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Abstract

Current cancer vaccines using T cell epitopes activate antitumor T cell immunity through dendritic
cell/macrophage-mediated antigen presentation, but they lack the ability to promote B/CD4 T

cell crosstalk, limiting their anticancer efficacy. We developed antigen-clustered nanovaccine
(ACNVax) to achieve long-term tumor remission by promoting B/CD4 T cell crosstalk. The
topographic features of ACNVax were achieved using an iron nanoparticle core attached with

an optimal number of gold nanoparticles, where the clusters of HER2 B/CD4 T cell epitopes

were conjugated on the gold surface with an optimal intercluster distance of 5-10 nm. ACNVax
effectively trafficked to lymph nodes and cross-linked with BCR, which are essential for
stimulating B cell antigen presentation-mediated B/CD4 T cell crosstalk /n vitroand in vivo.
ACNVax, combined with anti-PD-1, achieved long-term tumor remission (>200 days) with 80%
complete response in mice with HER2* breast cancer. ACNVax not only remodeled the tumor
immune microenvironment but also induced a long-term immune memory, as evidenced by
complete rejection of tumor rechallenge and a high level of antigen-specific memory B, CD4,

and CD8 cells in mice (>200 days). This study provides a cancer vaccine design strategy, using
B/CD4 T cell epitopes in an antigen clustered topography, to achieve long-term durable anticancer
efficacy through promoting B/CD4 T cell crosstalk.

Graphical Abstract
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Current anticancer vaccines are designed to activate T cell immunity against tumor-
associated antigens (TAAs) or neoantigens,1=3 which have achieved promising clinical
anticancer efficacy in patients with certain cancer types, such as melanoma.*-12 However,
these vaccines have shown only limited efficacy in improving overall survival in patients

with various other cancer types, although they successfully activated T cell immunity.1-
3,5,6,13-19

Typically, a vaccine against infectious diseases needs to stimulate both B cell and T cell
immunity in a healthy body to generate long-lasting efficacy.2%-24 However, current cancer
therapeutic vaccines using T cell epitopes are not designed to activate B cell immunity
because the role of B cell immunity in cancer vaccines has been a subject of debate for
several decades.2>-33 |n fact, if the purpose of a cancer vaccine is solely to activate B

cell immunity for antibody secretion,34 it will neither generate durable anticancer efficacy
nor have a clinical need, since monoclonal antibody therapy is readily available for cancer
treatment. In addition, there is controversy over whether activation of B cell immunity may
have protumor activity, although recent studies suggest this may be related to regulatory B
cells rather than other forms of B cell activations.25-33

However, the latest clinical studies suggest B cell activation is critical for achieving durable
anticancer efficacy in patients using immune checkpoint blockade (ICB) therapy.3°-3°
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B/CD4 T cell crosstalk, especially B cell and follicular T cell (Tfh) crosstalk, is critical

to drive anticancer immunity and is associated with the clinical response to ICB therapy.3%~
45 B cell activation in tumors improves antigen presentation, driving the expansion of tumor-
specific T cells for anticncer efficacy. Activated B cells in tumors also secrete inflammatory
cytokines (including TNF, I1L-2, IL-6, and IFN ) to activate and recruit other immune
effector cells (e.g., CD 4 and CD 8 T cells) to promote antitumor immunity.3%374142 More
importantly, B cell activation may be required to achieve long-term T cell memory during
immunotherapy.#6-49 Furthermore, when B cell tumor infiltration is present in a tertiary
lymphoid structure (TLS) structure, which are organized lymphoid aggregates consisting

of mainly B cells and CD4 T cells, it tends to show favorable clinical repsonse to ICB
therapy.35-45

Since the presence of B cell immunity is correlated with enhanced long-term survival
rates in patients treated with anti-PD-1 therapy,3>-39 it is imperative to investigate whether
incorporating B cell immunity to enhance B cell antigen presentation-mediated B/CD4 T
cell crosstalk in current cancer vaccine designs can improve long-term efficacy. However,
current cancer vaccines using T cell epitopes (without B cell epitopes) only activate

T cell immunity through dendritic cell/macrophage-mediated antigen presentation.9:50
Furthermore, current vaccine delivery systems using nanoparticle encapsulated antigen
inside or simply mixing antigen with adjuvant are unable to bind and cross-link with B
cell receptor (BCR), and thus they are unable to activate B cell receptor-mediated antigen
uptake, processing, and presentation to CD4 T cells.>!

To design a nanovaccine for promoting B cell antigen presentation-mediated B/CD4 T cell
crosstalk,52:53 three critical challenges must be addressed.?253 First, the vaccine needs to
efficiently penetrate the lymph nodes and directly engage with B cells. While nanoparticles
smaller than 200 nm can enter the lymph nodes, they tend to accumulate in the subcapsular
sinus macrophages positioned above the B-cell follicles, rather than reaching the follicles
themselves.>* Second, the antigens must be displayed on the nanoparticle surface with a
high antigen density comparable to immunogenic viruses in order to induce robust B cell
activation.®® Third, repetitive antigens in a cluster with an optimal distance between clusters
is crucial for efficient cross-linking with the BCR.%6-58 This cross-linking triggers effective
internalization of the antigen, decreases the threshold required to activate the BCR, and
overcomes tolerance in antitumor B cell immunity.5%-61 Unfortunately, the commonly used
nanoplatforms (<200 nm) with peptide epitopes uniformly distributed on the surface cannot
achieve the optimal distance of 5-10 nm®2 required for effective BCR cross-linking while
maintaining a high antigen density simultaneously.53 Several studies have demonstrated that
antigen cluster structures, such as a glycoprotein on virus-like nanoparticles,62:64 with an
ideal spacing between antigen clusters, can induce a high level of BCR cross-linking while
preserving a high surface antigen density. However, such nanoplatforms with antigen cluster
structure have not yet been realized in peptide nanovaccine design.

In this study, we designed a nanovaccine using HER2 B/CD4 T cell epitopes in an
antigen-cluster topography (ACNVax) to achieve long-term tumor remission by promoting
B cell antigen presentation-mediated B/CD4 T cell crosstalk We engineered the ACNVax
with an antigen-cluster topography on its surface, including a high density of HER2
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B/CD4 cell epitopes and optimal distance (5-10 nm) between two antigen clusters. These
topographic features of ACNVax promote lymph node trafficking and cross-linking with
BCR,%5 which are essential for stimulating B cell antigen presentation-mediated B/CD4

T cell crosstalk /7 vitroand in vivo.5988 To further stimulate TLS formation tumors,

we also generated ACNVax with LIGHT, a member of the tumor necrosis factor (TNF)
ligand family tested previously reported to promote TLS formation.67:68 We tested ACNVax/
LIGHT in combination with anti-PD-1 antibody to achieve long-term tumor remission (>200
days) with a complete response (CR) rate of 80% in mice with HER2 breast cancer. We

used CyTOF and single-cell RNA-seq to evaluate how ACNVax/LIGHT remodeled the
tumor immune microenvironment. Finally, we monitored how ACNVax/LIGHT generates
long-term antigen-specific B/CD4/CD8 T cell immune memory for its long-term efficacy.
Our data provide a cancer vaccine design strategy, using B/CD4 T cell epitopes in an antigen
clustered topography, to achieve long-term durable anticancer efficacy through promoting

B cell antigen presentation-mediated B/CD4 T cell crosstalk and remodeling the tumor
immune microenvironment (Scheme 1).

RESULTS/DISCUSSION

Engineer ACNVax with Clustered-Antigen Topography to Effectively Bind/Cross-Link with
B Cell Receptor (BCR).

To prepare a nanoparticle with clustered antigen topography for efficient BCR cross-

linking, we first prepared the iron nanoparticle core coated with poly(siloxane)- and
poly(ethylene glycol)-containing diblock copolymer (IONP-Polymer, 15 nm), as we reported
previously®®-"1 (Figure S1a). Ultrasmall gold nanoparticles (AuNPs) (2 nm) were then
attached to the surface of IONP-Polymer, which is used to form an antigen-clustered
nanoparticle (ACN) (Figure S1b). The antigen-duster topography of ACNVax was achieved
by conjugating antigen peptides with cysteine to the surface AuNPs of the ACN through

a thiol-Au reaction (Figure 1a,b).5%-"1 The human HER2 CD4 T cell and B cell epitope
(CDDD-PESFDGDPASNTAPLQPEQLQ-GGK) was used as the antigen to promote T cell-
dependent B cell activation.”2-74

To control the optimal distance between antigen clusters on ACNVax at 5-10 nm, which

is an ideal distance for BCR cross-linking®6:>7 we adjusted the ratio of AUNP to IONP-
Polymer and calculated the distances between AuNPs on the ACNVax surface based on

two methodologies (the arc length equation for a circle and the triangulation equation). The
weight ratios of AUNP to IONP-Polymer at 0-30% generated ACNVax with 0-12 AuNP on
each IONP-Polymer surface which correlated to 5-20 nm distances between antigen clusters
on ACN (Figures 1b—d, Slc—e, and Tables S1-S4).

To achieve a high antigen density, we adjusted the peptide to ACN (calculated by Fe) weight
ratio. The maximum peptide loadings were 232 + 73 (0 AuNPs), 888 + 42 (4 AuNPs),

and 1954 + 157 (12 AuNPs) peptides per ACNVax (Figure 1e,f). The nonspecific peptide
binding to IONP-Polymer surface (without AuNP) was ~12% (Figure 1e,f), suggesting that
most peptides were conjugated on the AuNPs of ACNVax but not on the IONP-Polymer
core, which provided the antigen cluster topography.

ACS Nano. Author manuscript; available in PMC 2024 May 28.
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The ACNVax was optimized with overall antigen density (~2000 peptides/ACN) and
distance (~5 nm) between antigen dusters (12 AuNPs per ACN), which equates to a peptide
density of 20,000-25,000 per zm? (Figure S1f), comparable to the antigen density reported
for virus-like particles (e.g., hepatitis B virus, ~20,000 antigens). ACNVax with conjugated
antigen was 44 + 2 nm by dynamic light scattering (DLS) (Figure 1a) with a polydispersity
index (PDI) of 0.087 £ 0.03 and a zeta potential of =16 mV + 4 (Table S5). This size and
surface charge are optimal for efficient lymph node draining and penetration.>® ACNVax
was stable under /n vivo relevant serum conditions (Figure S2a).

