is truncated at the C-terminal residue G535 and connected with
GP96 protein N-terminal residue D22 to construct fusion protein®. The
dimer structure was predicted using AlphaFold3, revealing that the L1
dimer primarily interacts with the NTD domain of GP96 (Fig. 6A, and

Supplementary Fig. 36A, B). Additionally, the interaction sites between
the L1-GP96-Fusion protein and the CD91a subunit align with those
shown in Supplementary Fig. 20A, allowing for proper exposure of the
L1 antigen (Supplementary Fig. 36C). The fusion protein was purified
and analyzed by gel electrophoresis and TEM (Fig. 6B, C), revealing a
stabilized compact conformation with both N- and C-terminal dimer-
ization. The melting temperature (Tm) of L1-GP96-Fusion was sig-
nificantly higher than that of HPV-L1 (Supplementary Fig. 37).

BALB/c mice were immunized three times, and their spleens and
sera from various stages were collected for detection (Fig. 6D). Immu-
nization was performed using 20 pg of L1 protein in combination with
widely recognized HPV adjuvants (AS04C, AS04D, and MF59) as positive
controls. The L1-GP96-Fusion induced a certain degree of improvement
in antibody titer and quantification (Fig. 6E, F). There is no significant
patternization difference in the types of antibody reactions and cross-
immunity between L1-GP96-Fusion and classical adjuvants, except that
L1-GP96-Fusion induced higher IgG2a production (Supplementary
Fig. 38A-D), indicating enhanced Thi-type immune response. Corre-
sponding to the antibody response, L1-GP96-Fusion immunization can
also elicit a potent GCs response, causing a significant increase in the
frequency of Ll-specific GC B cells and MBC precursors (Fig. 6G-I).
However, no significant differences in Ll-specific IgG ASCs could be
induced in the short term (Supplementary Fig. 38E).

The ICS assays showed a significantly increased trend in effector
CDS8' T cell response following L1-GP96-Fusion immunization, mainly
reflected in the differences of CD8" IFN-y* and Granzyme B* cytokines
compared to immunization with L1 with ASO4C/D, MF59 or GP96
adjuvant, suggesting a correlation with cytotoxic function (Supple-
mentary Fig. 39, Fig. 6]). Additionally, the trends of AIM" T enhance-
ment were consistent (Fig. 6K, L). Nevertheless, the results of ELISPOT
and the examination of epitope conservation were rather disordered,
and the monitoring of memory T cell responses still needs to be con-
ducted over a longer period of time™ (Supplementary Fig. 40, and
Supplementary Table 3). We further employed HLA-A2 transgenic mice
for immunization. The cell cytotoxicity assays using the HLA-A2 cell
line MS751 expressing HPV type 18 virus demonstrated that the killing
ability of the L1-GP96-Fusion immunization against virus-infected cells
was much stronger than that of the classical MF59 adjuvant (Fig. 6M, N,
and Supplementary Fig. 41A, B). And this cytotoxic effect is mainly
mediated by CD8' T cells (Supplementary Fig. 41C, D). Considering the
correlation between the frequency of CDS8'IFN-y* T cells and the
observed killing (Fig. 60), it can be concluded that the T cell immune
response primarily contributed to this effect.

We further used HPV E7 antigen to evaluate superior T cell
effector responses by GP96-fusion approach, as E6 and E7 were more
closely related to the immunotherapy of HPV-driven cancers™**. We
constructed the E7-GP96-Fusion protein (Supplementary Fig. 42A, B).
The effector T cell immune responses were detected by the ICS assays
with cocktail stimulation 14 days after the third immunization (Sup-
plementary Fig. 42C). E7-GP96-Fusion can induce highly potent
effector T cell immune responses, mainly concentrated on the key
cytotoxic cytokines CD8" IFN-y*, Granzyme B, and Perforin®
(Fig. 7A-D), which are stronger than those induced by L1-GP96-Fusion.
The subcutaneous HelLa xenograft model was used to challenge HPV*
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tumors. The effect of E7-GP96-Fusion immunization on tumor growth
was investigated by tail vein reinfusion of CD8" T cells from HLA-A2
transgenic mice immunized with E7-GP96-Fusion or E7 with MF59 or
GP96 adjuvant (Supplementary Fig. 42C, D, Fig. 7E). As a result, the
smallest tumor volume (Fig. 7F, G), the lowest tumor weight (Fig. 7H),
the most CD8" T cell infiltration were observed in the E7-GP96-Fusion
immunization group (Fig. 71, J).

Discussion

In this study, we present a novel vaccine strategy that employs the
fusion of the RBD from SARS-CoV-2 or the L1 and E7 proteins from HPV
with GP96 to enhance the immunogenicity and stability of these
antigens. The GP96 protein exhibits a unique structural composition
that enhances its utility as a potent adjuvant in vaccine formulations.
This design leverages GP96’s inherent C-terminal dimerization
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Fig. 4 | RBD-GP96-Fusion vaccines generate alternative antigen retention
mechanisms in GCs via GP96 and FDCs. Mice were immunized i.m. with SARS-
CoV-2 RBD vaccines. Inguinal LNs were collected 7 days post-1* immunization.

A Galaxy plots of monocyte subsets. B Absolute numbers and percentages of each
celltype (n=3). C Frequency of FDCs and RBD'/RBD-GP96-Fusion* FDC cells (n = 6).
D Flow cytometry analysis of LRP1 and TLRs expression on FDCs (isotype: PE Rat
1gG2a, k). E-G Frequency of RBD'/RBD-GP96-Fusion” FDCs after blocking with
indicated mAbs. H, I RBD-specific Ab titers at day 14 post-immunization with FcR/
LRP1 blocking. J-L IP and Western blot of LRP1-GP96-antigen-BCR complex in FDCs
from immunized (J, L) or non-immunized (K) mice. (J) FDC cell sorting was sub-
jected to IP with RBD mAb and Western blotting using RBD and LRP1 mAbs. K FDC
cell sorting was incubated with the recombinant RBD protein, RBD protein with
GP96 and RBD-GP96-Fusion protein. The incubated FDCs were subjected to IP with
RBD mAb and Western blotting by LRP1 mAb. L Lymph node cells were directly

subjected to IP by Protein A/G agarose and Western blotting with LRP1, RBD and
GP96 mAbs, respectively. M-0 GP96-stimulated FDCs enhance GC B cell interac-
tions in LRP1-dependent manner. M FDCs from inguinal LNs were treated with
GP96, RBD-GP96-Fusion, and with or without a-LRP1 or isotype control antibody.
Hoechst-labeled GC B cells were then added at a 1:1 ratio. Time-lapse images were
captured every 5 minutes for 1-2 h to analyze cell interactions and motility. (N) B
cell tracking and interaction time quantification (n=20). O Percentage of B cells
with long (>10 min) vs short (0-10 min) interactions (n = 20). P Frequency of Cy5*
FDC or Cy5* GCB cells. Q ZDOCK model of RBD-GP96-Fusion bound to CD91-a
receptor. R Schematic of antigen acquisition by FDCs. Data are from n =6 mice/
group unless specified, representative of two experiments. Geometric mean + SD
shown; individual points represent mice. Statistics: one-way ANOVA with Bonfer-
roni correction or unpaired two-tailed t-test. ns p>0.05, *p < 0.05, *p < 0.01,

