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In brief

Guo et al. constructed a COVID-19
vaccine candidate that mimics SARS-
CoV-2 virus structurally. They tested this
vaccine in animals and found that it could
induce robust neutralizing antibodies that
last for more than a year. Most
importantly, the vaccine provided
immune protection when the animals
were challenged by viral infections.
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SUMMARY

Activation of nucleic acid sensing Toll-like receptors (TLRs) in B cells is involved in antiviral responses by pro-
moting B cell activation and germinal center responses. In order to take advantage of this natural pathway for
vaccine development, synthetic pathogen-like antigens (PLAs) constructed of multivalent antigens with
encapsulated TLR ligands can be used to activate B cell antigen receptors and TLRs in a synergistic manner.
Here we report a PLA-based coronavirus disease 2019 (COVID-19) vaccine candidate designed by combining
a phage-derived virus-like particle carrying bacterial RNA as TLR ligands with the receptor-binding domain of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) S protein as the target antigen. This PLA-
based vaccine candidate induces robust neutralizing antibodies in both mice and non-human primates
(NHPs). Using a NHP infection model, we demonstrate that the viral clearance is accelerated in vaccinated
animals. In addition, the PLA-based vaccine induces a T helper 1 (Th1)-oriented response and a durable

memory, supporting its potential for further clinical development.

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), a new virus that causes coronavirus disease 2019
(COVID-19), has caused more than 4 million deaths at 18 months
after its emergence (World Health Organization [WHO]). The
pandemic has imposed enormous burdens on medical care,
economies, and social lives. Several types of vaccine have
been approved for clinical use worldwide, including inactivated
virus, non-replicating viral vector, and mRNA-based vaccines.'
Although most countries are actively promoting the vaccination
process, new waves of infections with different viral variants
continue to be the major concern for the public health.” Reluc-
tance to vaccination is one of the major problems for achieving
the herd immunity, and concerns for the safety and side effects
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of vaccination have always been an issue. In addition, the long-
term efficacy and potential serious side effects for the current
approved COVID-19 vaccines are still under examination. It is
therefore worthy to continue developing other types of COVID-
19 vaccine with less concern of safety and a more durable effect.
Indeed, in addition to the above-mentioned three types of vac-
cine, DNA, protein subunit, and virus-like particle (VLP)-based
vaccine candidates are also under clinical or pre-clinical devel-
opment worldwide (https://www.who.int/publications/m/item/
draft-landscape-of-covid-19-candidate-vaccines).

Although there have been many successful vaccines in human
history, such as those for smallpox, polio, and measles, most of
these prophylactic vaccines were developed by a trial-and-error
approach. Not all infectious diseases can be prevented by vac-
cines despite the advances in both basic research and
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biopharmaceutical technology. An incomplete understanding of
how our immune system responds to different types of infection,
as well as to those successful vaccines, has hindered our progress
in vaccine development. It is generally accepted that antigen-pre-
senting cells (APCs), especially dendritic cells (DCs), are important
in the initial activation of the adaptive immune responses.® How-
ever, we recently found that B cells instead of DCs could serve
as the dominant APCs to activate CD4* T cells upon immunization
with phage QB-derived VLPs (QB-VLPs) or inactivated influenza
virus,” suggesting that alternative APCs could be used to activate
the immune response. The nucleic acid sensing Toll-like receptors
(TLRs) in B cells are essential for their antigen-presenting function
because they activate B cells to secrete factors that can promote
CD4* T cells differentiating toward T follicular helper (Tfh) and T
helper 1 (Th1) cells.* Moreover, B cell TLR signaling has been
shown to be involved in anti-viral responses in multiple cases
through promoting B cell proliferation and differentiation, including
germinal center (GC) response.®® Dependence on B cell TLR
signaling for anti-viral responses is likely an evolutionarily
conserved mechanism in both mice and humans. Human B cells
express similar endosomal nucleic acid-sensing TLRs as mice
do."? In addition, the pathological role of TLRs in systemic lupus
erythematosus, an autoimmune disease characteristic with anti-
nuclear antibody, seems to be conserved between mice and hu-
mans, suggesting that the same pathway might be reserved for
the immune responses to infections."''? Interestingly, a recent
study identified loss-of-function TLR7 variants being associated
with severe COVID-19in young male patients, '® supporting further
that TLRs in humans are involved in anti-viral immunity.

To take the advantage of this natural anti-viral mechanismin B
cells for vaccine development, antigens need to be presented in
amultivalent form to maximize B cell antigen receptor (BCR) acti-
vation, as well as to carry the TLR ligands inside, so that the up-
take of the TLR ligands could be coupled to the BCR-mediated
endocytosis to achieve a synergistic signaling effect in B
cells.>"*""® To distinguish this type of VLP from the other VLPs
or nanoparticles that do not encapsulate TLR ligands, we named
them pathogen-like antigens (PLAs). In this study, we conjugated
the receptor-binding domain (RBD) of the SARS-CoV-2 S protein
to a PLA platform to build a COVID-19 vaccine candidate. We
found that this PLA-based COVID-19 vaccine candidate induced
robust neutralizing antibodies, a Th1-oriented immune response,
a long-lasting GC response, and the production of long-lived
PCs and memory B cells in mice, all of which fit well with our pre-
diction for B cell TLR activation. We further tested this vaccine
candidate in non-human primates (NHPs) and found that it could
also induce neutralizing antibodies and, most importantly, accel-
erate the viral clearance upon SARS-CoV-2 challenge in ma-
caques. These results supported that a PLA-based COVID-19
vaccine candidate could potentially serve as an alternative op-
tion for coping with the SARS-CoV-2 pandemic.