The high density of B cell epitopes cross-links BCRs to trigger strong B cell-mediated
antigen uptake.>?-61 To test if ACNVax facilitates BCR cross-linking, we used hapten-
specific B cells from the spleen of QM transgenic mice to incubate with Cy3- and hapten-
labeled ACNVax where hapten was conjugated at die end of HER2 B cell epitope.”® The
results showed that hapten-labeled ACNVax (red) efficiently bound to BCRs (stained with
FITC-labeled antibody, green) on the hapten-specific B cells from 1 to 5 min to generate
cross-linked BCR clusters on the B cell surface (Figures 1g and S3).76

To investigate if the antigen-clustered topogaphy of ACNVax is indeed critical for BCR
cross-linking, we prepared different control groups using the same HER2 B/CD4 antigen
and labeled with hapten and Cy3: (a) IONPVax using the same IONP core and surface
conjugation with similar overall density of B/CD4 antigen and similar overall size, but
without antigen cluster mimicry (2323 £ 394 peptides per IONPVax, 48 + 5 nm, PDI: 0.074
+ 0.02) (Figure S2b—d and Table S6); (b) AuNPVax using the same surface AuNPs (2

nm) and same B/CD4 antigen, but without antigen cluster mimicry; (c) ACNVax-LC with
longer antigen cluster distance (~20 nm between antigen cluster); (d) ACNVax-LD with
lower peptide density (2% of peptide loading); () soluble peptide (PepVax); (f) lipoVax (the
liposome, prepared according to previous reports,53 was modified to have the same antigen
uniformly conjugated on its surface with a similar overall density, but without antigen
cluster topography). The image and quantification data showed that all these groups had
significantly less BCR cross-link compared to ACNVax (Figures 1h,i and S3). Specifically,
ACNVax with longer antigen cluster distance and lower peptide density reduced BCR
cross-link significantly compared to ACNVax with antigen density (150 peptides per AuNP,
2000 peptides/ACN) and distance (~5 nm) between antigen clusters (12 AuNPs per ACN).
These data suggest that antigen cluster topography is critical to achieving highly efficient
BCR cross-link. In addition, we also showed that longer distance between antigen clusters
and/or low peptide density of ACNVax particles decreased the production of HER2 specific
IgG, indicating a lower level of B cell activation (Figure S1g).

ACNVax Promoted B Cell Antigen Presentation-Mediated B/CD4 T Cell Crosstalk.

To test if BCR cross-linking by ACNVax promotes B cell antigen presentation, we compared
the /in vitro B cell uptake of antigen following incubation of hapten-specific B cells with
ACNVax (hapten), IONPVax (hapten), or with PepVax (hapten) for 15, 30, and 60 min
(Figure S4). Results showed that more ACNVax was internalized by B cells than IONPVax
and PepVax, which suggests that antigen-clustered topography of ACNVax increases uptake.

ACS Nano. Author manuscript; available in PMC 2024 May 28.
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To study if ACNVax could promote B cell antigen presentation mediated B/CD4 T cell
crosstalk, we engineered ACNVax with HER2-CD4/B epitope-hapten and OT-11 CD4
epitope (chicken ovalbumingys_33g), incubated with hapten-specific B cells from the
splenocytes of QM mice’® (B cells labeled with CFSE tracker), then mixed with OT-I1
specific CD4 T cells from the spleen of OT-I1 transgenic mice (labeled with CFSE tracker)’’
for 24-96 h (Figures 2a S5). IONPVax and PepVax with the same antigens were used for
comparison.

To test if ACNVax could activate antigen-specific B cells, we monitored the activation

and proliferation of hapten-specific B cells. The results showed that ACNVax (with HER2-
CDA4/B antigen-hapten and OT-11 CD4 epitope) increased the activation of hapten-specific
B cell by 3.5-fold (as monitored by CD86 and CD69 intensity in hapten-specific B cell;
Figures 2b and S6) and proliferation of hapten-specific B cell by 32.7-fold (as monitored
by CFSE staining) after 96 h (Figures 2c and S7) compared to other control groups with

the same antigens. These data suggest ACNVax could effectively activate antigen-specific B
cells.

To test if these B cells activated by ACNVax could present CD4 T cell epitope to activate
antigen-specific CD4 T cells, we monitored the activation and proliferation of OT-11 specific
CDA T cells. The results showed that ACNVax (with HER2-CD4/B antigen-hapten and
OT-11 CD4 epitope) increased activation of OT-I1-specific CD4 T cell by 28-fold (as
monitored by CD69 and CD25 after 96 h) and proliferation by 90-fold after 96 h compared
to other control groups with the same antigens (Figures 2d,e, S8, and S9). To confirm

that ACNVax did not enhance nonspecific CD4 T cell activation, we also monitored CD4

T cell activation from splenocytes of QM mice (not specific to OT-11 CD4 epitope). The
data showed that ACN (with HER2-CDA4/B antigen-hapten and OT-11 CD4 epitope) did not
activate nonspecific CD4 T cells from QM mice (Figure S10). These data suggested that the
T cell epitope on ACNVax was efficiently processed by B cells and presented to activate
antigen specific CD4 T cells.

Furthermore, to confirm if ACNVax induced B/CD4 T cell crosstalk owing to B cell antigen
presentation but not owing to other antigen presenting cells such as dendritic cells or
macrophages, we depleted B cells from splenocytes of QM using CD19 positive selection

kit and then coincubated with OT-11-specific CD4 T cells from OT-11 transgenic mice

(Figure S5). The results showed that depletion of B cells impaired ACNVax activation of
OT-Il-specific CD4 T cells (Figures 2f,g and S11-S13). These suggest that B cell and CD4 T
cell crosstalk by ACNVax is indeed mediated by B cell antigen presentation.

ACNVax Efficiently Penetrated into Lymph Node and Induced a Robust Tfh-Dependent B
Cell Response.

A robust Tfh-dependent B cell response requires efficient delivery of antigen to lymph
nodes to encounter B cells We employed 2D and 3D confocal fluorescent imaging to assess
the homing efficiency of ACNVax to the draining lymph nodes. The results showed that
FITC-labeled ACNVax penetrated deep inside lymph nodes where B cells reside in both B
cell zone and cortex (Figures 3a and S14 and Movies S1-S6). As a comparison, IONPVax
without antigen-clustered topography was mainly localized on the surface of the lymph

ACS Nano. Author manuscript; available in PMC 2024 May 28.
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nodes (Figure S14 and Movies S7-S12). We also tested antigen uptake by B cells in the
lymph nodes in mice by IVIS following injection (s.c.) (Figure S15a,b). Results showed that
more ACNVax was internalized by B cells than other control groups, which suggests that
antigen-clustered topography of ACNVax increases B cell uptake.

To study how ACNVax stimulates the immune responses /7 vivo, we used CyTOF to
investigate immune cell composition in the draining lymph nodes of normal BALB/c

mice 10 days after three vaccinations (Table S7 and Figure S16).”8 Global analysis using
spanning-tree progression analysis of density-normalized (SPADE) confirmed that ACNVax
induced a higher level of GC B, Tfh, and plasma cells in the lymph nodes and HER2
Specific antibody titer serum than IONPVax and PepVax groups (Figure 3b,c), whereas CD8
T cell frequency was not changed after vaccination (Figure 3b). This result ACNVax induced
a robust Tfh-supported GC response.

To confirm the results by flow cytometry and further evaluate the antigen specific GC B and
Tth cells, we enumerated GC B cells and CD4 T cells in the lymph nodes of BALB/c mice
after three vaccinations with ACNVax (at day 24) and in comparison with mice vaccinated
with IONPVax or with PepVax of the same antigens. Flow cytometry analysis showed that
ACNVax generated a robust GC B cell response (16.21% of all B cells) and antigen-specific
GC B cells (7.6% of all GC B cells), which is 2- to 5-fold higher than PepVax or IONPVax
groups (Figures 3d,e and S17a,b) ACNVax vaccinations also increased Tth cells by 4.7-fold
and 3-fold compared to PepVax and IONPVax (Figures 3f and S17c).

To determine if ACNVax vaccination activated antigen-specific Tfh cells, we used the
activation-induced markers (AlM) assay to measure antigen-specific Tfh cell activation.
ACNVax vaccination increased the frequency of antigen-specific Tfh cells by 4.2-fold
(Figures 3g,h and S18) and the frequency of antigen-specific CD4 T cells by 4.5-fold
(Figures 3g,i and S19) compared to IONPVax and PepVax vaccinations.

Since robust GC responses generate robust antigen-specific 1gG, we examined the HER2-
specific IgG in serum after three vaccinations on day 38. ACNVax vaccination generated a
4-fold higher HER2-specific 1gG titer, a 3-fold higher HER2-specific 1gG1 titer, and a 5-fold
higher HER2-specific 1gG2a titer than vaccination with IONPVax (Figures 3c and S20a—d)
The HER2 antibody specificity was confirmed by testing antibody binding to D2F2/E2
HER2™ cell line by flow cytometry (Figure S20e—g). These data suggest that ACNVax

with the antigen cluster structure uniquely enhanced the Tfh-dependent B cell response and
antigen-specific 1gG production comparison with nanoparticles the same core but uniformly
distributed antigen on their surface (IONPVax) or PepVax.

ACNVax Combined with anti-PD-1 Antibody Achieved Long-Term Remission of HER2*
Breast Cancer.