**p <0.001, ***p < 0.0001.

capabilities, allowing the N-terminal region to serve as a flexible
binding site that supports the stable association of a wide range of
antigens with a molecular weight of tens of kDa while preserving cri-
tical epitopes such as RBMs. This structural configuration also pro-
motes the formation of nanoscale particles (10-14 nm) (Fig. 1H), which
protect the antigen from proteolytic degradation and enhance its
immunogenic profile. Importantly, fusion of antigens at the N-terminal
minimizes the conformational instability observed with larger antigens
and reduces the randomness of antigen binding (see Supplementary
Fig. 2A, Fig. 1D and Fig. 2), thus addressing limitations associated with
traditional antigen-adjuvant formulations. These findings underscore
the structural advantages of GP96 and highlight its potential to pro-
duce robust and durable immune responses.

The N-terminal fusion strategy effectively increases RBD antigen
stability, creates a depot effect, and does not decrease its antiviral
immunogenicity. This strategy might enable more intact antigens to
pass through the high protease-active sinuses of lymph nodes, and
effectively generate a strong T and B cell immunity. Mechanically, the
fusion protein binds to FDC and engages with receptor LRP1, sup-
porting robust GCB responses®***%, This prolonged antigen reten-
tion mediated by GP96 within GCs stimulates high-affinity and long-
lasting antibody production, addressing limitations in the durability
and cross-protection of traditional vaccines. The interaction between
GP96 and FDCs ensures sustained antigen exposure in GCs, thereby
promoting both immediate antibody responses and the formation of
memory B cells (Supplementary Fig. 43). In light of the key role of GCs
in the generation of long-lived plasma cells and high-quality persistent
Ab responses, our GP96 fusion approach offers a versatile platform for
enhancing immune responses against a range of viral pathogens with
low immunogenicity.

Administration of antigen-GP96 fusion vaccine was well tolerate in
mice, with no effect on body weight or other obvious toxicity. RBD-
GP96-Fusion only induced modest inflammatory response after repe-
ated immunization (Supplementary Fig. 7F), which is far below the
threshold level of triggering cytokine storms™. Similar results were
observed in other studies using GP96 as adjuvant®**’. Mechanistically,
unlike the specific ligands of TLRs (such as LPS for TLR4), the binding
between GP96 as a chaperon and its client TLRs may occur at a
dynamic and transient level. The duration and intensity of this inter-
action are relatively weak, and may not trigger excessive and pro-
longed activation of TLRs and the downstream pathways.

The GP96-based adjuvant strategy offers distinct benefits com-
pared to conventional and common adjuvants such as alum, MF59, and
AS04, which primarily act by nonspecific immune stimulation.
Antigen-fused GP96 directly targets receptor LRP1/CD91, which
enhances both humoral and cellular immunity by promoting antigen
retention, precise antigen presentation, and enabling sustained B cell
stimulation and effective cross-presentation to CD8" T cells. Indeed,
the GP96 fusion strategy has demonstrated a significant superiority
over the aforementioned adjuvants in inducing stronger, broader, and

longer-lasting antigen-specific antibody and T cell immunity (Fig. 3 and
Fig. 5). Importantly, the conserved nature of GP96 across species
minimizes the risk of autoimmune responses (see Supplementary
Fig. 8D), making it a safer option for clinical translation. To further
strengthen the translational capacity of this platform in the sub-
sequent research, we conducted a more in-depth analysis of the
binding interface between CD91 and GP96 (Supplementary Figs. 21,
22). This could allow to anticipate interference or competition in
future vaccine designs. Finally, GP96’s structural simplicity facilitates
efficient production and scalability®®, presenting a strong foundation
for its integration into next-generation vaccine platforms.

RBD-GP96-Fusion was found to induce CD8'T cell response in
BALF (see Fig. 5 and Supplementary Fig. 26). Eva Fisher et al. have
shown that gp96-Ig immunization increases the frequency of CD11c"e"
MHC II'e" CD103" cells at the immunization site. Together with the
results of current study, we propose that RBD-GP96-Fusion immuni-
zation may increase CD103" DCs frequency at the site of immunization,
promoting the differentiation of Trm CD8" T cells, and thus facilitating
their migration to peripheral epithelial tissues including the lungs.
Additionally, RBD-GP96-Fusion could enhance CXCRé6 expression of
CDS8' T cells that may control T cell localization in the lungs. These
mediate the generation of T cell immunity in the lungs. Nevertheless,
our study did not observe significant IgA production in the lungs, an
essential component of mucosal immunity for respiratory pathogens.
This absence may be attributable to the subcutaneous administration
route; thus, future studies should explore alternative delivery meth-
ods, such as intranasal administration, to stimulate mucosal immune
responses.

Although the total number of GC-localized Tfh cells remained
unchanged across experimental groups, we observed significant
functional polarization, characterized by divergent secretion of the
instructive cytokines IL-4 and IFN-y (Supplementary Fig. 16D-F) in RBD-
GP96-Fusion group. This qualitative shift rather than quantitative
expansion may provide a mechanistic basis for the differential class-
switching patterns in GC B cells. Elevated IL-4* Tfh activity promotes
IgGl1 switching®, correlating with enhanced anti-RBD IgGl titers by
RBD-GP96-Fusion immunization. Increased IFN-y* Tfh drives T-bet-
mediated IgG2 switching®®®, aligning with the surge in IgG2a antibody
observed in RBD-GP96-Fusion group. It is likely that alterations in Tfh
cytokine profiles by RBD-GP96-Fusion can reshape GC outcomes, as IL-
4 and IFN-y serve as direct molecular switches for antibody subclass
commitment. Additionally, while GP96 has demonstrated efficacy in
generating memory T and B cells, further elucidation of the molecular
mechanisms underlying this process is warranted to optimize long-
term immunogenicity. An important area for future investigation lies
in balancing GP96’s dual roles in immune activation and regulation,
which may enhance its safety profile and efficacy across various clinical
contexts.