RESULTS
A PLA-based COVID-19 vaccine candidate elicited the
antigen-specific antibody response

To generate a PLA platform that can activate the B cell TLR
signaling pathway, we chose bacterial phage-derived VLPs as
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the building block because they contain host cell-derived sin-
gle-stranded RNA that can stimulate TLR7 and downstream
MyD88 in murine B cells.>®'" Acinetobacter phage AP205-
derived VLPs were chosen because they could accommodate
fusion proteins better than other phages from the same family.'®
We chose the SpyTag:SpyCatcher system to conjugate foreign
antigens to the PLA platform. SpyTag:SpyCatcher is a peptide
and protein domain pair designed by Zakeri et al.,’® which can
form a covalent bond under diverse conditions of pH, tempera-
ture, and buffer and has been widely used in protein engineering.
Indeed, the strategy using SpyTag:SpyCatcher in combination
with VLPs has been tested for generating other candidate vac-
cines previously.”® We chose the RBD part instead of the full-
length S protein from SARS-CoV-2 as the target antigen because
the antibodies targeting RBD are more likely to be able to
neutralize the virus directly.”'**

To construct a PLA-based COVID-19 vaccine candidate, we
conjugated the fusion protein of RBD and SpyCatcher, RBD-
SpyCatcher, to AP205-SpyTag, a particle composed from the
fusion protein of AP205 capsid protein and SpyTag (Figure 1A).
RBD-SpyCatcher was added at approximately 20 molecules
per AP205-SpyTag particle and was almost completely conju-
gated to the AP205-SpyTag (Figure S1A). The resulting AP205-
RBD retained the spherical structure because the intact
AP205-SpyTag (Figure 1B) and the nucleic acids inside the par-
ticle were preserved after conjugation (Figure S1A).

To test the efficacy of AP205-RBD as a vaccine candidate, we
immunized mice intraperitoneally (i.p.) with AP205-RBD twice
3 weeks apart (Figure 1C). Soluble RBD protein adjuvanted with
alum or with additional CpG oligodeoxynucleotides (ODN) or full-
length S protein with alum was also used to immunize mice for
comparison. Following the first immunization, both anti-RBD
IgM and IgG antibodies were elicited (Figures 1D and S1B). The
anti-RBD IgG was further increased by about 10-fold after the sec-
ond immunization (Figure 1D). Soluble RBD protein and S protein
also elicited anti-RBD IgM and IgG, but to a significantly lesser de-
gree than AP205-RBD (Figures 1D and S1B). It should be noted
that the soluble RBD and S protein used in this study are not engi-
neered for trimer stabilization and thus likely exhibit much lower
immunogenicity than their engineered dimer or trimer counter-
parts, which were indeed more commonly applied as vaccine can-
didates.?*” The potency of AP205-RBD in inducing anti-RBD
antibodies depended on the conjugation of the soluble RBD to
AP205-SpyTag VLP, because the mixture of the two parts without
conjugation elicited a very low level of anti-RBD IgG (Figure 1D),
consistent with our previous finding that the B cell antigen and
the TLR ligands need to be physically associated to engage B
cell TLR signaling for enhancing the antibody response.® Because
the AP205 capsid protein is also part of the antigen, we also exam-
ined the anti-AP205 antibody. Indeed, both anti-AP205 IgM and
IgG antibodies were elicited (Figure S1C), suggesting that the anti-
genic epitopes on the AP205 were not completely covered by the
RBD protein.

The PLA-based COVID-19 vaccine candidate elicited
neutralizing antibodies against SARS-CoV-2

To test whether AP205-RBD-induced anti-RBD antibodies are
neutralizing antibodies, we used a pseudovirus generated from
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Figure 1. AP205-RBD elicited high titers of anti-RBD antibody in
mice

(A) Construction strategy of AP205-RBD. Purified AP205-SpyTag and RBD-
SpyCatcher are mixed in vitro to form the SpyTag:SpyCatcher covalent bond.
(B) Transmission EM images of intact AP205-SpyTag and AP205-RBD.

(C) Time points for the first (1st) and second (2nd) immunization (imm) and
serum collection in mice.

(D) Serum anti-RBD IgG from mice immunized with the indicated antigens was
measured by ELISA. Endpoint titers were presented. Symbols indicate data
collected from individual mice. Bars indicate the geometric mean of each
group. The number (n) of mice examined in each group was shown. Kruskal-
Wallis test was used to compare the five immunized groups within either the
“1st imm serum” or the “2nd imm serum.” There are significant differences
among the five groups for both the “1st” and the “2nd imm serum.” Dunn’s
multiple comparisons test was then used to compare between the AP205-
RBD-immunized group and one of the other immunized groups, and the
adjusted p value was used to determine the statistical significance and indi-
cated in the graph (*p < 0.05, **p < 0.01, **p < 0.001).