To compare the efficacy of ACNVax combined with anti-PD-1 antibody to current clinically
approved treatment options for HER2* cancer, we used three vaccinations (day 4, 11, 18) in
BALB/c mice with subcutaneous HER2* breast cancer using HER2 overexpression mouse
cancer cell line (D2F2/E2).7° The results showed ACNVax plus anti-PD-1 had much better
tumor inhibition effect compared to murine HBR2 antibody (Table S8) plus anti-PD-1,

ACS Nano. Author manuscript; available in PMC 2024 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 10

clinically tested Neu-Vax vaccine (composed of E75 as HER2 CD8 epitope and GM-CSF)
plus anti-PD-1, and anti-PD-1 alone (Figure 4a).80-83

To investigate how antigen-clustered topography in ACNVax influenced its anticancer
efficacy, we compared its efficacy with IONPVax (the core component of ACN 35

nm with antigen uniformly conjugated on the nanoparticle surface, but without antigen
cluster structure), the AUNP-B/CD4 (the surface component of ACN 2-5 nm, but without
antigen cluster structure), and lipoVax (liposome with antigen uniformly conjugated on
the nanoparticle surface, but without antigen cluster topography). The data showed that
ACNVax after 3 vaccinations induced significantly better tumor inhibition with 57%
complete response (CR) compared to other nanovaccine groups, which only slightly
inhibited tumor growth with no CR (0%) (Figure 4b). These data suggest that the antigen-
clustered structure of ACNVax indeed plays a critical role in its superior anticancer efficacy
in comparison to IONPVax and AuNPVax

Since the presence of TLS, along with B/CD4 T cell crosstalk, is associated with better
responses to anti-PD-1 immunotherapy,3°-39 we combined a peptide of LIGHT, a member
of the tumor necrosis factor (TNF) ligand family that can stimulate immune cell tumor
infiltration and TLS formation,57:68 with ACNVax to test whether it could enhance
anticancer activity further. LIGHT has been previously reported to induce robust de novo
formation of TISs in tumors and to greatly enhance antitumor immune responses and
efficacy.67:68 ACNVax (with LIGHT) combined with anti-PD-1 antibody (three vaccination
doses) inhibited tumor growth by 96% and achieved long-term cancer remission (>200
days) with a complete response (CR) rate of 44% (Figure 4c), which is more significant
than ACNVax (without LIGHT) plus anti-PD-1 antibody (cancer growth inhibition by 85%,
CR rate of 11%). Following a clinical used dose regimen (five vaccinations at day 4, 11,

18, 32, 46), ACNVax (with LIGHT), combined with anti-PD-1 antibody, enhanced the
complete response (CR) rate to 80% (>200 days, Figure 4d). In contrast, both IONPVax and
PepVax plus anti-PD-1 only slightly inhibited tumor growth. The addition of LIGHT did
not significantly improve the anticancer efficacy in either the IONPVax plus anti-PD-1 or
PepVax plus anti-PD-1 groups (Figure 4d). In addition, ACNVax-T, which used the same
ACN but conjugated with the HER2 CD8 T cell epitope (E75), did not significantly inhibit
tumor growth (vs control) (Figure 4c). results demonstrated that ACNVax with LIGHT
achieves long-term anticancer efficacy in HER2 positive breast cancer.

To test if ACNVax would show therapeutic efficacy in HER2-low breast cancer, we

tested the efficacy of ACNVax on two mouse breast cancer models with low HER2

levels: transgenic PyMT-MMTYV breast cancer and 4T1 subcutaneous breast cancer (Figure
$21).8485 The data showed that ACNVax had significantly better anticancer efficacy than
the control and PepVax groups on PyMT-MMTYV and 4T1 tumor mouse model (Figure S21).
Because 70% of breast cancer patients show a low-level expression of HER2 (HER2-low)
despite not being defined as HER2 positive tumor,86 these data suggest that ACNVax may
offer therapeutic advantages in a broad range of breast cancer populations.
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ACNVax Induces B/T Lymphocytes Infiltration into the Tumor.

To understand how ACNVax influences immune cell infiltration in tumors, we used CyTOF
to profile all immune cells in tumor tissues from BALB/c mice with subcutaneous HER2*
breast cancer (D2F2/E2) at 28 days after vaccination. The cell composition in tumor

tissues was compared in mice treated with anti-PD-1 antibody, anti-PD-1 and murine

HER2 antibody, and a CD8 T cell vaccine NeoVax (E75and GM-CSF). Results showed

that ACNVax combined with anti-PD-1 antibody dramatically increased the frequency of
tumor-infiltrating B cells by 13.7-fold, CD4 T cells by 9.5-fold, and CD8 T cells by 5.2-fold
among total cells in the tumor compared to the other treatment groups (Figures 5, S16, and
S22 and Table S9).

ACNVax Remodels the Tumor Immune Microenvironment.

To comprehensively analyze how ACNVax remodels the tumor immune microenvironment,
we performed single-cell RNA-seq of tumor immune cells from BALB/c mice with HER2*
breast cancer after vaccination with ACNVax, ACNVax with LIGHT, or IONPVax in
combination with anti-PD-1 antibody.

Single-cell RNA-seq analysis results suggest that ACNVax (w/o LIGHT) enhances B and
CDA4 T cell interaction in tumors in comparison to IONPVax and control group. For instance,
ACNVax (B cells: 14.99%; CD4 T cells: 14.74%) and ACNVax/LIGHT (B cells: 16.53%;
CD4 T cells: 10.41%) showed significantly higher proportions of B cells and CD4 T cells
than those of the IONPVax group (B cells: 10.33%; CD4 T cells: 7.15%) (Figure 6a,b).
ACNVax induced higher levels of CD40 in B cell and CD40L gene expression in T cell
(Figures 6¢ and S23a,b) than vaccination with IONPVax or control treatments. CD40 and
CDA40L are implicated in effective B and CD 4 T cell interactions. ACNVax vaccination

also induced significantly higher expression of Aicadain B cells in tumors than IONPVax
vaccination or control treatments. A/cda encodes the enzyme needed to initiate somatic
hypermutation and Ig gene class switch recombination, features of effective germinal center
responses.87:88 Furthermore, ACNVax increased the expression of genes related to GC-Tfh
responses, including BCL-6 and 1L21 compared to IONPVax or control groups (Figures 6¢
and S23a,b). These data suggest that ACNVax induced a potent CD4 T cell-dependent B cell
activation in tumors compared to IONPVax and control groups.

Since anticancer immune response relies on CD4 and CD8 T cell activation, and previous
reports suggested Tfh-dependent B cell activation promote anticancer CD4 and CD8 T cell
immunity,35374142 we further investigated if ACNVax altered the subpopulations of CD4
T cells (memory, regulatory, and Tfh) and CD8 T cells (memory, cytotoxic, and exhausted)
in tumors, in comparison with IONPVax and control group. Among different subpopulations
of CD4 T cells, vaccination with ACNVax (combined with anti-PD-1) increased 1,5 to
3-fold memory CDA4 T cells, increased 1.5 to 5-fold Tfh, and decreased 1.5 to 2-fold Treg
in tumors compared to vaccination with IONPVax (combined with anti-PD-1) or control
group (Figures 6d and S24a). Among different subpepulations of CD8 T cells, ACNVax
vaccination (combined with anti-PD-1) increased memory CD8 T cells by 9-fold, cytotoxic
CD8 T cells by 3.5-fold, and decreased exhausted CD8 T cells by 20-fold compared to
control groups, ACNVax increased memory CD8 T cells by 1.5-fold in comparison with
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vaccination with IONPVax (Figures 6e and S24b). In addition, ACNVax also induced
higher expression of genes encoding antitumor cytokines, such as interferon-gamma, tumor
necrosis factor, interleukins, and granzyme B, in immune cells and T cells in comparison to
IONPVax or control groups (Figures 6f and S23b,c). These data demonstrated the effect of
ACNVax to promote CD4 and CD 8 T cells response and anticancer cytokine production,
which may explain the potent anticancer efficacy of ACNVax.

Single-cell RNA-seq analysis results also suggested that ACNVax increased gene expression
related to organized aggregates of immune cell formation in tumors compared to the
IONPVax and control treatments (Figures 6f and S23e). ACNVax increased the levels of

the chemotaxss factors CCL19, CCL21a, CXCL13, and CCL2 compared with those of the
IONPVax and control (Figure S23a,fe). ACNVax also induced increased gene expression of
receptors for chemotaxis factors and adhesion receptors, such as CXCR4, CXCR5, CCR7
and L-selectin, CD11a and VLA-4, in tumor infiltrating B and T cells compared with those
of the IONPVax and control groups (Figure S23a,b), similar to literature reports.35-37

To confirm the formation of organized aggregates of immune cells, we use both fluorescent
staining to analyze tumor tissues after vaccination (Figures 6g, S25, and S26). Fluorescent
staining showed that ACNVax plus anti-PD-1 antibody (with LIGHT) increased the presence
of TLS-like structure, where B cells (CD20, Figures 6g, S25, and S26) were surrounded

by T cells (CD3, Figures 6g, S25, and S26). We also observed the presence of follicular
dendritic cells (CD23, CD21/CD35 (CR1/CR2), Figures 6g and S25) with scattered high
endothelial venules (PNAd, Figure 6g) in ACNVax plus anti-PD-1 antibody (with LIGHT)
group in comparison with other treatment groups, similar to the literature TLS.35:36.89

ACNVax Induced Long-Term Antigen-Specific Memory B Cells, CD4 T Cells, and CD8 T
Cells.

To test whether ACNVax vaccination induced a persistent immune memory against cancer
growth, we rechallenged five mice whose tumors were eliminated after three vaccinations
at 200 days by subcutaneous injection of 2.5 x 10° D2F2/E2 HER2* cancer cells. The data
showed that each of the five mice completely rejected tumors whereas every unvaccinated
mouse rapidly grew tumors (Figures 4 and 7a). The results demonstrated that ACNVax
vaccination generated long-term, persistent immune memory against cancer growth.

To further examine whether ACNVax vaccination could generate long-term antigen-specific
memory B, CD4, and CD8 T cells, we used flow cytometry and activation-induced markers
(AIM) assay to enumerate these cells in the mice that rejected tumors following rechallenge,
ACNVax vaccination increased class switch memory B cells (B220* CD38* GL-7"IgD~
IgM™) by 3.5-, 2.5-, 2-, 1.5-fold in spleen, lymph nodes, bone marrow, and peripheral blood,
respectively (Figures 7b and S27); increased antigen-specific class switch memory B cells
(B220* CD38* GL-7~ IgD~ IgM~ Tetramer*) by 10-, 13-, 7-, and 5.6-fold in spleen, lymph
nodes, bone marrow, and peripheral blood, respectively (Figures 7c and S27); and increased
antigen-specific plasma cells (markers) by 20-fold in the bone marrow of the mice (Figure
S28), in comparison with control mice.
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ACNVax vaccination induced CD4 T effector memory cells (CD4 TEM: CD8~ CD4*
CD44* CD62L") by 2-fold in the lymph nodes and peripheral blood (Figures 7d and
S29); increased antigen-specific CD4 T effector memory cells (AIM* CD4 TEM: CDS~
CD4* CD44* CD62L~ CD69*CD40L*'") by 14-fold in the spleen (Figures 7e and S30a);
increased CD4 T central memory cells (CD4 TCM: CD8~ CD4* CD44* CD62L™) by 10-
and 7-fold in the lymph nodes and peripheral blood, respectively (Figures 7d and S29);
increased antigen-specific CD4 T central memory cells (AIM* CD4 TCM: CD8~ CD4*
CD44* CD62L* CD69" CD40L*'") by 12.5-fold in the spleen (Figures 7e and S30a):
increased tissue resident memory CD4 T cells (CD4 TRM: CD8~CD4* CD69*CD103*) by
3.5- and 9.8-fold in the fat pad and lungs of the mice, respectively, (Figure S31a—c), in
comparison with control mice.