RBD-GP96-Fusion was shown to equally bind to SARS-CoV-2
receptor hACE2 and efficiently induce NAbs mice, partly validating
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RBD antigen exposure when fused with GP96. Nevertheless, experi-
mentally solved binding interactions (cryo-electron microscopy and
X-ray crystallography) between viral antigens and GP96 will be needed
to avoid potential biases of AlphaFold3 folding metrics. It should be
noted that to avoid misfolded protein or lack of dimer when designing
for different antigens, unnecessary flexible regions should be removed
to the greatest extent possible, and large-scale protein structure

prediction analysis should be combined. Structure validation and
quality control of GP96 fusion proteins are needed to ensure efficient
engagement with B cells. In addition, the structural issues caused by
post-translational modifications (such as glycosylation) of proteins can
also be optimized through the improvement of expression systems,
for instance, the 293 F expression system. Protease inhibitors can be
incorporated to safeguard against protein degradation. Finally,
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Fig. 5 | RBD-GP96-Fusion vaccines induce broad and long-lasting T cell
responses by enhancing the targeting of DC cells. BALB/c or HLA-A2 transgenic
mice were immunized with indicated vaccines. A t-SNE plot of T cell subpopula-
tions. B Absolute numbers and percentages of each cell type (n=3). C Cell-cell
contact analysis between CD8" effector and DC cells by CellPhoneDB. D Schematic
of cellular immune responses induced by RBD-GP96-Fusion. E, F Spleen and G-K
BALF collected at day 14 post-3" immunization; L Spleen at 6 months post-3
immunization. E, F ICS assay of splenic CD8" T cells producing IFN-y upon epitope
stimulation. G-1 An ICS assay was performed to assess the ability of BALFs to
secrete IFN-y following stimulation with cocktail or dominant CD8" epitope Ss3s.543.
G Representative flow plots of BALF CDS8'IFN-y* cells. H Frequencies of epitope-
specific CD8'IFN-y” cells in BALF. 1 CD11a and CXCR6 expression on BALF CD8'IFN-

y* cells. J, K Frequencies of Trm (J) and a437* (K) cells in BALF CD4*/CD8" T cells.
L AIM' (CD137'0X40") CD4" and AIM' (CD137°CD69*) CD8' T cells in splenocytes
after RBD peptide stimulation. M MFI of RBD-TRITC on BMDCs after incubation
with indicated proteins. N The kinetics of MFI as (M) over time. O Confocal
microscopy of BMDCs showing nucleus (DAPI), LRP1 (FITC), and RBD (TRITC).

P Percentage of ROI with LRP1-RBD colocalization. Q Schematic of RBD-GP96-
Fusion mediated antigen cross-presentation via CD91/LRP1. Data from n =6 mice/
group (E-L) or n=6 fields (M-P), representative of two experiments. Geometric
mean + SD shown. Statistics by one-way ANOVA with Bonferroni correction or
unpaired two-tailed t-test. ns p>0.05, *p < 0.05, *p < 0.01, **p < 0.001,

**+p < 0.0001.

expanding the GP96 fusion strategy to additional antigens with poor
intrinsic immunogenicity or high mutation rates, such as influenza or
enteroviruses, would extend the applicability of this adjuvant plat-
form, addressing a critical need in vaccine development for rapidly
evolving pathogens. Continued exploration of these areas will be
essential to fully realize the clinical potential of GP96 as a versatile and
powerful adjuvant in vaccine design.

Methods
All methods in this study were performed in compliance with relevant
ethical regulations under a protocol approved by the Institutional
Ethics Committee of the Institute of Microbiology, Chinese Academy
of Sciences.

Mice

Specific pathogen-free (SPF) 6-8-week-old female BALB/c (Stock No. 211),
BALB/c nude (Stock No. 401) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China). HLA-A2.1/Kb
(HLA-A2) transgenic mice were maintained in the laboratory®’. Specific
pathogen-free (SPF) 6-8-week-old female HI1-K18-hACE2 transgenic
mice were purchased from GemPharmatech Co., Ltd. (Jiangsu, China)
(Stock No. T037657). All mice used in this study are in good health and
have not been involved in any other experimental procedures. They
were housed under SPF conditions in the laboratory animal facilities at
Institute of Microbiology, Chinese Academy of Science (IMCAS) and
Institute of Laboratory Animal Sciences, Peking Union Medical College.
Mice were housed with six companions per cage. All animals were given
unrestricted access to water and a standard chow diet and provided with
a 12-h light and dark cycle, with a temperature range of 20-25°C and
humidity levels between 40% and 70%. Experimental and control animals
were housed separately throughout the study. Euthanasia was per-
formed by the Carbon dioxide (CO2) inhalation or cervical dislocation
method. Animal studies were carried out in accordance with the
guidelines set forth by the Institute of Microbiology, Chinese Academy
of Sciences of Research Ethics Committee under the approved protocol
numbers APIMCAS2022128.

Cell culture

Hu94, H7-3, ME180, MS751, SiHa, Hela and RAW264.7 cell lines were
obtained from ATCC (Manassas, VA, USA). The Jurkat-mFcyRIII-NFAT-
Luc reporter cells (Promega) were donated by the laboratory of Yi Shi
(Institute of Microbiology, CAS). The cell lines used in the experiments
were all cultured in Roswell Park Memorial Institute 1640 (Gibco BRL,
Paisley, UK) with 10% FBS. All culture media contained 100 U/mL
penicillin and 100 pg/mL streptomycin. Sf9 (Invitrogen) insect cells
were cultured in SIM SF Expression Medium (SinoBiological) at 28 °C.

Protein structure prediction and modeling

AlphaFold3 was used to predict the structure of the monomer of GP96,
RBD-GP96-Fusion, LI-GP96-Fusion, and CD91-a. The amino acid
sequences of human GP96, SARS-CoV-2 RBD, HPVIS L1, and CD91-a
were downloaded from NCBI. And the dimer structures were predicted

using the AlphaFold2-Multimer 2.2.4. The ranked_O structure files of
GP96-dimer and RBD-GP96-Fusion dimer were selected for sub-
sequent molecule dynamics analysis. ZDOCK version 3.0.2 was used to
predict the complex model of the receptor and ligand via rigid dock-
ing. The final results were visualized and analyzed using PyMol 2.5.

Molecule dynamics

The GP96 protein dimer, RBD-GP96-Fusion dimer and CD91-GP96 built
using the AlphaFold3 method were simulated separately using full-atom
molecular dynamics simulations, which were performed using the
AMBER 18 software. Before the simulations, the proteins were described
using the ff14SB protein force field. Each system was equipped with
hydrogen atoms using the LEaP module. A truncated octahedral TIP3P
solvent box was added at a distance of 10 A from the system. Na*/CI ions
were added to balance the system charge, and the topology and para-
meter files for the simulation were output. Before the simulations, the
system was optimized for energy, including 2500 steps of steepest
descent and 2500 steps of conjugate gradient. After the system energy
optimization was completed, the system was heated up to 298.15K at a
constant volume and constant heating rate over 200 ps, so that the
system temperature was slowly raised from 0 K. Under the condition of
maintaining the system temperature at 298.15K, a 500 ps NVT (constant
temperature and constant volume) simulation was conducted to further
distribute the solvent molecules evenly in the solvent box. A 500 ps NPT
equilibrium simulation was conducted on the entire system, followed by
a 100 ns simulation of the two composite systems under NPT periodic
boundary conditions. During the simulations, the non-bonded cutoff
distance was set to 10 A. The Particle mesh Ewald (PME) method was
used to calculate the long-range electrostatic interactions, while the
SHAKE method was employed to limit the hydrogen bond length. The
Langevin algorithm was utilized for temperature control, with a collision
frequency y set to 2ps™. The system pressure was set to 1atm, the
integration step was 2 fs, and the trajectories were saved every 10 ps for
subsequent analysis.