See also Figure S1.

the human immunodeficiency virus backbone expressing the
SARS-CoV-2 S protein as the envelope protein for neutralization
assay first.”> Sera from mice immunized with AP205-RBD ex-
hibited robust neutralization activity against the pseudovirus,
whereas the sera from mice immunized with the soluble RBD
or full-length S protein exhibited much lower neutralization activ-
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Figure 2. AP205-RBD elicited neutralizing antibodies in mice

(A and B) Neutralization titers (defined as half-maximal inhibitory concentra-
tions) against pseudovirus (A) or live SARS-CoV-2 virus (B) in sera collected
after the second immunization were presented for the indicated immunization
groups. Symbols indicate data collected from individual mice. Bars indicate
the geometric mean of each group. The number (n) of mice examined in each
group was shown. A Kruskal-Wallis test was used to compare the four groups.
There are significant differences among the four groups for both (A) and (B).
Dunn’s multiple comparisons test was then used to compare between the
AP205-RBD-immunized group and one of the other immunized groups, and
the adjusted p value was used to indicate the statistical significance (**p <
0.01, **p < 0.001).

(C) Pairwise correlations between anti-RBD IgG and neutralization titers (NTs)
against the pseudovirus or NTs against live SARS-CoV-2 virus measured from
the same set of serum samples are shown. Dots represent the data from in-
dividual mice, and colors indicate different immunization groups. The same
raw data were used to generate Figures 1D, 2A, and 2B. Spearman’s corre-
lation coefficient is shown.

See also Figure S2.

ity (Figure 2A). To confirm further, we used live SARS-CoV-2 vi-
rus to test the neutralizing activity in the above sera.”® Again, the
sera from mice immunized with AP205-RBD exhibited the high-
est neutralization activity compared with the other immunization
groups (Figure 2B). Overall, the anti-RBD IgG and the neutraliza-
tion activity against either the pseudovirus or the live SARS-CoV-
2 virus correlated with each other strongly (Figure 2C), suggest-
ing that RBD is a valid target antigen, and the anti-RBD antibody
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Figure 3. AP205-RBD induced the Th1-ori-
ented immune response

(A) The indicated Ig isotypes of anti-RBD were
examined in sera collected after the second im-
munization. Colors indicate different immuniza-
tion groups.

(B) The ratio of RBD-specific IgG2a/c titer to IgG1

— titer. One-way ANOVA test was used to determine

the significant difference among the three groups.
. Tukey’s multiple comparisons test was then used
voo to compare between the AP205-RBD-immunized

group and one of the RBD protein-immunized
groups. The adjusted p value was used to indicate
- the statistical significance (**p < 0.01, **p <
] 0.001).
(C) Representative data of IFNy ELISpot assay.
Splenocytes from naive mice or mice immunized
with the second dose of AP205-RBD or RBD+A-
lum 5 d previously were examined for IFNy* cells.
15-mer peptide pools derived from the RBD
sequence were used to stimulate the cells in vitro.
Pool1 and pool2 contain peptides derived from
420-459 and 511-549 aa of SARS-CoV-2 S pro-
tein, respectively. Intact RBD protein was also
used for stimulation.
(D) Quantification of the IFNy* cells as in (C).
Symbols indicate data collected from individual
mice. Bars indicate the geometric mean of each
rod group. The numbers (n) of mice examined in each

proYtein group are shown. See also Figure S3.
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level could be used to indicate the neutralization activity under
this condition.

To check whether immunization routes could affect the po-
tency of AP205-RBD, we immunized mice subcutaneously
(s.c.) or intramuscularly (i.m.) with the same dose of AP205-
RBD as previous i.p. immunization. In fact, there was no signifi-
cant difference among the groups immunized by different
methods in either anti-RBD IgG levels or the neutralization activ-
ities (Figures S2A-S2C), suggesting that the immunogenicity of
AP205-RBD was not affected by the immunization routes tested
here.

The PLA-based COVID-19 vaccine candidate elicited a
Th1-oriented immune response

One concern in the development of vaccines against respiratory
viruses is the potential risk for enhanced respiratory disease
(ERD), which was originally reported for an inactivated vaccine
against the respiratory syncytial virus and is thought to be
caused partly by the improper Th2-biased response.?® For intra-
cellular pathogens such as viruses, Th1-oriented immune
response is usually required to effectively clear the pathogens.
Interferon v (IFNv) is the characteristic cytokine produced by
Th1 and is also produced by cytotoxic CD8" T cells. Both types
of T cells are involved in the anti-viral response. From the aspect
of B cells, cytokines associated with Th1 response tend to pro-
mote Ig isotype switch to IgG2a/c in mice, which is equivalent
to IgG1 in humans, whereas Th2-associated cytokines promote
Ig isotype switch to IgG1 in mice, which is equivalent to IgG4 in

4 Cell Reports Medicine 2, 100448, November 16, 2021

humans. Th1-associated IgG subclass is more potent in medi-
ating antibody-dependent cellular cytotoxicity and phagocytosis
compared with the Th2-associated IgG subclass and thus could
contribute to the anti-viral response more efficiently.*°