ACNVax vaccination also increased CD8 T effector memory cells (CD8 TEM: CD4 CD8*
CD44* CD62L") by 3.6-fold and 3.3-fold in the lymph nodes and peripheral blood,
respectively (Figures 7f and S29); increased antigen-specific CD8 T effector memory cells
(AIM* CD8 TEM: CD4~ CD8* CD44* CD62L~ CD2S* OX40*/") by 6-fold in the spleen
(Figures 7g and S30b); increased CD8 T central memory cells (CD8 TCM: CD4~ CD8*
CD44* CD62L™) by 5-fold in the lymph nodes and peripheral blood (Figures 7f and

$29); increased antigen-specific CD8 T central memory (AIM* CD8 TCM: CD4~CD8*
CD44* CD62L*CD2S*0X40*") by more than 10-fold in the spleen (Figures 7g and S30b);
increased tissue resident memory CD8 T cells (CD8 TRM: CD4~ CD8* CD69* CD103%)
by 2.5- and 19.3-fold in the fat pads and lungs of mice, respectively (Figure S31a,b,d), in
comparison with control mice.

Our results suggest that ACNVax induced a persistent anticancer immune memory through

promoting long-term antigen-specific memory B, CD4 T, and CD8 T cells. Since ACNVax

vaccinations do not contain CD8 T cell epitope, the increased CD8 memory cells are likely

as a secondary consequence of antitumor CD4 T and B cells activation in response to tumor
antigens.

The development of therapeutic cancer vaccines has mainly focused on T cell cancer
vaccines, but these have had limited clinical success. Inspired by recent findings that

B cell tumor infiltration and B/CD4 T cell crosstalk are strongly associated with better
clinical efficacy of checkpoint blockade immunotherapy, we designed an antigen-clustered
nanovaccine (ACNVax) that achieved long-term tumor remission with a complete response
rate of 80% (>200 days, Figure 4) when combined with anti-PD-1 antibody. Unlike other
T cell cancer vaccines, ACNVax achieved superior anticancer efficacy by promoting B cell
antigen presentation-mediated B/CD4 T cell crosstalk. (Figure 2),50:52:53,56,57,59-61,66,90~
92 Tfh-dependent B cell activation (Figures 2 and 3), and remodeling tumor immune
microenvironment (Figures 5 and 6). The long-term efficacy of ACNVax was mediated

by a concerted long-term antigen-specific memory B cell, CD4 T, and CD8 T cell immunity
(Figure 7 and Scheme 1). The ACNVax has an antigen-clustered topography on its surface,
featuring a high density of HER2 B and CD4 T cell epitopes on the duster (150 peptides/
duster) and optimal distance (5-10 nm) between antigen dusters for efficient cross-link
with BCR (Figure 1).96:57:59-61.65.90-92 Thjs ynique topography promoted lymph nodes
trafficking (Figure 3), cross-linking with B cell receptor (BCR) (Figure 1), and B cell
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antigen presentation-mediated B/CD4 T cell crosstalk (Figure 2).50:52:53,56,57,59-61,66,90-92
Subsegnently, ACNVax promoted very strong Tfh-dependent GC responses in lymphoid
organs as measured by both CyTOF and flow cytometry. More importantly, ACNVax
remodeled the tumor immune microenvironment by enhancing infiltration of B cells, CD4
and CDS T cells as measured by both CyTOF and single-cell RNA-seq. In addition,
ACNVax, combined with anti-PD-1, not only activated long-term antigen-specific B and
CDA4 T cell memory bat also generated long-term antigen-specific CD8 T cell memory
(Figures 6 and 7), which contributed to its efficacy in complete rejection of tumor
rechallenges at 222 days in cured mice with HEB2* breast cancer (Figure 7).

CONCLUSIONS

The findings in our study have two important implications. First, our study suggests that
incorporating B cell immunity in the cancer vaccine design by promoting B cell antigen
presentation-mediated B/CD4 T cell crosstalk achieves long-term durable anticancer efficacy
when combined with anti-PD-1 immunotherapy. Second, the cancer vaccine design for

this purpose needs an optimal delivery system, which facilitates lymph node penetration
allowing antigen to directly interact with B cells for BCR cross-finking and B cell

antigen presentation-mediated B/CD4 T cell crosstalk Most other nanoparticle systems,
which encapsulate the antigen inside, would enhance uptake and antigen presentation by
DCs or macrophages since the function of these APCs is to uptake nanoparticles, but

those nanoparticle delivery systems would not be able to enhance the uptake and antigen
presentation by B cells since B cell antigen presentation requires antigen binding to BCR

to trigger cross-link.19:°0 Qur ACNVax with antigen-clustered topography, which has a high
density of antigens on the duster and optimal distance (5-10 nm) between antigen clusters,
exhibits more efficient cross-link with BCR, promoting B cell antigen presentation-mediated
B/CDA4 T cell crosstalk compared to IONPVax without the surface antigen duster structure.
Furthermore, the ACNVax viral-like structure might also enhance lymph node draining and
penetration to induce B/CD4 T cell crosstalk.50:93

In conclusion, our data provide a cancer nanovaccine design with B/CD4 epitopes in an
antigen-clustered topography to achieve long-term durable anticancer efficacy by promoting
B cell antigen presentation-mediated B/CD4 T cell crosstalk and remodeling of the tumor
immune microenvironment.

METHODS

Materials.

All reagents were obtained from commercial sources without further purification,

except y-methacryloxypropyltrimethoxysilane (98%), which was purified by distillation
under reduced pressure, and 2,2-azobis(isobutyronitrile) (98%), which was purified by
recrystallization in ethanol. Iron oxide (111) (FeO(OH), hydrated, catalyst grade, 30-50
mesh), oleic add (technical grade, 90%), ammonium iron(I1) sulfate hexahydrate (ACS
reagent, 99%), 1-octadecene (technical grade, 90%), anhydrous tetrahydrofuran (THF,
99.8%), carbon disulfide (99.9%), magnesium turnings (>99.5%), 2-chloro-2-phenylacetyl
chloride (CPAC, 90%), poly(ethylene axide) monomethyl ether (PEQ), anhydrous dioxane

ACS Nano. Author manuscript; available in PMC 2024 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 15

(99.8%), dimethylformamide (DMF, 99.9%), dimethyl sulfoxide (DMSO, 99.9%), o-
phenanthroline monohydrate (ACS reagent, 99%), hydroquinone (ACS reagent, 99%),
sodium sulfide, chloroauric acid, nitric acid (ACS reagent, 70%), and hydrochloric

acid (ACS reagent, 37%) were purchased from Sigma-Aldrich. Dulbecco’s phosphate-
buffered saline (DPBS) and Hank’s buffered salt solution (HBSS) were obtained from
Fisher Scientific. Mouse uncoated 1gG and IgM Total ELISA Kits, 1-Step Ultra TMB-
ELISA substrate solution, HRF-conjugated goat antimouse 1gG2a secondary antibody,
HRP-conjugated goat antimouse 1gG2a secondary antibody, Nunc Immobilizer Amino
96-well ELISA plates, BupH carbonate bicarbonate buffer packs (coating buffer), Pierce
protein-free PBS-tween blocking buffer, 20x PBS-Tween wash buffer, Geneticin. (G418)
selective antibiotic, Invitrogen eBiosdence fixable viability dye eFluor 780, and Molecular
Probes streptavidin Alexa Fluor 647 conjugate were obtained from Thermo Fisher
Scientific. The EasySep Mouse B Cell Isolation Kit, EasySep Mouse CD4 T Cell

Isolation Kit, and EasySep Mouse CD19 Positive Selection Kit Il were purchased from
StemCell Technologies. Fluo-4 AM was purchased from Thermo Fisher Scientific. AF488-
AffiniFure Fab Fragment Goat Anti-Mouse IgM and & Chain Specific were purchased
from Jackson Immuno Research laboratory Inc. Alexa Fluor Plus 405 phalloidin was
purchased from Thermo Scientific. Antimeuse PD-1 antibody (CD279) was purchased
from Bio X Cell. Mouse GM-CSF was obtained from SHENANDOAH Biotechnology Inc.
LIGHT (TNFSF14) was purchased from Sino Biological HRP-conjugated goat antimouse
IgG secondary antibody, Zombie UV fixable viability kit, FITC antimouse CD19, PE/
Dazzle. 594 antimouse 1gD, Alexa Fluor 647 antimouse/house GL7 antigen, Brilliant
Violet 421 and PE/Dazzle 594 antimouse/human CD45R/B220, FITC antimouse CD95,
Brilliant Violet 421 antimouse/human CD11b, Alexa Fluor 647 antimouse CD21/CD35
(CR2/CR1), Alexa Fluor 594 antimouse CD169, FITC antimouse CD169 and PE goat
antimouse 1gG secondary antibody, FITC antimouse CD19, Brilliant Violet 605 antimouse
CD19, Alexa Fluor 594 antimouse CD19, APC/Cyanme7 antimouse CD86, and FITC
antimouse CD3 were purchased from BioLegend. HER2 peptides (CDDDPESFDGDPAS-
NTAPLQPEQLQ (Human HER2 CD4/B epitope), Biodn-PESFD-GDPASNTAPLQPEQLQ,
CDDDPESFDGDPASNTAPLQPEQ-LQGGGK, CDDDPESFDGDPASNTAPLQPEQLQ-
GGG-Lys (NP), CDDDPESFDGDPASNTAPLQPEQLQ-(Lys(N3)-DBCO- -Cy3) -GGG-
(Lys (NP)), CDDDPESFDGDPASNTAPLQPEQLQ-EDFITC), CDDDKIFGSLAFL
(Human/Mouse HER?2 CD 8 epitope), and E75 (KIFGSLAFL, Human/Mouse HER2 CD

8 epitope), OVA323_339 (CISQAVHAAHAEINEAGR, recognize by CD4 T cell from OT-II
mice) were custom synthesized by LifeTein. Iron oxide nanoparticles (30 nm) stabilized
by oleic acid in chloroform were purchased from Ocean Nanotech, Cyclic [G(2",S")-
pA(3’,5)p] (2"3"-cGAMP) was acquired from InvSvoGen, Fluorescamine was purchased
from MP Biomedicals. Suifo-Cy5.5 NHS ester was acquired from Lumiprobe. Microvette
500 Z-Gel serum collection vials with dotting factors were obtained from Sarstedt Matrigel
basement membrane matrix was purchased from Corning. Gold and iron standards were
purchased from Fluka Analytical. Murine HER2 antibody (Murine 2C4):94 Mouse 1gG2a
constant chain chimeric with same variable region as human pertuzumab (Perjeta) were
purchased from GenScript. The amino add sequences of murine 2C4 are listed in Table S8.
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All animal experiments were conducted according to protocols approved by the University
of Michigan Committee on Use and Care of Animals (UCUCA). BALB/c mice aged 5-7
weeks were purchased from Charles River Laboratories (Wilmington, MA).