Protein expression and purification
The baculovirus expressed recombinant SARS-CoV-2 RBD, GP96, RBD-
GP96-Fusion, HPV18 L1, HPVI8 L1-GP96-Fusion, CD91-a, GP96-Mutant,
HPV18 E7 and HPVI8 E7-GP96-Fusion proteins were expressed with the
Bac-to-Bac baculovirus expression system (Invitrogen). The coding
sequence for SARS-CoV-2 RBD (S protein residues 319-545, GenBank:
PP084047.1), GP96 (residues 22-799, GenBank: NM 003299) and
HPVI8 L1 (residues 81-535, GenBank: MH057745.1) were codon-
optimized and cloned into the baculovirus transfer vector pFastBacl
(Invitrogen). For each construct, gp67 signal peptide sequence was
added to the protein N terminus for protein secretion, and a hexa-His tag
was added to the C terminus to facilitate further purification processes.
Transfection and virus amplification were conducted with Sf9
cells, and the recombinant proteins were produced in Sf9 cells (Invi-
trogen) for 72 h. The cell supernatants were then collected and soluble
proteins were recovered through a 5mL HisTrap HP column (GE
Healthcare). After removal of most of the impurities, the recovered
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proteins were further purified by gel-filtration chromatography using a
HiLoad 16/600 Superdex 200 pg column (GE Healthcare) with a run-
ning buffer of 20 mM Tris-HCI and 150 mM Nacl (pH 8.0).

Analytical ultracentrifugation
Sedimentation velocity experiments were carried out on two samples
(SARS-CoV-2 RBD-GP96-Fusion and HPV18 L1-GP96-Fusion) using the

Proteome Lab XL-I analytical ultracentrifuge (Beckman Colter, Brea,
CA). A volume of 380 pL of protein sample (A280=0.6 - 0.8) and
400 pL of matching buffer (20 mM Tris, 150 mM NaCl, pH8.0) were
injected into appropriate channels of 12 mm double sector aluminum
epoxy cells with sapphire windows. Solutions were centrifuged at
39,000 rpm at 20 °C in an An-60Ti rotor for 8 h. Scans were collected
at 280 nm, with 3 minutes interval between each scan. Data were

Nature Communications | (2026)17:400

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67092-x

Fig. 6 | Design and assessment of L1-GP96-Fusion as a vaccine against HPV by
fusion strategy. Groups of 6- to 8-week-old female BALB/c or HLA-A2 transgenic
mice (n = 6) were i.m. immunized with HPV-18 L1 vaccines adjuvanted with AS04C,
AS04D, MF59, or GP96, and L1-GP96-Fusion vaccine. Naive mice were also included.
A A schematic diagram of HPV-18 L1-GP96-Fusion (monomer). The structure of the
L1-GP96-Fusion dimer was predicted based on AlphaFold3. B Reduced SDS-PAGE
migration profiles of the pooled samples are shown. C Transmission electron
microscopy of HPV-18 L1 and L1-GP96-Fusion protein. The red frames represent
typical TEM structures. D Immunization schedule of HPV-18 L1 or L1-GP96-Fusion
vaccines. E, F Serum was collected at various time points for analysis by ELISA.
Kinetics of L1-specific IgG titers are shown (7 days after immunization). G-1 Fre-
quency of GC B cells (G), L1-specific GC B cells (H) or L1-specific MBC precursors (I)
at 12 days post 3" immunization by flow cytometry. J Frequencies of CD8'IFN-y*
cells following stimulation with cocktail in the spleen at 12 days post-3"

immunization are shown by flow cytometry. K-L The frequency of AIM*
(CD137°0X40") cells (K) among CD4" T cells and the frequency of AIM*
(CD137°CD69") cells (L) among CDS8' T cells were analyzed (12 days post 3™
immunization) by flow cytometry. M Representative analysis of various vaccines
immune group-mediated killing of MS751 cell line (infected with HPV-18) by flow
cytometry. N The frequency of killing percentage at different cell ratios was ana-
lyzed as (M). O Spearman correlation of L1-specific CD8'IFN-y* cells frequency and
killing percentage. In (E-0), n=6 mice per group were analyzed. The data are
representative of two independent experiments with similar results. The geometric
mean + geometric SD is shown, and each data point represents an individual mouse
or field. One-way ANOVA with Bonferroni correction or unpaired two-tailed t tests
were conducted according to the distribution of the data. ns p a 0.05, *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001.

analyzed using the continuous sedimentation coefficient distribution
c(s) model in SEDFIT software.

Transmission electron microscopy structural analysis

Heavy metal salts (such as uranyl formate, uranyl acetate dihydrate,
and phosphotungstic acid) were utilized as staining agents for negative
staining of proteins for sample preparation. Subsequently, a trans-
mission electron microscope JEM-1400 was employed for the pre-
liminary structural analysis of the samples. Through concentration
gradient screening, the optimal resolution concentrations of GP96,
RBD-GP96-Fusion, L1, and L1-GP96-Fusion were 2.5 ug/mL, 5pg/mL,
100 pg/mL, and 5 pg/mL, respectively.

Surface Plasmon Resonance

The Surface Plasmon Resonance (SPR) assays were carried out at 25 °C
using a BIAcore 3000 machine with CM5 chips (GE Healthcare). All
proteins for SPR assays were exchanged to PBST buffer (10 mM
Na2HPO4; 2 mM KH2PO4, pH 7.4; 137 mM NacCl; 2.7 mM KCI; 0.005%
Tween 20). The RBD-monomer and RBD-GP96-Fusion of SARS-CoV-2
were immobilized onto CM5 chips in pairs, respectively, at ~1000
response units (RUs). Gradient concentrations of hACE2 (ranging from
3.125nM to 800 nM for SARS-CoV-2 RBD and RBD-GP96-Fusion) were
then flowed over the chip surface at 30 pL/min, and the real-time
response was recorded. After each cycle, the sensor surface was
regenerated using 7 pL of 10 mM NaOH. The binding kinetics were
analyzed using 1:1 binding model with the software BlAevaluation
Version 4.1 (GE Healthcare).