We previously found that activation of TLR/MyD88 signaling in
B cells by QB-VLP strongly promoted the immune response to-
ward Th1 direction, with the induction of T-bet in cognate
CD4* T cells and Ig class switch to IgG2a/c.*° To determine
whether the AP205-RBD-induced response is Th1 oriented, we
first examined the Ig isotypes of anti-RBD antibodies. As ex-
pected, AP205-RBD-induced high titers of IgG2a/c (Figure 3A)
and the ratio of IgG2a/c to IgG1 was significantly higher in the
AP205-RBD-immunized group compared with the soluble
RBD-immunized groups (Figure 3B). Addition of CpG on top of
alum could indeed increase the IgG2a/c-to-IgG1 ratio in soluble
RBD-immunized groups as expected but could not bring it to the
same level as that of the AP205-RBD-immunized group
(Figure 3B).

Because the absolute quantity of different Ig isotypes cannot
be compared directly by ELISA, we further quantified RBD-spe-
cific plasma cells (PCs) by enzyme-linked immune absorbent
spot (ELISpot) assay. There were significantly more IgG2a/c*
PCs than IgG1* or IgG2b* PCs in both splenocytes and bone
marrow (BM) cells (Figures S3A and S3B), consistent with the ra-
tio of anti-RBD IgG2a/c to IgG1 determined by ELISA (Figure 3B).
The potential effect of LPS on AP205-RBD-induced antibody
response was also examined. Using AP205-RBD with the LPS
level differing by ~100,000 fold, we found no significant
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difference in either the total anti-RBD IgG titer or the IgG sub-
class distribution from the immunized mice (Figure S3C), sug-
gesting that LPS did not contribute to the Th1-oriented response
induced by AP205-RBD.

To further evaluate whether AP205-RBD induced a Thi
response, we examined IFNy-secreting cells in splenocytes
from naive or immunized mice. The 15-mer peptides derived
from the RBD sequence®' or the intact RBD proteins were
used for in vitro stimulation. There were a number of cells
secreting IFNy upon peptide stimulation in AP205-RBD-immu-
nized mice, whereas very few of these cells were found in naive
or mice immunized with soluble RBD plus alum (Figures 3C and
3D), suggesting that AP205-RBD indeed induced a Th1-ori-
ented response. We cannot distinguish whether these IFNy-
secreting cells were CD4* or CD8" T cells, although we found
previously that a similar kind of VLP induced robust T-bet
expression in CD4* T cells* and a rather moderate CD8*
T cell response (unpublished data). Overall, the IgG2a/c domi-
nated antibody response, and the generation of abundant
IFNy-secreting cells supported that AP205-RBD induced a
Th1-oriented response.

The PLA-based COVID-19 vaccine candidate elicited an
antigen-specific GC response

GC response is a specialized form of T-dependent antibody
response, in which GC B cells with help from Tfh cells undergo
multiple rounds of cell divisions and go through somatic hyper-
mutation for affinity maturation.®> GC response is also involved
in the generation of long-lived PCs and memory B cells. We pre-
viously found that QB-VLP could induce not only a robust but
also a prolonged GC response,®® which depends on B cell
TLR/MyD88 signaling.” To test whether AP205-RBD could
induce a GC response in mice, we examined antigen-specific
B cells labeled with fluorophore-conjugated antigens by flow cy-
tometry. Upon AP205-RBD immunization, both RBD-specific
and AP205-specific PCs, GC B cells, and memory B cells with
switched isotype (swlg MemB) were detected, whereas naive
mice contained only IgD*/IgM* naive antigen* B cells, support-
ing that AP205-RBD induced an antigen-specific GC response
(Figure 4A). Fluorophore-binding B cells maintained as IgD*/
IgM* naive B cells upon AP205-RBD immunization (Figures
S4A-S4C), supporting our staining strategy. The antigen™ GC
B cells reached the peak level at about 2 weeks after the first im-
munization (Figure 4B), which is consistent with what we have
observed previously for the other PLAs.*® Interestingly, a second
immunization did not further increase the GC B cell number (Fig-
ure 4B), suggesting that one dose of AP205-RBD is enough to
launch the full-scale GC response. Nevertheless, a second im-
munization led to a boost of antigen* PCs (Figure 4B), which is
consistent with the increased antibody titers upon the second
immunization and presumably would benefit the vaccinees
upon infection. Moreover, the AP205-RBD-induced GC
response lasted quite long, with RBD-specific GC B cells being
detectable even 2 months after the second immunization (Fig-
ures 4A and 4B), which is also consistent with the duration of
the GC response elicited by a similar kind of PLA.** Anatomical
GC structures in spleens were also identified by immunohisto-
chemistry in the immunized mice (Figures 4C and 4D).
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The PLA-based COVID-19 vaccine candidate elicited
durable humoral memory

Humoral memory, the immunological memory formed by B cells,
consists of long-lived PCs and memory B cells. The long-lived
PCs are responsible for maintaining antigen-specific antibody
level and are generated through the GC response. Memory B
cells could be highly heterogeneous, with IgM* memory B cells
usually formed during the early response but with low affinity
to the antigen, and the swlg memory B cells formed through
the GC response with increased affinity and other gene expres-
sion changes.®**® This latter group of memory B cells is usually
more responsive and tends to differentiate into PCs more readily
upon the reencountering of antigen.