All cells were maintained at 37 °C in a 5% C0O/95% air atmosphere and approximately
85% relative humidity. D2F2/E2 cells were generated by cotransfection with pRSV/neo
and pCMV/E2 encoding human ErbB-2 (HER2) (provided by Dr. Wei-Zen Wei).”® The
cells were cultured in complete high-glucose DMEM supplemented with 10% NCTC 109
media, 1% L-glutamine, 1% MEM nonessential amino adds, 0.5% sodium pyruvate, 2.5%
sodium bicarbonate, 1% pen/strep, 5% cosmic calf serum, and 5% fetal bovine D2F2/E2
cells generated by cotransfection with pRSV/neo and pCMV/E2 encoding human ErbB-2
(HER2), 500 wg/mL Geneticin and 50 1M 2-mercaptoethanol. RAW264.7 macrophages
were cultured in complete RPMI-1640 media supplemented with 10% fetal bovine serum,
1% L-glutamine, 1% MEM nonessential amino acid solution, 1% sodium pyruvate, and
1% pen/strep. Primary B-cells, CD4 T cells, and splenocytes were cultured in RPMI-1640
media supplemented with 10% fetal bovine serum, 2-Mercaptoethanol (50 xM), and 1%
pen/strep. 4T1 cells were cultured ATCC-formulated RPMI-1640 Medium with 10% fetal
bovine serum and 1% pen/strep.

Preparation and Characterization of ACN.

Preparation

ACN was prepared based on previously reported protocols.”® IONF-Polymer was made

by thermal decomposition and further coated with a polysiloxane-containing copolymer.
AUNPs (2 nm) were synthesized by reacting sodium sulfide (Na,S) as the reducing reagent
with gold in the form of chloroauric add (HAuCI4). AuNPs were then attached onto

the surface of IONP-Polymer to produce a spiky topography. The final Au:Fe ratio of

the formulated ACN was quantified by inductively coupled plasma—mass spectrometry
(ICP-MS) using a PerkinEImer Nexion 2000 based on previously reported protocols
modified from the analysis by inductively coupled plasma—optical emission spectroscopy
(ICP-OES).9 ACN formulations were imaged by STEM using a JEOL 2100F with a CEOS
probe corrector. The true particle sizes of AUNPs, IONP-Polymer, and ACN were quantified
using ImageJ software. The volume-weighted hydrodynamic particle size, polydispersity
index, and zeta potential of all formulations in Milli-Q water at 25 °C were evaluated with a
Malvern Zetasizer Nano-ZS using DLS and phase analysis light scattering, respectively.

and Characterization of Lipid-Coated IONP.

Lipid-coated iron-oxide nanoparticles were prepared by the thin-film hydration method
based on previously reported methods.%¢ DSPE-PEG (2000)-maleimide (10 mg) was added
to 1 mg of 30 nm iron-oxide nanoparticles stabilized by oleic add in chloroform and

gently mixed. The resulting solution was subjected to solvent rotary evaporation to remove
all chloroform and form a thin film. Simultaneously, this film and 100 mM PBS pH 7.4
were heated to 75 °C in an oven. When it reached 75 °C, hot PBS was rapidly added

to the film and mixed immediately and vigorously to facilitate thin-film hydration. The
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resulting nanoparticle solution was stored at 4 °C to promote lipid self-assembly. Free
phospholipids were removed by magnetic separation overnight at 4 °C using an EasySep
magnetic separator device (StemCell Technologies). The volume-weighted hydrodynamic
particle size, polydispersity index and zeta potential of all formulations In Milli-Q water at
25 °C were evaluated with a Malvern Zetasizer Nano-ZS using DLS and phase analysis light
scattering, respectively.

Preparation and Characterization of ACNVax and IONPVax.

HER?2 peptides were conjugated to ACNVax via a gold-thiol linkage. HER2 peptide was
added to ACNVax at a 5x weight ratio excess in Milli-Q. water and incubated overnight at 4
°C. HER2 peptides were conjugated to lipid-coated IONP via maleimide—thiol chemistry.
Both materials were purified either by magnetic separation overnight at 4 °C or by
centrifugal separation at 10,000¢ for 30 min at 4 °C. Peptide loading was determined by
fluorescence quantification using a modified fiuorescamine peptide quantification assay

in the presence of ACN or IONP-Lipid (Ex/Em: 390/465 nm, Biotek Cytation 5).97
Quantification was performed using a standard curve with increasing peptide concentration
with a standardized concentration of nanoparticles (IONP-Lipid or ACN) to account for
quenching effects.

Investigation of BCR Cross-Link.

Cross-Linking Activation Imaging.”6—B cells were isolated from splenocytes of
QM mice through negative selection using the EasySep Mouse B Cell Isolation Kit
(STEMCELL: 19854).

B cells isolated from QM mice (5 x 108 cells/mL) were then incubated with 20 zg/mL
Alexa Fluor 488-AffiniPure Fab Fragment Goat Anti-Mouse IgM (x Chain Specific) on

ice for 30 min in the dark (Jackson: 115-167-020). Cells (2 x 10° cells/mL) were washed
and then incubated with antigen (equal amount of epitope, 20 nM, Cy3 labeled, and NP
conjugated) in a total volume of 400 £ for 1 and 5 min at 37 °C. After antigen incubation,
cells were fixed with 6% paraformaldehyde (800 £L) for 10 min immediately at 37 °C,
permeabilized with a 0.1% Triton X HBSS solution (800 L) for 10 min, and then incubated
with Alexa Fluor Plus 405 phalloidin in staining buffer (200 s, 5 mg/mL BSA, 0.1% Triton
X in HBSS) on ice for 2 h. After two washes, the cells were plated onto eight-well glass
chambers pretreated with 0.1% poly L-lysine (LabTech I1) on ice for at least 4 h before
confocal imaging.

Calculation of Cross-Linking Ratio.—Cells with significant red (B cell receptors,
(BCRs)) fluorescence were circled and quantified in ImageJ (NTH) to calculate the
fluorescence intensity of different channels (blue, phalloidin; red, BCRs; green, antigen)
in all images. The intensity of green (antigen) fluorescence was divided by the intensity of
red (BCR) fluorescence to calculate the cross-linking ratio of the cells. Up to 50 cells (10
cells from each comer of images and 10 cells from middle) in each image (or all cells if
there were fewer than 50 cells) were used to calculate the cross-linking ratio for each time
point of each sample;
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fluorescent intensity of antigen (green)
fluorescent intensity of BCR (red)

cross — linking ratio =

Investigation of B/CD4 T Cell Crosstalk In Vitro.

CDA4 T cells were isolated from splenocytes of OT-11 mice (The Jackson Laboratory, Strain,
#004194) through negative selection using the EasySep Mouse CD4 T Cell Isolation Kit
(STEMCELL: 19852). B cells were isolated from splenocytes of QM mice through negative
selection using the EasySep Mouse B Cell Isolation Kit (STEMCELL.: 19854), Splenocytes
from QM mice deplete B cells through positive selection using the EasySep Mouse CD19
Positive Selection Kit 11 (STHMCELL: 18954). For activation and proliferation, markers,
CD4-PE; B220-Alexa Fluor 594, CD69-Brifliant violet 421, CD86-Alexa Fluor 647, CD25-
APC/Fire750 and CFSE are used. All antibody markers are from Biolegend.

Cell mixtures within each well of a 24-well plate, including CD4 T cells (0.5 million,
labeled with CFSE) isolated from splenocytes of OT-11 mice, B cells (1 million, labeled
with CFSE) isolated from splenocytes of QM mice, full slpeenocytes (1.5 million, no CFSE
label) from QM mice. Cell mixtures are then coincubated with soluble peptides, IONPVax,
and ACNVax for 24, 72, and 96 h (All with the same amount of antigens, OT-11 CD4
epitope, OVA3,3_339 (CISQA-VHAAHAEINEAGR), 2 4M and hapten conjugated HER2
B/CD4 epitope, CODDPESFDGDPASNTAPLQPEQLQ-GGG-(Lys (hapten), 2 xM). After
each time point, cells are collected for flow cytometry analysis.

Immunofluorescence Staining of Lymph Nodes.

To determine the ACNVax (conjugated to ED-FITC labeled HER2-B/CD4 peptide, 233.6
nmol HER2 epitope) distribution, lymph nodes were harvested 12 h after subcutaneous
injections. Harvested tissues were immediately fixed in 1% paraformaldehyde for 1 h

and then immersed in 30% sucrose in 0.1% NaN3 in PBS overnight Treated tissues

were then embedded in optical coherence tomography (OCT) compound and frozen in a
CO»(s) + EtOH bath. Tissue sections (15 xm) were prepared and dried for 0.5 h before
staining. After incubation with blocking buffer and staining solution, slides were mounted
with VECTASHIELD Mounting Medium for confocal imaging. Brilliant Violet 421 B220,
Alexa Fluor 594 CD 3, and Alexa Fluor 647 CD169 were used for lymph node immune
fluorescence staining.

CyTOF Analysis of Immune Patterns from Lymph Nodes and Tumors.

Lymph node and tumor samples were harvested and dissociated into single-cell suspensions
10 days after the second booster vaccination. CyTOF antibody conjugation and data
acquisition were done as previously described.%8:9 Briefly, antibodies were conjugated

to lanthanide metals (Fluidigm) using the Maxpar Antibody Labeling Kit (Fluidigm),
Unstimulated single-cell suspensions were washed once with heavy-metal-free PBS and
stained with 1. 25 xM Cell-ID cisplatin-195Pt (Fluidigm) at room temperature for 5 min.