Protein thermal stability analysis by nanoDSF

Thermal stability analysis was performed using a PR.NT.48 nanoDSF
instrument (NanoTemper Technologies). Purified SARS-CoV-2 RBD,
GP96, RBD-GP96-Fusion, HPV-L1 and L1-GP96-Fusion proteins
(0.5-1.0mg/mL in PBS, pH 7.4) were loaded into silica capillaries
(10 pL/sample). Samples were heated from 20 °C to 95 °C at 1°C/min.
Melting temperature (Tm) was determined by monitoring the intrinsic
tryptophan/tyrosine fluorescence ratio (F350/F330) during unfolding.
Aggregation onset temperature (Tagg) was simultaneously measured
via back-reflected light scattering at 650 nm. Data were analyzed using
PR.Control software (v3.4.0), with Tm and Tagg defined as the inflec-
tion points of their respective derivative curves. Experiments were
performed in triplicate and results were reported as mean + SD.

Protein binding assay

The binding of gp96 was quantified by ELISA assay. Briefly, Nunc
Maxisorp flat-bottom 96-well plates (Invitrogen, 44-2404-21) were
coated with the receptor proteins (10 pg/ml). After blocking with 5%
skim milk at 37 °C, serial concentrations of purified gp96 ranging from
0 to 100 pg/ml were added to each well in 100 pl of binding buffer
(20 mM HEPES (pH 7.2), 20 mM NaCl, 2 mMMgCI2 and 100 mM KClI) to
allow binding for 1.5 h. Afterwards, the plates were incubated with anti-

gp96 antibody and the HRP-conjugated secondary antibody. The
substrate TMB (3, 3, 5, 5-Tetramethylbenzidine) was used for detec-
tion. The reaction was measured at 450 nm.

In vivo imaging study

RBD, GP96, or RBD-GP96-Fusion proteins were independently con-
jugated with R-CyS5 using Lightning-Link R-Cy5 (Abcam, ab188288) kits,
following the manufacturer’s instructions. Subcutaneous immuniza-
tion of mice on the back was conducted with labeled proteins of equal
fluorescence intensity and the same molar quantity, and images were
recorded with the IVIS Imaging System (Xenogen) 15 min after the
injection. Subsequently, fluorescence imaging graphs were captured at
various time points in accordance with different studies. The biolu-
minescence images were analyzed using Living Image software
(Xenogen).

Immunization

RBD was diluted in phosphate buffered saline (PBS, Corning, 21-031-
CV) and combined in a 1:1 ratio with aluminum hydroxide (Bioss, CO7-
01013) or with 15 pg recombinant GP96 adjuvant in each dose. RBD-
GP96-Fusion was diluted in PBS prior to inoculation. The mixture of
HPV18 L1 protein and multiple adjuvants is carried out in the same
manner as described above. Each mouse was immunized with 5 pg of
RBD protein and 20 pg of RBD-GP96-Fusion protein (of equivalent
molar amounts). The immunization strategy for L1 protein was the
same as above. Vaccines were injected into the gastrocnemius muscle
using a 0.5 mL 28 G x 1/2” insulin syringe (BD Biosciences, 329461). For
booster immunizations, the same dose of the respective vaccine was
injected into the same site as the primary immunization.

Sample collection and processing

After immunization, mice were anesthetized with isoflurane and blood
was collected from the orbital sinus using capillary tubes without
anticoagulant for sera separation at the time of blood collection. Inguinal
and popliteal LNs, spleens, and both tibias and femurs were harvested
and placed in cold complete Dulbecco’s Modified Eagle’s Medium
[(DMEM, Corning, T10014CV) containing 10% heat-inactivated Fetal
Bovine Serum (FBS, Corning, 35-015), 1% Glutamax (Gibco, 35050-061)
and 1% Penicillin/Streptomycin (Gibco, 5070063)]. All organs were kept
on ice and immediately processed after collection.

LNs and spleen processing: Organs were homogenized with a
syringe plunger and filtered through a 40 mm cell strainer on ice. Red
blood cells (RBCs) of spleens were lysed using ACK lysing buffer
(Lonza, 10-548E) for 5-8 minutes on ice, and the reaction was stopped
with cold PBS.

Bone Marrow (BM) processing: BM was flushed from both femurs
and tibias from each mouse using a 1mL 25G x 5/8” syringe (BD
Biosciences, 30962). RBCs were lysed as described above.

Cells from all tissues were resuspended in ice cold complete
DMEM and immediately used for counting, culture, or staining.
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Following collection, blood was centrifuged at 14,000 g (max-
imum speed) for 30 minutes, 4 °C. Serum was recovered and stored at
—20 °C for neutralization assays and ELISAs.

ELISA
Nunc Maxisorp flat-bottom 96 well plates (Invitrogen, 44-2404-21)
were coated with 2 pg/mL SARS-CoV-2 RBD protein or HPVIS8 L1 in

@ E7-GP96-Fusion

bicarbonate buffer ON at 4 °C. Plates were washed four times with
wash buffer [0.05% Tween-20 (Sigma Aldrich, P1379) in PBS] and
blocked with 2% bovine serum albumin (BSA, Fisher Bioreagents, Lot
170763 A) in PBS for 1 h at RT. Serum samples were serially diluted in
blocking buffer and incubated for 2 h at RT followed by five washes.
HRP-conjugated IgGl1 (Southern Biotech, 1144-05), IgG2a (Southern
Biotech, 1155-05), IgG2b (Southern Biotech, 1186-05), IgG
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Fig. 7 | Design and evaluation the clearance effect of E7-GP96-Fusion protein
against HPV* tumors. Groups of 6- to 8-week-old female HLA-A2 transgenic mice
(n=6) were i.m. immunized with HPV-18 E7 vaccines adjuvanted with MF59, GP96,
and E7-GP96-Fusion vaccine. Naive mice were also included. A-D Spleens were
collected 14 days after 3" immunization and stimulated with cocktail for detection.
A Representative flow cytometry contour plots of CD8'IFN-y*/Granzyme B*/
Perforin® cells. B The frequency of (A) was analyzed. C Representative flow cyto-
metry contour plots of CD4'IFN-y"/Granzyme B*/Perforin® cells. D The frequency of
(C) was analyzed. E-J Analysis of the clearance effect of CD8" T cell immune
response induced by E7-GP96-Fusion in an HPV* tumor challenge model.

E Schedule of animal experiments for T cell transfer strategies in HeLa-bearing

mice. F Tumor growth curves of HeLa tumor-bearing mice receiving intravenous
transfer of different formulations every 3 days, for four immunotherapy sessions.
G Photographs and tumor weight H of the collected tumor tissues on day 30.