To evaluate AP205-RBD-induced humoral memory, we exam-
ined RBD-specific long-lived PCs in mice immunized 3-4 months
previously. Because long-lived PCs reside in BM*° and can also be
found in spleen as we previously showed,*® both splenocytes and
BM cells were examined by ELISpot for RBD-specific 1gG-
secreting cells. Indeed, RBD-specific PCs were abundant in
both spleen and BM even 4 months after immunization (Figures
5Aand 5B). Consistently, we found that the anti-RBD IgG was rela-
tively stable from 2 months after the second immunization up until
ayearas we have followed (Figure 5C). Besides long-lived PCs, we
also found that a large proportion of RBD-specific swig memory B
cells were IgG2a/c* (Figure S5A). We previously showed that
IgG2a/c* memory B cells induced by a similar PLA could last for
more than a year in mice.*® Therefore, AP205-RBD induced not
only a robust antibody response but also a durable humoral
memory.

Because AP205-RBD induced both anti-AP205 and anti-RBD
antibodies (Figure S1C), one concern using AP205-RBD as a vac-
cine is whether the induced anti-AP205 antibody could reduce the
effect of other vaccines using the same AP205 as a carrier in the
future. To address this question, we immunized with AP205-
RBD a group of mice that had received other AP205-based vac-
cine candidates 4-6 months ago. We found that there was no sig-
nificant difference of the AP205-RBD-induced anti-RBD antibody
levels between the mice with and those without a prior immuniza-
tion history (Figure S5B). In contrast, the anti-AP205 antibody titers
were significantly higher in mice that have been immunized with
another AP205-based antigen previously, as one might expect
(Figure S5B). This result suggested that the pre-existing anti-
bodies against the PLA carrier part did not affect significantly the
antibody response toward a new antigen target.

The PLA-based COVID-19 vaccine candidate elicited
neutralizing antibodies in NHPs

To further evaluate the potential of AP205-RBD as a COVID-19
vaccine candidate for humans, we immunized rhesus macaques
i.m. with AP205-RBD twice 3 weeks apart (Figure 6A). Both
anti-RBD and anti-AP205 IgG were elicited after the first immu-
nization and further increased upon the second immunization
(Figure 6B). In addition, sera collected from the immunized
macaques exhibited neutralizing activity against both the pseu-
dovirus and the live SARS-CoV-2 virus (Figures 6C-6F). Curi-
ously, it seems that sera from some unimmunized macaques
already exhibited a low level of neutralizing activity (Figure 6F).
It is unclear whether these macaques have been exposed to
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quantification data are shown in (D). Symbols indicate data collected from individual mice, and bars indicate the mean of each group.

See also Figure S4.

other coronaviruses previously because they were not raised in a
strictly pathogen-free environment. Nevertheless, the back-
ground neutralizing activity in the unimmunized animals varied
a lot, whereas immunization with AP205-RBD significantly
increased the neutralizing activity against live SARS-CoV-2 virus,
supporting the efficacy of AP205-RBD as a candidate vaccine.

Immunization with PLA-based COVID-19 vaccine
candidate accelerated the viral clearance in the

infected animals

To test whether AP205-RBD could indeed provide any protec-
tion for the immunized animals, we challenged rhesus macaques
with SARS-CoV-2 virus 12 days after the second immunization.
Although rhesus macaques can be infected by SARS-CoV-2,
they generally develop only mild symptoms and recover sponta-
neously.®” To ensure that the viral infection can be uniformly es-
tablished in all experimental animals, a relatively high dose, 1 x
10" median tissue culture infectious dose (TCIDsp), of SARS-

6 Cell Reports Medicine 2, 100448, November 16, 2021

CoV-2 virus in total was inoculated to the animals through a com-
bination of intranasal and intratracheal instillation. Both the con-
trol group and the immunized group of animals exhibited no sig-
nificant changes of body temperatures, weights, and peripheral
blood cell counts after the infection (Figure S6A). All the animals
exhibited similar levels of the viral loads in the nasal swabs and
the rectal swabs on the first day after viral challenge (Figures
7A-7C and S6B-S6D), suggesting that the infection procedure
was consistent across all the animals. Notably, the establish-
ment of infection in the immunized animals suggested that the
neutralizing antibodies cannot prevent the infection, at least
when the inoculation dose is high. Preclinical studies on a few
other vaccine candidates have found similar results.*®~4°
However, the viral clearance seemed to be accelerated upon
immunization with AP205-RBD. The viral loads in the rectal swabs
became undetectable since day 3 after viral challenge for all the
immunized animals, whereas in three of four control animals the
viral RNA persisted in rectal swabs until day 7 after challenge
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(A and B) Splenocytes or bone marrow (BM) cells from mice immunized with
AP205-RBD twice 3-4 months previously were examined for anti-RBD IgG-
secreting cells by ELISpot assay. Representative data are shown in (A), and
quantification data are shown in (B). Symbols indicate data collected from
individual mice, and bars indicate the geometric mean of each group.