Fc receptors were blocked with TruStain FcX (antimouse CD16/32, Biolegend), and surface
staining was done on ice for 60 min. Cells were then fixed with 1.6% paraformaldehyde
and permeabilized with Invitrogen permeabilization buffer before intracellular antibody
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staining. Cells were left in 62.5 nM Cell-ID intercalator iridium-191/193 (Fluidigm) in 1.6%
paraformaldehyde in PBS overnight at 4 °C before acquisition on a CyTOF Helios system
(Fluidigm). A signal-correction algorithm based on the calibration bead signal was used to
correct for any temporal variation in detector sensitivity.

CyTOF data were analyzed as previously described.® All events were gated to remove
noncellular events (negative for DNA intercalator), dead cells (negative for uptake of
cisplatin), and doublets. SPADE clustering and the viSNE algorithm were applied using

the Cytobank platform, SPADE nodes were manually bubbled based on phenotypic markers,
and viSNE populations were manually gated using the same markers.

Analysis of Germinal Center B Cells, Antigen-Specific Germinal Center B Cells,and T
Follicular Helper Cells by Flow Cytometry.

Mice were immunized as described previously. At day 10 after the second booster, mice
were sacrificed, and lymph nodes were dissected for ex vivo analysis by flow cytometry.
CD37B220* CD95*GL-7* populations were identified as germinal center B cells. Germinal
center derived antigen-specific B-cell analysis was accomplished using tetramer staining
based on previously established protocols with minor modifications.1%0 HER2/neu peptide
tetramers were prepared by mixing biotin-labeled HER2 peptide with brilliant violet 421-
labeled streptavidin at an 8:1 molar ratio at room temperature for 1 h without further
purification. Markers used are CD3-Alexa Fluor 647, B220-APC/Fire750, CD95-brflliant
violet 605, and GL-7-FITC. B220~CD4* CXCR5* PD-1" populations were identified as Tfh
cells. Markers used are CD4-FITC, B220-Alexa Fluor 594, CXCR5-brilliant violet 421, and
PD-1-APC/Fire750.

Analysis of Activation Induced Marker Assay for T Cells by Flow Cytometry.

Mice were immunized as described in previous work.101:102 At day 10 after the second
booster, mice were sacrificed and spleens were harvested for single cell suspension. Spleen
cells (2 million) from different vaccination groups were then incubated with HER2-B/CD4
peptide (2 pg/mL) for 20 h in 24-well plate. After incubation, cells were then collected

and measured by flow cytometry. B220~ CD4* CXCR5* PD-1" populations were identified
as Tth cells. CD69* CD40L*/~ populations from Tfh cells were identified as AIM* Tfh
cells. Markers, CD4-FITC, B220-Alexa Fluor 594, CXCRS5-brilliant violet 421, PD-I-APC/
Fire750, CD69-PE, and CD40L-APC are used. B220~ CD4* CD62L* CD69* CD40L*/

~ populations were identified as AIM* antigen experienced CD4 T cells. B220~ CD4*
CD62L~ CD69* CD40L*/~ populations were identified as AIM* naive CD4 T cells.
Markers, CD4-FTTC, B220-Alexa Fluor 594, CD44-brilliant violet 421, CD62L—- APC/
Fire750, CD69-PE, and CD40L-APC are used.

Enzyme-Linked Immunosorbent Assay (ELISA) for Antibody Titer Measurements.

At day 0, mice were immunized with the equivalent of 14.6 nmol or 1.46 nmol of HER2
peptide plus 13.9 nmol of 2"3"-cGAMP regardless of formulation type. Starting at day

14, mice were boosted twice at two-week intervals with 50% of the original dosage of

both antigen and adjuvant (days 14 and 28). To evaluate serum antibody titers, blood was
collected by submandibular puncture 10 days after each immunization (days 10, 24, and 38).
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Serum was separated from whole blood by centrifugal separation at 10,0009 for 5 min at 25
°C using Microvette 500 Ser-Gel collection vessels with a clotting activator.

Absolution quantification of total IgG and total IgM antibody analysis was performed
using the mouse uncoated total 1gG and total IgM ELISA kits based on manufacturer-
recommended protocols (Thermo Fisher). Antigen-specific 1gG, 1gG1, and 1gG2a antibody
titers were quantified based on previously established protocols for indirect ELISA,

with minor modifications.103 Specifically, HER2 peptides (200 z4_, 100 zg/mL in 100

mM carbonate buffer, pH 9.4) were chemically conjugated to ELISA plates through the
terminal amine group utilizing Nunc Immobilizer Amino immunoassay plates by overnight
incubation with exposure to light at room temperature. Following overnight incubation,
ELISA plates were washed three times with 100 mM PBS pH 7.4 with 2% Tween-20. The
ELISA plates were then blocked overnight at 4 °C with 300 xL of ELISA blocked (Pierce
Protein-Free PBS Blocking Buffer) and washed three times. Serum samples containing
primary antibodies were serially diluted (101-108-fold) using 100 mM PBS pH 7.4
containing 10% ELISA blocker reagent and were added to each well (t0200 /4 total
volume) for 2 b incubation at room temperature. After three washes, 100 zL of 500-fold
diluted anti-lgG-HRP, anti-lgG1-HRP, or anti-lgG2a-HRP was added to each well and
incubated for 1 h at room temperature. The ELISA plates were washed five times, and

then 100 z1 of 1-Step Ultra TMB Substrate Solution was added to each well. The solution
was allowed to incubate and develop color for 15-20 min at room temperature with gentle
agitation. Color development was stopped by the addition of 100 £ of 100 mM sulfuric
add. Colorimetric development was quantified by absorbance spectroscopy at 450 nhm using
a BioTek Cytation 5 plate reader. Antibody titers were determined by any absorbance signal
at a given dilution factor that was greater than the PBS control absorbance signal plus three
standard deviations.

Anticancer Efficacy in BALB/c Mice with HER2" Breast Cancer.

BALB/c mice were inoculated with 2.5 x 10° D2F2/E2 cells subcutaneously in the right
flank. D2F2/E2 cells were prepared at a concentration of 2.5 x 106 cells/mL in 100 /L
and were mixed with an equal volume with Matrigel matrix. Mice were subcutaneously
immunized with different vaccine formulations, some in combination with anti-PD-1
antibody, via intraperitoneal injection. Tumor size was measured every 2 days. Tumor
volumes were calculated as volume = (width)2 x length /2. End points were determined by
using the End-Stage Iliness Scoring System; mice receiving an End-Stage Iliness Score
greater than 6 were euthanized by CO, asphyxiation. Survival rates were calculated by the
Kaplan—Meier method and were compared by the log-rank test.

Single-Cell Sequencing for Immune Fingerprints of Tumors and Data Processing.

Tumor samples were harvested at 42 days after inoculation and dissociated into single-cell
suspensions using a MA900 Cell Sorter (Sony). Single-cell suspensions were subjected to
final cell counting on a Countess Il Automated Cell Counter (Thermo Fisher) and diluted
to a concentration of 700-1000 nuclei/zL. We built 3" single-nucleus libraries using the
10x Genomics Chromium Controller and following the manufacturer’s protocol for 3’
V3.1 chemistry with NextGEM Chip G reagents (10x Genomics). Final library quality was
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assessed using TapeStation 4200 (Agilent), and libraries were quantified by Kapa gPCR
(Roche). Pooled libraries were subjected to 150 bp paired-end sequencing according to
the manufacturer’s protocol (Illumina NovaSeq 6000). Bcl2fastq2 Conversion Software
(IMumina) was used to generate demultiplexed Fastq files, and aCellRanger Pipeline (10x
Genomics) was used to align reads and generate count matrices.

CellRanger output and single-cell RNA-seq data were analyzed using the R package

Seurat version 4.0. Quality control parameters were utilized to filter out dead cells,
doublets, and cells without the minimal number of expressed genes. Raw unique molecular
identifier (UMI) counts were log-normalized. Various genes were identified using the
standard deviation from the mean (using only nonzero values). Data were scaled and
centered by regressing library size and mitochondrial mMRNA counts. Principal component
analysis (PCA) was performed using various genes. The first 15 principal components
were used as the input for uniform manifold approximation and projection (UMAP) to
reduce the dimensionality of the single-cell data and project them onto two-dimensional
graphs. Clusters were identified using a shared nearest neighbor (SNN) modularity
optimization-based clustering algorithm. Marker genes defining each cluster were identified
using Seurat’s FindAllIMarkers function, which employs a Wilcoxon rank sum test to
determine significant genes. The SingleR packagel%4 and the ImmGen reference (http:/
rstatsjmmgen.org/DataPage/)10° were used to assign cluster identity to individual cell types.
The top 50 genes were analyzed in established gene expression data of immune cells,
which can be obtained from ImmGen Data sets. In addition, cell clusters and markers

were analyzed using the CellMarker database (http://bio-bigdata.hrbmu.edu.cn/CellMarker/
index.jsp)198 and published signatures.*2

Gene expression: For each cell, the gene expression measurement was normalized by its
total expression, multiplied by a scale-factor of 10,000, and log-transformed. The collapsed
gene signature score for each sample was computed as follows: The sum of the normalized
count values of each gene in the signature was used to identify B/T cell clusters or all cells
in a given sample. The median gene expression signature was scored for each sample to
draw heatmaps and boxplots.

Immunofluorescence Staining of Tumor Lymphoid Follicle.

For immunofluorescence staining, tumor tissues were harvested at the end point. Harvested
tissues were immediately fixed in 1% paraformaldehyde for 1 h and then immersed in

30% sucrose in 0.1% NaN3 in PBS overnight Treated tissues were then embedded in

optical coherence tomography (OCT) compound and frozen in a COZ(S)"EIOH bath. Tissue
sections (15 pm) were prepared and dried for 0.5 h before staining. Sections were then
incubated with blocking solution for 1L For Figure 6g, secondary antibody staining methods
were used. Primary antibodies used are rabbit antimouse CD20 antibody (invivogen). goat
antimouse CD3 antibody (R&B Systems), mouse antimmise CD23 antibody (Invivogen),
and rat antimouse PNAd antibody (Biolegend), Secondary antibodies (Abcam) used are
donkey antirabbit antibody-AF488, donkey antigoat antibody-AF594, donkey antimouse
antibody-AF647j and donkey antirat antibody-AF405. For Figure S25, primary staining with
antibody conjugated to fluorophores were used. Markers used are Alexa Fluor 594 CD19
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(B cells), FITC CD3 (T cells) and Aleia Fluor 647 antimouse CD21/CD35 (CR2/CR1).
After staining, slides were mounted with VECTASHIELD Mounting Medium or DAPI
Fluoromount-G for confocal imaging.