1 Representative flow cytometry contour plots of CD8" T cells among tumor-
infiltrating lymphocytes (TIL) on day 30. J Frequency, absolute count, and infil-
tration density of CD8" T cells as shown in (I) was analyzed. In (A-J), n =6 mice per
group were analyzed. The data are representative of two independent experiments
with similar results. The geometric mean + geometric SD is shown, and each data
point represents an individual mouse or field. One-way ANOVA with Bonferroni
correction or unpaired two-tailed t tests were conducted according to the dis-
tribution of the data. ns p a 0.05, *p <0.05, **p<0.01, **p < 0.001, ***p < 0.0001.

(SouthernBiotech, 6412-05), IgA (proteintech, SAO0012-7), IgE (Invi-
trogen, SA5-10263), IgM (Thermo Fisher, 046820) were diluted 1:5,000
in blocking buffer and incubated for 1h, then washed seven times.
Plates were developed with Pierce TMB Substrate (Thermo Scientific,
34021), and the reaction was stopped with 2N sulfuric acid. Absor-
bance was measured at 450 nm using a Spectra Max microplate reader.
RBD-endpoint antibody titers were calculated as reciprocal dilutions
giving OD signals > average of blanks plus three times the standard
deviation using GraphPad Prism. An arbitrary value of 1 was assigned to
the samples with OD values below the limit of detection for which it
was not possible to interpolate the titer.

Antibody-dependent cell-mediated cytotoxicity reporter
bioassay

To evaluate antibody-dependent cell-mediated cytotoxicity (ADCC),
Jurkat-mFcyRIII-NFAT-Luc reporter cells (Promega, M1211) were used
as ADCC bioassay effector cells, and 293FT cells with stable expression
of SARS-CoV-2 spike protein were used as ADCC bioassay target cells.
For all ADCC assays, target cells (4.25 x10° per well) were incubated
with effector cells (7.5x10* per well) and serial dilutions of serum
samples were performed at 37 °C for 16 h. After incubation, the relative
light unit (RLU) was detected according to the instructions provided
by PerkinElmer (Waltham, MA). Fold of induction (FI) was calculated as
follows: F1=RLU (induced - background)/RLU (negative serum control
- background).

Live SARS-CoV-2 neutralization assay

The live virus neutralization assay was conducted in a BSL-3 facility.
Briefly, sera from immunized mice were 2-fold (SARS-CoV-2 neutraliza-
tion assay) serially diluted and mixed with the same volume of SARS-CoV-
2 (100 TCID50), incubated at 37 °C. Thereafter, 100 mL virus-serum
mixture was transferred to pre-plated Vero cells in 96-well plates.
Inoculated plates were incubated at 37 °C for an additional 72 h, fol-
lowing which the CPE of the virus was observed microscopically at 40-
fold magnification. The neutralization titers were defined as the reci-
procal of serum dilution required for 50% neutralization of viral infection.

Mice immunizing and viruses challenging

For SARS-CoV-2 challenge experiments, nine hACE2 transgenic mice (8-
10-week-old female mice) in each group were intramuscularly immunized
in a prime-boost regime. Phosphate-buffered saline (PBS) was employed
in the negative control group. Two weeks post the third immunization,
mice were infected with 5x10° TCID50 of SARS-CoV-2 XBB.1.22 via the
intranasal infection. All mice were euthanized on the 3™ day following the
challenge. Lung tissues were harvested for virus load detection (six mice
per group) and pathological examination (three mice per group).

Histopathology analysis

Three mice in each group were euthanized on the 3" day after infection
according to standard procedures. Lung samples from challenged mice
were collected and immobilized in 10% neutral buffer formaldehyde and
embedded in paraffin wax. Tissue sections were treated with hematox-
ylin and eosin (H&E) and analyzed microscopically.

Fluorescent probe generation

RBD or L1 proteins used for flow cytometry experiments were inde-
pendently conjugated to both R-APC/Cy7 and R-PE/Cy5 using
Lightning-Link R-APC/Cy7 (Abcam, ab102859) and Lightning- Link R-
PE/CyS5 (Abcam, ab102893) kits, following manufacturer’s instructions.

ICS and immunophenotyping by flow cytometry

For the detection of cytokine secretion, the final concentration of the
stimulated target protein was 20 pg/mL, the final concentration of the
polypeptide or peptide library was 20 pg/mL, and the concentration of
the Cocktail was used as per the instructions (BioLegend, 423303). The
cells were stimulated in 96-well plates for 24 h, with 2 x 10° cells plated
in each well. The Brefeldin A (Invitrogen, 00-4506-51) was added
before sample collection, 4-6 h in advance.

All staining steps were carried out at 4 °C in Cell Staining Buffer
(BioLegend, 420201). All the steps of cell fixation and membrane dis-
ruption are carried out using eBioscience Fixation / Permeabilization
Diluent (eBioscience, 00-5223-56). The flow cytometry protocols for
various types of immune cells are as follows. Among them, the antigen-
APC-Cy7" antigen-PE-Cy5" gating strategy was ultimately used for
antigen-specific cells.

GC B: CD19'Fas"GL7*

MBC Precursors: CD19'Fas'GL7'CXCR4 CD86"(LZ) CCR6"

MBCs: CD19*B220'IgD Fas CD38'1gG1"/ 1gG2a/2b*

FDCs: CD31'podoplanin‘CD16/32°CD21/35*

Tfh: CD4'B220 CD44"CD62L CXCR5'PD-1'IL-21*/IFN-y*/IL-4*

AIM*CD4'T: CD3*CD4'CD137'0X40"

AIM'CDS8'T: CD3'CD8'CD137°CD69"

ELISPOT

A detailed protocol was previously published®. Briefly, multi Screen
HTS IP filter plates of 0.45 um (Millipore Sigma, MSIPS4W10) were
coated with 2.5 ug/mL SARS-CoV-2 RBD or HPVI18 L1 in bicarbonate
buffer (35 mM NaHCO3 and 15 mM Na2CO3) ON at 4 °C. Plates were
washed three times with PBS and blocked with complete DMEM for at
least 1h at 37°C. Single cell suspensions of BM cells were serially
diluted in complete DMEM with halving dilutions starting at one mil-
lion cells. Following ON incubation at 37 °C and 5% CO2, plates were
washed three times with 0.05% Tween-20 in PBS. Membranes were
incubated with anti-IgG-HRP (Jackson Immuno Research, 115-035-003)
detection antibody diluted in complete DMEM for 2 h at RT. Plates
were washed three times with 0.05% Tween-20 in PBS, and spots cor-
responding to antigen-specific antibody-secreting cells (ASC) were
developed using BD ELISPOT AEC Substrate Set (551951). Membranes
were dried overnight and counted using a CTL Immunospot analyzer
(Shaker Heights, OH).