(C) Anti-RBD IgG in mice immunized with AP205-RBD was examined for up to
1 year after immunization. The geometric mean and standard deviation for
each time point are shown. There are six to eight individuals for each time
point, except for the last time point there are four individuals.

See also Figure S5.

(Figures 7C and S6D). The viral loads in the trachea at day 3 post-
infection exhibited a tendency of decrease in the immunized
group, although without a statistical significance (Figure 7D).
Most strikingly, although all four animals in the control group car-
ried a large amount of virus in at least several, if not all, of the
seven lung lobes at day 7 postinfection, all the immunized animals
almost completely cleared the virus by this time (Figures 7E and
S6E). The clearance of the virus in the upper respiratory tract
seemed to take longer, especially in the nasal cavity, with two
of four immunized animals continuing to carry the viruses for up
to 7 days after challenge (Figures 7A, 7B, S6B, and S6C).

Lung tissues taken at day 7 postchallenge were further pro-
cessed for histochemistry examinations. Although the virus was
cleared much more quickly in the immunized animals, the patho-
logical changes characteristic of interstitial pneumonia were still
evident in these animals, which was likely caused by the high
dose of the viral infections initially. At low magnification, lesions
with a patchy or diffuse pattern were seen in both control and
immunized animals (Figure 7F). At higher magnifications, the
pathological changes mainly manifested as thickened alveolar
septa and infiltration of lymphocytes (Figure 7G). Occasionally,
cell debris could be found in the air spaces (Figure 7Ga), which
might reflect the infection-related cell damage. There was no infil-
tration of eosinophils or other granulocytes in all the tissue sec-
tions examined from both the control and the immunized

¢ CellP’ress

animals. In regions where cell infiltration was severe, the air
spaces almost completely disappeared (Figure 7Gc). We quanti-
fied the proportion of such kinds of consolidated areas in each tis-
sue section and found that the immunized animals tended to have
a lower proportion of the consolidated areas than the control an-
imals (Figure 7H). We found no other significant differences of the
pathological changes between the control and the immunized
groups. Overall, it seemed that immunization with AP205-RBD
could accelerate the viral clearance, especially in lungs and
guts, but may not prevent the viral infection completely.

DISCUSSION

Here we presented evidence supporting targeting B cell TLR
signaling, a physiological anti-viral mechanism, as a valid strat-
egy to develop a COVID-19 vaccine. The PLA structure enables
the coupling of the BCR signaling with the TLR signaling in B
cells, which serves as a message to B cells to initiate the anti-
viral response. The activated B cells could then go through pro-
liferation and differentiation and could also promote Tth develop-
ment, which in turn fuels back the GC response, all of which
contribute to the anti-viral humoral response.'® In this study,
we found that AP205-RBD induced (1) high titers of anti-RBD an-
tibodies, which could neutralize SARS-CoV-2 virus; (2) a Th1-ori-
ented response; (3) a robust GC response with long-lived PCs
and memory B cells; and (4) the protection against the viral infec-
tion in animals. These results are consistent with what we previ-
ously observed using other VLPs containing TLR ligands,’**
suggesting that the constructed AP205-RBD could indeed elicit
the B cell response in the proposed manner.

We chose RBD as the targeted antigen because it mediates
the binding of the virus to the host cells.?>*'**? The strong corre-
lation between the anti-RBD antibody level and the viral neutral-
ization activity in the immunized sera confirmed that the RBD
constructed in this study adopted the proper conformation.
The full-length S protein presumably consisting of more B cell
and T cell epitopes has been used in the nucleic acid and the
viral-vector vaccines, as well as in some recombinant protein
vaccines.*® However, it seems that regardless of the RBD or
the full-length S protein used and regardless of the vaccine plat-
forms chosen, the induced neutralizing activity is most strongly
correlated with the anti-RBD antibody level,"****> supporting
that RBD itself could serve as the targeted antigen. Multiple
T cell epitopes have also been identified within RBD, as well as
the other parts of the S protein in both immunized animals and
convalescent patients, although the T cell epitopes alone may
not be sufficient for the protective response.'45

Constructing antigen into a multivalent form has been of inter-
est to the vaccine field for a long time. Multivalent antigens may
enhance the initial B cell activation by simultaneously engaging
multiple BCRs, which subsequently may promote many aspects
of the B cell response, including the PC formation, the GC forma-
tion, and the recruitment of low-affinity antigen-specific cells into
the GC response.”®? Protein carriers that can assemble into
polymers are often used as platforms to build such multivalent
antigens.®® Although many carrier platforms could be used to
display antigens, only some of them could carry nucleic acids in-
side, which could activate B cell TLR signaling.'® For multivalent
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Figure 6. AP205-RBD elicited neutralizing
antibodies in non-human primates

(A) Time points for immunizations, serum collec-
tions, and viral challenge in macaques.