Immunohistochemistry (IHC) on Tumor Tissues.

Tumor tissues were harvested at the end point and immediately fixed in paraformaldehyde.
The fixed tissues were then embedded in paraffin for preparation of 5 gm tissue sections.
After deparaffinization, rehydration and antigen unmasking, slides were incubated with
primary and secondary antibodies for immunostaining. Antibodies were used to identify
different populations of immune cells: CD20 (B cells) and CD3 (T cells).

Tumor Rechallenge and Analysis of Immune Memory Cells and Activation Induced Marker
Assay by Flow Cytometry.

At day 200, the mice with complete tumor remission after treatment were rechallenged

by subcutaneous inoculation of 2.5 x 10° D2F2/E2 cancer cells. The control group was
normal BALB/c mice. The mice were observed for 40 more days without any additional
treatment. At 40 days after the rechallenge, mice were sacrificed. The lymph nodes, spleen,
bone marrow, and peripheral Hood were harvested for flow cytometry, Tetramer staining
optimization are same as antigen specific germinal center B cells. B220* CD38* GL-7~
IgD~ IgM™ populations were identified as class switched memory B cells. HER2 tetramer
positive class switched memory B cells were identified as antigen specific class switched
memory B cells. Markers used are B220-Alexa Fluor 594, CD38-APC/Fire650, GL-7-FITC,
IgD-Alexa Fluor700, and IgM-PE. CD3"R22G!oW|g(H*L)*tetramer* were identified as
antigen specific plasma cells. Markers used are CD3-Alexa Fluor647, B220-APC/Fire750,
and Ig(H*L)-PE. CDS™ CD4* CD44* CD62L" populations were identified as CD4 T
effector memory cells; CD8~ CD4* CD44* CD62L* populations were identified as CD4

T central memory cells. CD4~ CD8* CD44* CD62L" populations were identified as CD8

T effector memory cells, CD4~ CD8* CD44* CD62L"* populations were identified as CD8
T central memory cells. Markers used are CD4-PE, CD8-brilliant violet421, CD44-Alexa
Fluor 647, CD62L-FTTC. CDS™ CD4* CD69* CD103~/* populations were identified as
CD4 Tissue resident memory T cells. CD4~ CD8* CD69* CD103* populations were
identified as CDS Tissue resident memory T cells. Markers used are CD4-PE, CDS-brilliant
violet 421, CD69-APC/Fire750, and CD103-Alexa Fluor 488.

Spleen cells (2 million) from different vaccination groups were then incubated with HER2-
B/CD4/CD8 peptides (2 pg/mL) for 20 h at 24 well plate. After incubation, cells were

then collected and measured by flow cytometry. CD8~ CD4* CD44* CD62L" populations
were identified as CD4 TCM cells. CD69* CD40L*/~ populations from CD4 TEM/TCM
cells were identified as AIM* CD4 TEM/TCM cells. Markers used are CD8-Alexa Fluor
594, CD4-FITC, CD44-brilliant violet 421, CD62L-APC/Fire750, CD69-PE, and CD40L-
APC. CD4~ CD8" CD44* CD62L" populations were identified as CD8 TCM cells. CD25*
0X40*~ populations from CD8 TEM/TCM cells were identified as AIM** CD8 TEM/TCM
cells. Markers used are CD8-Alexa Fluor 594, CD4-FITC, CD44-brilliant violet 421,
CD62L-APC/Fire750, CD25-PE, and OX4G-APC.
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Statistics.

Data are expressed as the mean + standard deviation (SD), unless otherwise specified.

Two groups were compared using the unpaired Student’s #test. Means of multiple groups
were compared with one-way analysis of variance (ANOVA) followed by Tukey’s post hoc
pairwise comparison. AH probability values are two-sided, and p < 0.05 was considered
statistically significant. Statistical analyses were carried out using the GraphPad Prism 9
software package.
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Figure 1.
Engneering ACNVax with antigen-clustered topography to effectively cross-link with B

cell receptor (BCR). (a) Size of the ACN and ACN with antigen (ACNVax) by dynamic
light scattering (DLS) analysis. (b) Scanning transmission electron microscopy (STEM)
high-angle annular dark-field (HAADF) images of ACN with different ratios of AUNP/IONP
from 0-30%; scale bar is 50 nm at 0% condition; scalebar is 20 nm at 5-30% conditions.
STEM image of a single ACNVax (bottom right of b). (c) Number of surface AuNPs per
ACN. (d) Distances between AuNPs on ACN surfaces when different Au:Fe ratios were
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used to generate the ACN as calculated by mathematical modeling (Supporting Methods,
Figure S1, and Tables S1-S4). (e) Peptide loading of ACN standardized on a per gold
nanoparticle basis (/= 0.95). (f) Number of peptides on ACNVax with variable AUNP
number (0 AuNP, black; 4 AuNPs, blue; 12 AuNPs, red) as determined by a modified
fluorescamine fluorescence detection assay. Data for quantification are shown as mean +
SD, n= 3. (g) Schematic illustration of B cell receptor cross-link experiments and results
as shown in panels h and i. (h) Confocal image of Cy3 and hapten labeled ACNVax (red,
20 nM antigens) binding/cross-linking (yellow) with B cell receptor (antibody staining,
green) in hapten-specific B cells from QM mice splenocytes, compared with other control
groups (20 nM antigens): Cy3 and hapten labeled CD4/B antigen (PepVax), Cy3 and
hapten labeled IONPVax, Cy3 and hapten labeled AuNPVax, Cy3 and hapten labeled
ACNVax with longer distance (~15 nm) between clusters (ACNVax-LC), and Cy3 and
hapten labeled ACNVax with low density of antigen (2% of peptide loading, ACNVax-LD).
Blue, phalloidin stain of actin filaments; green, B cell receptor staining using Alexa Fluor
488-AffniPure Fab Fragment Goat Anti-Mouse IgM (i Chain Specific) antibody; red: Cy3-
labeled CD4/B-hapten epitope. The scale bar is 2.5 gm. (i) Quantification of cross-linking
signals from panel h. Statistical comparisons were conducted between ACNVax versus all
other groups. Statistical comparisons are based on one-way ANOVA, followed by post hoc
Tukey’s pairwise comparisons or by Student’s unpaired ¢test. The asterisks denote statistical
significance at the level of **** p< 0.0001. ANOVA, analysis of variance; SD, standard
deviation; n.s., no statistical significance.
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Figure 2.

ACNVax promoted B cell antigen presentation to CD4 T cells resulting in antigen-specific
T cell activation and proliferation. (a) Diagram of experimental design. ACN with HER2-
B/CD4 antigen-hapten and OT-11 CD4 epitope was incubated with splenocytes from QM
mice (with a portion of B cells labeled with CFSE) and OT-I1 specific CD4 T cells (labeled
with CFSE) from the splenocytes of OT-11 transgenic mice. IONPVax and PepVax with the
same amount of antigen as ACNVax particles were used as controls. (b) Representative
flow cytometry analysis and quantification (96 h) of hapten-specific B cell activation by
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measuring geometric mean intensity of CD86 marker. (c) Representative flow cytometry
analysis and quantification (96 h) of hapten-specific B cell proliferation, measured by

the percentage of decrease in CFSE™ hapten-specific B cells compared to controls. (d)
Representative flow cytome&y analysis and quantification (96 h) of OT-I1 specific CD4

T cell activation with B cell incubation by measuring geometric mean intensity of CD69
marker. (e) Representative flow cytometry analysis and quantification (96 h) of OT-11
specific CD4 T cell proliferation with B cell incubation by measuring the percentage

of decreased CFSE™* OT-II specific CD4 T cells compared to control. (f) Representative
flow cytometry analysis and quantification (96 h) of OT-11 specific CD4 T cell activation
without B cell incubation, measured by the geometric mean intensity of CD69 marker. (g)
Representative flow cytometry analysis and quantification (96 h) of OT-11 specific CD4 T
cell proliferation without B cell incubation were measured by measuring the percentage of
decreased CFSE™ OT-II specific CD4 T cells compared to control. Data for quantification
are shown as mean + SD, 7= 3. For panels b—g, statistical comparisons were conducted
among ACNVax and LPS with other groups. Statistical comparisons are based on one-way
ANOVA, followed by post hoc Tukey’s pairwise comparisons or by Student’s unpaired ¢
test. The asterisks denote statistical significance at the level of * p< 0.05, ** p< 0.01, ***
p<0.001, **** p<0.0001. ANOVA, analysis of variance; SD, standard deviation; n.s., no
statistical significance.
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ACNVax penetrated efficiently into the lymph node and induced a robust Tfh cell-supported
germinal center (GC) response /in vivo. (a) Confocal imaging of ACNVax penetration into
lymph nodes. Scale bar is 200 gm in whole-lymph-node images and 50 gm in magnified
images. (b) CyTOF analysis of immune cells from lymph nodes (7= 3). SPADE analysis.
Node sizes indicate absolute number of cells. Nodes are colored based on the log ratio

of the relative number of immune cells in the ACNVax group to that in the PepVax

or IONPVax group in the same lymph node. Red indicates a higher relative number
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of immune cells in the ACNVax group, and blue indicates a lower relative number.

(c) Quantification of GC B cells and Tth cells by CyTOF. CyTOF markers for each

immune cell population are shown in Figure S16. (d—f) GC B cells, antigen-specific

GC B cells, and Tth cells in the lymph nodes after three vaccinations in BALB/c mice

using control (PBS), HER2-B/CD4 peptide, IONPVax, or ACNVax (14.6 nmol antigen

and 13.9 nmol 2"3"-cGAMP as adjuvant) at days 0, 7, and 14 and analyzed at day 24.

(d and e) Representative flow cytometry analysis and quantification of germinal center

B cells (d) and HER2-specific germinal center B-cells (e) in lymph nodes using B-cell
receptor tetramer staining. CD3"B220* CD9S* GL-7* populations were identified as GC

B cells. Data for quantification are shown as mean + SD, 7= 3. (f) Flow cytometry
quantification of Tfh cells in lymph nodes. B220~CD4*CXCRS*PD-1* populations were
identified as Tth cells. (g) Diagram of experimental design for activation-induced markers
assay (AIM) for measuring antigen specific Tfh and antigen experienced CD4 T cells. (h
and i) Representative flow cytometry analysis and quantification of AIM* Tth cells (h)

and AIM* antigen experienced CD4 T cells (i). B220"CD4*CXCRS*PD-1* populations
were identified as Tfh cells. CD69*CD40L*/~ populations from Tth cells were identified as
AIM* Tfh cells. B220~TD4*CD62L*CD69*CD40L*/~ populations were identified as AIM*
antigen experienced CD4 T cells. Data for quantification are shown as mean + SD, n=

3. Statistical comparisons were conducted between ACNVax and IONPVax, PepVax, and
control groups. Statistical comparisons are based on one-way ANOVA, followed by post hoc
Tukey’s pairwise comparisons or by Student’s unpaired ftest. The asterisks denote statistical
significance at the level of * p< 0.05, ** p<0.01, *** p< 0.001, **** p< 0.0001. ANOVA,
analysis of variance; SD, standard deviation.
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Figure 4.