Inhibitor blocking

For the prepared suspension of lymph node cells, in every 2 x 10° cells
FCR blocking (Miltenyi Biotec, 130-092-575) was used at a ratio of 1:10,
or TLR1 (Abcam, ab37068), TLR2 (Abcam, ab209216), TLR4 (Abcam,
ab22048), and LRP1 (Abcam, ab92544) mAb were used at a ratio of
1:200 for blocking and inhibition. The blocking process was carried out
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at room temperature for 1 hour. Subsequently, various flow cytometry
staining studies were conducted.

Western blot and co-immunoprecipitation assay
In the early stage of the in vivo experiment, mice were immunized with
a normal immune dose. Seven days after the first immunization,
inguinal and axillary lymph nodes of the mice were collected, and FDC
cells were sorted using flow cytometry. In the early stage of the in vitro
experiment, mice were not immunized, and FDC cells were directly
sorted from the lymph nodes of the limbs. The cells were incubated
with 5 pg RBD, 5 pg RBD +15 pg GP96, and 20 g RBD-GP96-Fusion at
4 °C for 4 h respectively. Subsequently, the cells were lysed with RIPA
(Beyotime, POO13B), and the cell lysate was incubated with RBD mAb
(1:500, Abclonal, A23771) at a 1:100 ratio at 4 °C overnight. Protein A/G
agarose was added and incubated with shaking at 4 °C for 1-2 h. For
the BCR-COIP experiment, the lymph nodes of the limbs were col-
lected from immunized mice. They were then ground to obtain a
suspension, and the cells were directly lysed. Protein A/G agarose was
added and incubated with shaking at 4 °C for 1-2 h. Subsequently,
Western Blot analysis was performed for the above three different
treatments. The primary antibodies for incubation are respectively
RBD mAb (1:500, Abclonal, A23771), GRP94 (GP96) mAb (1:1000, CST,
20292 T), and LRP1 mAb (1:200, Abcam, ab92544).

The incubation ratio of the primary antibody, HPV18 L1 mAb
(Abcam, ab267404), for the detection of HPV-infected cell lines in the
Western Blot assay is 1:500.

Live cell imaging and analysis

Separation and isolation of GC B and FDC cells from the inguinal lymph
nodes of immunized mice. LRP1 blocking monoclonal antibody (clone
761704; RnD Systems) or rat IgG2a isotype antibody (clone eBR2a;
eBioscience) were added 2 h before imaging at a final concentration of
10 pg/ml. Antibody clones and concentrations were based on pre-
viously established protocols. Before imaging, GC B cells were labeled
with Cell Tracker Hoechst dye and added to the FDC culture dishes at a
1:1 FDC:B-cell ratio. Cells were imaged on a Nikon Al inverted micro-
scope (Nikon) using a 40X objective. Images were captured every
5min for a total of 1 or 2 h. Videos were analyzed using NIS Elements
(Nikon) and ImageJ with Manual Tracking plugin. For interaction time
analysis, total contact duration per GC B detected from videos was
calculated based on the number of frames in which a GC B came in
contact with a FDC.

Single-cell RNA sequencing and data processing

Freshly isolated Cy5" lymph node cells were sorted to >99% purity
using a BD FACS Aria IlIl. For the scRNA-seq analysis of Cy5* sorted
cells, each experimental group (including the RBD-in-Alum control)
was performed in three independent biological replicates. For each
replicate, draining lymph node cells were collected from six mice that
had received the same treatment and pooled prior to sorting. Cy5*
lymph node cells were enriched by FACS for library preparation, and
scRNA-seq was performed by Shanghai Biotechnology Corporation.
The final library pool was sequenced on the Illumina NovaSeq 6000
instrument using 150-base pair paired-end reads. Raw sequencing data
were converted to FASTQ files and aligned to the mouse genome
reference sequence (GRCH38). The 10X Genomics Cell Ranger (version
3.0.1) was used to demultiplex samples, process barcodes, and gen-
erate a digital gene-cell matrix from this data. The output was then
imported into the Seurat (version 3.1.5) R toolkit for quality control and
downstream analysis. Cells with less than 200 genes and cells with
above 20% mitochondrial genes were removed as low-quality cells.
Cells with abnormally high unique molecular identifiers or gene
numbers were also identified as putative doublets and removed. The
Louvain algorithm was used for the unsupervised computational ana-
lysis of scRNA-seq data.

Immunostaining for confocal analysis

A 14-mm confocal dish was placed on a 6-well plate. RAW264.7 or
BMDC cells were seeded in the 6-well plate at a density of 2 x 10° cells
per well and incubated for 30 min at 37 °C in a cell culture incubator.
For intracellular staining in the subsequent steps, inhibitors BAFA1 or
MG132 were used for blocking at a ratio of 1:200 for 2-4 hours before
protein incubation. Different experimental groups were incubated
with 5 pg of RBD, 5 pg of RBD + 15 pg of GP96, and 20 pg of RBD-GP96-
Fusion for 1 hour. After washing twice with PBS, cells were fixed with
4% paraformaldehyde for 10 min. For subsequent staining of cell sur-
face markers, cells were washed with PBS, while for intracellular
staining, cells were washed with 0.5% PBST. A 4% BSA blocking solution
was prepared and cells were blocked in a 37 °C cell culture incubator
for 15 min. The primary antibody prepared with the blocking solution
was added and incubated at room temperature for 3 h. The secondary
antibody prepared with the blocking solution was added after washing
and incubated at room temperature for 1h. Following another round
of washing, DAPI and mounting reagent were added for subsequent
machine analysis. The staining dilution ratios of the antibodies were as
follows: LRP1 mAb 1:200 (Abcam, ab92544), RBD mAb 1:500 (Abclonal,
A23771), EEA1 mAb 1:100 (CST, 2411S), Rab7 mAb 1:100 (Abcam,
abl26712), LAMP1 mAb 1:100 (CST, 9091S), Calnexin pAb 1:500
(Abcam, ab22595), RBD pAb 1:200 (SinoBiological, 40592-MPO01), Anti-
mouse-TRITC 1:200 (ORIGENE, ZF-0313), and Anti-rabbit-FITC 1:200
(ORIGENE, ZF-0311).

Z-stack images were generated by Imaris (ver 9.7.2). The resulting
images were processed by analyzing colocalization, and the percen-
tage of ROI colocalized for cellular membrane and cytosol were
obtained respectively. In each assay, a total of 6 fields were randomly
selected and quantified.

In vitro cells killing assay

Splenocytes were isolated from immunized mice on day 12 after the
3rd immunization, and collected as effector cells. The target cells
(MS751) were labeled with 2.5 M 5-(6)-carboxy-fluorescein succini-
midyl ester (CFSE) dye and washed with PBS. We then seeded CFSE-
labeled target cells in 100 pL complete RPMI 1640 medium into 96-well
round-bottom plates. Effector cells were added to the CFSE-labeled
target cells at varying ratios in 100 pL complete RPMI1640 medium for
4-6h at 37 °C. The dead cells were labeled with 7-AAD, and cytotoxi-
city of splenocytes to tumor cells was detected using flow cytometry.