(B) Serum anti-RBD and anti-AP205 IgG from
macaques immunized with PBS or AP205-RBD
were examined at the indicated time points.
(C-F) Neutralization activity against the pseudo-
virus (C and D) or the live SARS-CoV-2 virus (E and
F) in the sera collected after the second immuni-
zation was examined. Curve fitting was used to
determine the half-maximal inhibitory concentra-
tions (ICs) (C and E), which were presented as the
neutralization titers in (D) and (F). Symbols indicate
data of individual animals, and bars indicate the
geometric mean of each group. Mann-Whitney
test was used for statistical analysis (*p < 0.05).
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AP205 phage-based vaccine candi-
dates, which were very similar to the
one described in this study, indeed
showed similar antibody responses in
* mice as in this study, although they
have not tested the vaccine efficacy in
viral challenge conditions in NHPs.®"¢?
Advances in the adenovirus vector and
mRNA-based vaccine platforms over the
last several decades have greatly acceler-
ated the development of the COVID-19
vaccines.”® These vaccine platforms
facilitated a much-shortened preclinical

serum dilution factor (log,,)

antigens carrying no TLR ligands inside, such as those built from
ferritin, lumazine synthase, and some computationally designed
carrier proteins, additional adjuvant is required to achieve the
proper antibody response,®”**~*° presumably via activating the
innate signaling in DCs. In contrast, multivalent antigens built
on capsid proteins such as bacterial phage-derived VLPs or
HBCcAg-VLPs could carry natural nucleic acids or artificial
CpG-ODN, which could activate B cell TLRs and do not require
additional adjuvant for immunization.'® Although both types of
multivalent antigen have been demonstrated to induce robust
antibody responses, the underlying cellular mechanisms pre-
sumably are different and need further study. Nevertheless,
both types of platform have been used to develop the COVID-
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c 'Q development process compared with the
& raditional vaccine technology or the re-
?9‘79 combinant protein-based methods. Both

vaccine platforms seem to generate rela-
tively strong immunogenicity, especially
they likely induce a more robust CD8"
T cell response because the host cells are transfected to express
the antigen.®* The relatively pronounced reactogenicity elicited by
the adenoviral vector and mRNA vaccines compared with the
traditional flu vaccines is consistent with their unique modes of
activation of the immune system.®® Although the current clinically
approved COVID-19 vaccines have greatly reduced the morbidity
and mortality rate of the disease and relieved some public health
burdens, the long-term application of these new technologies as
a routine vaccination regimen needs further assessment. Some
very rare but severe side effects related to these new vaccine plat-
forms need to be addressed. Cases of thrombosis with thrombo-
cytopenia syndrome (TTS) were related with the adenoviral vector
vaccines.®® Cases of myocarditis and pericarditis were related
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Figure 7. Vaccination with AP205-RBD accelerated the viral clearance in the infected animals

(A-C) Swab samples were taken from the nasal cavity, throat, and rectum at the indicated time points after SARS-CoV-2 challenge and examined for viral loads.
(D) Tracheal brush samples taken at day 3 after viral challenge were examined for viral loads.

(E) Lung tissue samples taken from the euthanized animals at day 7 after viral challenge were examined for viral loads. Mann-Whitney test was used for statistical
analysis in (D) and (E) (**p < 0.001). (A-E) Symbols indicate data collected from individual animals, and bars indicate the geometric mean of each group.
(F-H) Histology examination of lung tissues. (F) Representative images of H&E staining at low magnification. Arrowheads point to lesion regions, which were
surrounded with dashed lines. (G) Representative images at higher magnifications. Images were chosen from different individuals in both groups. The right panels
are enlarged regions from the left panels. The arrowhead in (a, right panel) points to detached cells in the airspace. The severely infiltrated area, which is quantified
as the consolidated area in (H), is illustrated in (c). (H) Summary of the proportion of the consolidated area in each tissue section. One section was taken from every
lung lobe, with seven sections taken in total for each animal. Symbols indicate data of individual sections. Mean and standard deviation for each animal are
shown. Nested ANOVA was used to compare the PBS- and AP205-RBD-immunized groups (*p < 0.01).

ns, non-significant. See also Figure S6.

with mRNA vaccines, especially after the second dose,®”:%®
implying that the disease might not be caused simply by the
non-specific inflammatory response, raising concerns about
whether a third dose of mMRNA vaccine would increase the proba-
bility of the side effects. The adenoviral vector vaccines face a
different problem in the situation when additional vaccination is
needed. Itis known that the preexisting antibodies against adeno-

viruses could reduce the vaccine efficacy.®® Indeed, the Gamaleya
vaccine used two different adenoviral vectors for the two doses of
the vaccinations to overcome this problem.”® The recombinant
protein-based vaccines including the different nanoparticle plat-
forms, although taking a few months longer in the preclinical devel-
opment stage, might provide a choice with less safety concern and
suit for long-term clinical application.