Days post inoculation

40
Days post inoculation

ACNVax combined with anti-PD-1 antibody achieved long-term remission of HER2" breast
cancer. A HER2 breast cancer model was established by inoculating BALB/c mice s.c.

with 2.5 x 10° D2F2/E2 mouse mammary tumor cells encoding human ErbB-2 (HER?2).
Four days after tumor inoculation, mice were treated with different vaccine formulations

in combination with anti-PD-1 antibody. For each vaccine, we used 14.6 nmol of HER2
CD4 and B cell epitope ((CDDD-PESFDGDPASNTAPLQPEQLQ-(GGK)) with 13.9 nmol
2'3’-cGAMP as the adjuvant. ACNVax-T had the same ACN but conjugated with the HER2
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CD8 T cell epitope (E75). (a) Antitumor efficacy of ACNVax clinical for treatment HER2
breast cancer. Average tumor volume changes of HER2 breast cancer mice after treatment
with PBS (control), anti-PD-1 antibody (100 zg), murine HER?2 antibody (100 /g, Table

S8) plus any-PD-1 antibody (100 £g), NeuVax (E75, 14.6 nmol combined with GM-CSF,

5 1) plus and-PD-1 antibody (100 wg) or ACNVax (14.6 nmol HER2 epitope, 13.9 nmol
2’3’-cGAMP) plus anti-PD-1 antibody (100 .g). The data represent the mean + SD; /7=

7 for the control, anti-PD-1, HER?2 antibody plus anti-PD-1 and NeuVax plus anti-PD-1
groups; 1= 8 for the ACNVaxplus anti-PD-1. (b) Antitumor efficacy of ACNVax compared
with different nanovaccine after three vaccinations. IONPVax: core component of ACN (35
nm) with antigen uniformly conjugated on the nanoparticle surface; AuNPVax: the surface
single antigen cluster component of ACN (2-5 nm); and LipoVax: liposome with antigen
uniformly conjugated on the nanoparticle surface. For each vaccine, we used 14.6 nmol

of epitopes with 13.9 nmol of 2’3"-cGAMP as the adjuvant. 7= 7 for each group. (c)
Antitumor efficacy of ACNVax with LIGHT (50 ng) plus anti-PD-1 antibody compared

with other vaccine groups. Data represent mean + SD, 77 = 8 for the control, PepVax +
anti-PD-1, IONPVax + anti-PD-1, ACNVax-T + anti-PD-1, and PepVax/LIGHT + anti-PD-1
groups; n=9 for the ACNVax + anti-PD-1 and ACNVax&LIGHT + anti-PD-1 groups. (d)
Antitumor efficacy of ACNVax LIGHT (50 ng) plus anti-PD-1 compared with IONPVax
with LIGHT plus anti-PD-1 after five vaccinations. Data represent the mean + SD, n= 10 for
all groups. Statistical comparisons were conducted between ACNVax + anti-PD-1 and other
groups in panels a and b and between ACNVax&LIGHT + anti-PD-1 and other groups in
panels ¢ and d. Statistical comparisons are based on one-way ANOVA, followed by post hoc
Tukey’s pairwise comparisons or by Student’s unpaired ftest. The asterisks denote statistical
significance at the level of * p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001. ANOVA,
analysis of variance; SD, standard deviation; n.s., no statistical significance.
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Figure 5.
ACNVax induced robust B/CD4/CD8 immune cell infiltration in tumors. (a) Cytometry

by time-of-flight (CyTOF) analysis of the immune cell population from tumor samples
of mice 10 days after different treatments (3 vaccinations). Global analysis using SPADE
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unsupervised clustering analysis of tumor-infiltrating immune cells. Nodes are colored based

on the log ratio of the relative number of immune cells in the ACNVax group to that in the
anti-PD-1 antibody group in the same node: red indicates higher and blue indicates lower
numbers in the ACNVax than the comparison groups. (Marker information can be found in

Figure S16 and Table S9). (b) Qantification of immune cells among total cells in tumor after

different treatments, expressed as a fraction of total cells from the samples.
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ACNVax remodeled the tumor immune microenvironment. Control (PBS), IONPVax (14.6
nmol HER?2 epitope with 13.9 nmol 2”3"-cGAMP), ACNVax (14.6 nmol HER?2 epitope
with 13.9 nmol 2’3’-cGAMP), and ACNVax/LIGHT (14.6 nmol antigen, 13.9 nmol 2"3’-
cGAMP, 50 ng LIGHT). Vaccines were given on days 4, 11, and 18 in combination with
100 g of anti-PD-1 antibody biweekly for 3 weeks in D2F2/E2 tumor-bearing mice. (a)
Uniform manifold approximation and projection (UMAP) plot of tumor-infiltrating immune
cells. (b) Stacked bar charts show the quantified ratio of different phenotypes of immune
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cells in different treatment groups. (c) Boxplot of selected gene expression levels in tumor
infiltrated B and T cells from single-cell RNA sequencing. Statistical comparisons were
conducted between ACNVax&LIGHT and ACNVax with IONPVax and control. (d and e)
Uniform manifold approximation and projection (UMAP) plot of CD4 T cell subclusters
(d) and CD8 T cell subclusters (e) from tumor-infiltrating immune cells. (f) Heatmap of
selected gene expression levels related to organized aggregates of immune cells in total
tumor infiltrated immune cells from single-cell RNA sequencing. (g) Immunofluorescent
staining of tumor lymphoid follicle from mouse tumor samples in the ACNVax&LIGHT +
anti-PD-1 antibody group (14.6 nmol HER2 B/CD4 epitope, 13.9 nmol 2"3’-cGAMP, 50
ng of LIGHT, 3 times every 7 days, 100 /g of anti-PD-1 antibody biweekly for 3 weeks).
Primary antibodies used are rabbit antimouse CD20 antibody (Invivogen), goat antimouse
CD3 antibody (R&D Systems), mouse antimouse CD23 antibody (Invivogen), and rat
antimouse PNAd antibody (Biolegend). Secondary antibodies (Abcam) used are donkey
antirabbit antibody-AF488, donkey antigoat antibody-AFS94, donkey antimouse antibody-
AF647, and donkey antirat antibody-AB405. Scale bar is 100 gm. Statistical comparisons
are based on one-way ANOVA, followed by post hoc Tukey’s painwise comparisons or by
Student’s unpaired ftest. The asterisks denote statistical significance at the level of **** p<
0.0001. ANOVA, analysis of variance; SD, standard deviation.
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Figure 7.
ACNVax induced long-term immune memory against tumor rechallenge and increased long-

term antigen-specific memory B, CD4, and CD8 T cells, (a) Tumor rechallenge at 200 days
for mice with long-term remission after three times of vaccination (ACNVax). D2F2/E2
HF.R2 cancer cells (2.5 x 10°) were s.c. injected into the mice with long-term remission
and control mice (normal BALB/c mice). Average and individual tumor growth curves were
measured. Data represent the mean + SD, 7= 5. (b and c) Representative flow cytometry
analysis and quantification of class switched memory B cells (b) and antigen specific class
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switched memory B cells (c) from spleen, lymph node, bone marrow and peripheral blood
of the mice in panel a. B220* CD38" GL-7"IgD~ IgM~ populations were identified as

class switched memory B cells. HER2 tetramer positive class switched memory B cells
were identified as antigen specific class switched memory B cells. Data for quantification
are shown as mean + SD, = 3. (d) Quantification of flow cytometry results of CD4 T
effector memory (TEM) and CD4 T central memory (TCM) cells from lymph node and
peripheral blood of the mice in panel a. CD8~ CD4* CD44" CD62L~ populations were
identified as CD4 TEM cells; CD8~ CD4* CD44* CD62L* populations were identified as
CD4 TCM cells, (e) Diagram of experimental design for activation-induced markers assay
(AlM) for measuring antigen specific CD4 TEM/TCM cells from spleen. Representative
flow cytometry analysis and quantification of AIM* CD4 TEM/TCM cells. CD69* CD40L*/
~ populations from CD4 TEM/TCM cells were identified as AIM* CD4 TEM/TCM cells. (f)
Quantification of flow cytometry results of CD8 TEM and CD8 TCM cells from lymph node
and peripheral blood of the mice in panel a. CD4~ CD8" CD44* CD62L"~ populations were
identified as CD8 TEM cells; CD4~ CD8* CD44* CD62L* populations were identified as
CD8 TCM cells. (g) Diagram of experimental design for activation-induced markers assay
(AIM) for measuring antigen specific CD8 TEM/TCM cells from spleen. Representative
flow cytometry analysis and quantification of AIM* CD8 TEM/TCM cells. CD25* OX40*/~
populations from CD8 TEM/TCM cells were identified as AIM* CD8 TEM/TCM cells.
Data for quantification are shown as mean = SD, n7= 3. Statistical comparisons were
conducted between ACNVax and control. Statistical comparisons are based on one-way
ANOVA, followed by post hoc Tukey’s pairwise comparisons or by Student’s unpaired ¢
test. The asterisks denote statistical significance at the level of *p< 0.05, ** p< 0.01, ***p
<0.001, **** p< 0.0001. ANOVA, analysis of variance; SD, standard deviation.
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Scheme 1. Antigen-Clustered Nanovaccine (ACNVax), Combined with anti-PD-1, Achieves Long-
Term Tumor Remission by Promoting B Cell Antigen Presentation-Mediated B/CD4 T Cell
Crosstalk?

4ACNVax efficiently penetrates the lymph node, crosslinks with B cell receptor (BCR),
and promotes B cell antigen presentation-mediated B/CD4 T cell crosstalk. ACNVax
vaccination, in combination with anti-PD-1, achieved long-term tumor remission through
remodeling immune microenvironment with increased memory B/CD4/CD8 immunity.
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