Trypsin protection assay

10 pM purified RBD, GP96 and RBD-GP96-Fusion were incubated at
37 °C for 15 min. The reaction was acidified with increasing amounts of
0.1 M citrate to achieve a series of pH values from pH 7.4 to 5.0 to
induce conformational changes in GP96, and incubated for additional
5 min at 37 °C. The solution was then neutralized with 0.5 M Tris (final
pH 7.3). 2 pg of trypsin (TPCK [tolylsulfonyl phenylalanyl chloromethyl
ketone] treated; New England Bio-Labs) were added. Digestion was
carried out for 1h at 20 °C, and terminated by the addition of 5x SDS
sample loading buffer and heated at 100 °C for 10 min. The extent of
GP96 or RBD-GP96-Fusion digestion was analyzed by SDS-PAGE.

BAL and lung harvest and cell Isolation

For mouse samples, spleens were collected, and tissues processed into
single-cell suspension. Leukocytes were isolated from spleen by
mechanical dissociation and red blood cells were lysed by lysing
solution. BAL was harvested directly from euthanized mice via inser-
tion of a 22-gauge catheter into an incision into the trachea. Hanks’
Balanced Salt Solution (HBSS) was injected into the trachea and aspi-
rated 4 times. Recovered lavage fluid was collected and BAL cells were
gathered after centrifugation. To isolate intraparenchymal lung lym-
phoid cells, the lungs were flushed by 5 ml of prechilled HBSS into the
right ventricle. When the color of the lungs changed to white, the lungs
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were excised avoiding the peritracheal lymph nodes. Lungs were then
removed, washed in HBSS and cut into 3-mm pieces, and incubated in
Iscove’s Modified Dulbecco’s Medium containing 1 mg/ml collagenase
IV (Sigma) for 30 min at 37°C on a rotary agitator (-60 rpm). Any
remaining intact tissue was disrupted by passage through a 21-gauge
needle. Tissue fragments and majority of the dead cells were removed
by a 250-micrometer mesh screen, and cells were collected after
centrifugation.

Induction culture of BMDC cells

BMDCs were obtained as previously described®. Briefly, bone marrow
cells were harvested from the femur and tibia of 5-7-weekold mice, and
red blood cells were depleted using red blood lysis buffer. The bone
marrow cell suspensions were cultured in complete RPMI medium
containing 10% heat inactivated FBS, 20 ng/mL granulocyte macrophage
colony-stimulating factor (GM-CSF), 10 ng/mL interleukin-4 (IL-4), and
50 pM 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA). All
cytokines were purchased from PeproTech (Rocky Hill, NJ, USA). After
7 days of culture, nonadherent BMDCs were generated and collected.

Peptide synthesis and epitope prediction

The 8-10-mer epitope was predicted using long peptides from the
website NetMHC-4.0 (https://services.healthtech.dtu.dk/services/
NetMHC-4.0/). The strong binding threshold and weak binding
threshold are 0.5% Rank and 2% Rank, respectively. All peptides were
synthesized by GenScript (Nanjing, China) and were more than
95% pure.

Quantitative detection of HPV-L1 mouse antibodies by ELISA
Serum from immunized mice was collected and the levels of HPV L1
antibodies were quantitatively detected using the following ELISA kits:
Mouse Anti-Human Papilloma Virus 16 late protein L1 IgG (HPV16L1)
ELISA kit, quantitative, 96 tests (Alpha Diagnostic International, 550-
316-PMG); Mouse Anti-Human Papilloma Virus 18 late protein L1 IgG
(HPVIS8L1) ELISA kit, quantitative, 96 tests (Alpha Diagnostic Interna-
tional, 550-318-PMG); Mouse Anti-Human Papilloma Virus 31 late pro-
tein L11gG (HPV31L1) ELISA kit, quantitative, 96 tests (Alpha Diagnostic
International, 550-331-PMG); Mouse Anti-Human Papilloma Virus 45
late protein L1 IgG (HPV45L1) ELISA kit, quantitative, 96 tests (Alpha
Diagnostic International, 550-345-PMG).

Animal tumor model and adoptive therapy
The subcutaneous Hela xenograft model was established by inocu-
lating HeLa cells (2 x 10° cells) into the right foreleg of female BALB/c
nude mice (4- to 5-week-old, 18-22g). At four days after tumor cell
inoculation, the tumor-bearing mice were randomly divided into four
groups and immunized intravenously in the tail with 3 x10°T cells
isolated from the spleens of different immunization treatment groups
four times at 3-day intervals. Adoptive T cells were enriched using a
CDS8"* T cell isolation kit (Stemcell, 19853). Tumor growth was mon-
itored with calipers every other day, and the tumor volume was cal-
culated using the following formula: volume = length x width? x 0.5.
Mice were monitored daily for general health and signs of distress. In
accordance with the guidelines of our Institutional Animal Care and
Use Committee (IACUC), the following humane endpoints were strictly
adhered to, and any animal reaching one of these criteria was eutha-
nized immediately:

Tumor burden: The tumor volume exceeded 1500 mm?.

Ulceration or necrosis: The tumor showed signs of severe
ulceration or necrosis.

Body condition: A loss of >20% of initial body weight.

Behavioral signs: Signs of severe pain, distress, or lethargy that
inhibited the animal from accessing food or water.

Physical impairment: The tumor size interfered with locomotion
or normal bodily functions.

Euthanasia was performed by cervical dislocation under deep
anesthesia induced by isoflurane inhalation, a method approved by
our IACUC.

Statistical analysis

KD values for SPR assays were calculated by the software BIA evalua-
tion Version 4.1 (GE Healthcare), using 1:1 binding model. The values
shown are mean + SD of two independent experiments. Details can be
found in figures legends.

GraphPad Prism version 8 was used to conduct all statistical
analysis. Shapiro-Wilk and Kolmogorov-Smirnov tests were performed
to establish the normal distribution of the data. The significance of
differences among groups was calculated according to the distribution
of the data using unpaired one-way ANOVA with Bonferroni correction
or two-tailed Mann-Whitney U tests. Correlations were determined
using Spearman’s rank coefficient with a 95% confidence interval. Rare
samples that presented technical issues in the flow cytometry staining
were excluded from the analysis. The precise number of samples
analyzed in each graph is reported in figure legends. The specific p-
value results of each statistical analysis are presented in the “source-
data” file. Statistical significance was set at the critical values of p < 0.05
(*), p<0.01 (**), p<0.001 (**), and p < 0.0001 (***).

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

Data availability

The scRNA-seq data generated in this study have been deposited in the
National Center for Biotechnology Information Sequence Read
Archive (NCBI SRA) under accession number PRJNA1195897. A total of
six samples were obtained. Source data are provided with this paper.
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