Cell Reports Medicine 2, 100448, November 16, 2021 9




¢? CellPress

OPEN ACCESS

In this study, we chose rhesus macaques as the animal model of
SARS-CoV2 infection because they probably represent most
closely to the human infection.”" All the rhesus macaques in this
study exhibited no apparent severe symptoms, such as fever or
dyspnea, even after a relatively high dose of viral challenge (Fig-
ure S6), which is consistent with that the majority of human
COVID-19 patients were not in severe situations.”? The character-
istic interstitial pneumonia histological change in the macaques
(Figure 7) is also consistent with the chest radiology changes in
many human patients.”® We found in this study that although our
COVID-19 vaccine could undoubtedly accelerate the viral clear-
ance, it did not prevent the initial viral entry completely (Figure 7).
This is also consistent with the current clinical data for other vac-
cines that the vaccine protected against the severe disease
more effectively than preventing the infection.”*”® The viral load
in the nasal cavity continued to be detectable at day 7 after infec-
tion even in the immunized macaques (Figure 7A), raising the
possibility that the vaccinated individual could still transmit the dis-
ease. Other preclinical studies have not observed such phenom-
ena either because the nasal swab examination was not per-
formed,3®7%"" or the inoculation doses were much lower and
the initial infection was already reduced significantly.*®** Our
study suggested that the vaccinees could potentially carry the
virus for a period of time once being infected even though they
themselves might have only mild or no symptoms. Indeed, arecent
study from the UK that examined the secondary cases from
household contacts found that vaccinations with an adenoviral
vector (ChAdOx1 nCoV-19) ora mRNA vaccine (BNT162b2) could
reduce the transmission by 40%-50%, which is lower than
the protection efficacy for these vaccines.”® Thus, quarantine pro-
cedures may remain important before a large proportion of popu-
lations are immunized.

Limitations of the study

In this study, the AP205-RBD-induced immune response was
not compared with those induced by other vaccine platforms,
such as mRNA-based vaccines or other nanoparticle vaccines;
thus, it is unclear how “potent” AP205-RBD is as a vaccine
candidate in comparison with the currently available vaccines.
Although AP205-RBD induced durable memory in mice, whether
it could induce analogously long-term memory in primates needs
further assessment. AP205-RBD lacks the antigenic epitopes in
the other parts of the SARS-CoV-2 S protein and potentially in-
duces a “narrower” response.
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Rat monoclonal anti-mouse-CD45R/B220
PE-CF594(clone RA3-6B2)

Rat monoclonal anti-mouse-CD19 APC-Cy7(clone 1D3)
Rat monoclonal anti-mouse-IgM PE-Cy7(clone 11/41)

Fluorescein (FITC)-AffiniPure Goat Anti-Mouse IgM,
n Chain Specific

Rat monoclonal anti-mouse-IgD BV711 (clone 11-26c.2a)
Rat monoclonal anti-mouse-GL-7 PE (clone GL7)

Rat monoclonal anti-mouse-CD38 Alexa Fluor 700
(clone 90)

Rat monoclonal anti-mouse-CD8a PerCP-Cy5.5
(clone 53-6.7)

Rat monoclonal anti-mouse-GL-7 FITC (clone GL7)

Rat monoclonal anti-mouse/human-IRF4 EF450
(clone 3E4)

Biotin Rat Anti-Mouse IgG1(clone A85-1)

Biotin Mouse Anti-Mouse IgG2a [b] (clone 5.7)
Goat polyclonal Secondary Antibody to Monkey
1gG - H&L (HRP)

Goat Anti-Mouse IgM-HRP

Goat Anti-Mouse 1gG2c¢, Human ads-HRP

Goat Anti-Mouse IgG1, Human ads-HRP

Goat Anti-Mouse IgG2b, Human ads-HRP

Goat Anti-Mouse IgG3, Human ads-HRP

Goat anti-Mouse IgA Heavy Chain Antibody HRP
Conjugated

Goat anti-Mouse IgG-Fc Fragment Antibody HRP
Conjugated

Goat anti-Mouse 1gG-Fc Fragment Antibody Affinity
Purified

IFN gamma Monoclonal Antibody (clone AN-18),
Functional Grade

IFN gamma Monoclonal Antibody (clone R4-6A2), Biotin
IgD Monoclonal Antibody (clone 11-26c¢), Biotin

BV650 streptavidin

PE streptavidin

HRP-conjugated streptavidin

BD Biosciences

BD Biosciences
Invitrogen
Jackson Immunoresearch

BioLegend
BD Biosciences

Invitrogen

Invitrogen

BioLegend
Invitrogen

BD Biosciences
BD Biosciences
Abcam

SouthernBiotech
SouthernBiotech
SouthernBiotech
SouthernBiotech
SouthernBiotech
Bethyl Laboratories

Bethyl Laboratories

Bethyl Laboratories

Invitrogen

Invitrogen

Invitrogen

BioLegend

BioLegend

Jackson Immunoresearch

Cat#562290; RRID: AB_11151901

Cat#557655; RRID: AB_396770
Cat#25-5790-82; RRID: AB_469655
Cat#115-095-075; RRID: AB_2338598

Cat#405731; RRID: AB_2563342
Cat#561530; RRID: AB_10715834
Cat#56-0381-82; RRID: AB_657740

Cat#45-0081; RRID: AB_1107004

Cat#144603; RRID: AB_2561696
Cat#48-9858-82; RRID: AB_2574135

Cat#553441; RRID: AB_394861
Cat#553504; RRID: AB_394889
Cat#ab112767

Cat#1021-05; RRID: AB_2794240
Cat#1079-05; RRID: AB_2794466
Cat#1070-05; RRID: AB_2650509
Cat#1090-05; RRID: AB_2794521
Cat#1100-05; RRID: AB_2794573
Cat# A90-103P

Cat# A90-131P

Cat# A90-131A

Cat#16-7313-85; RRID: AB_469247

Cat#13-7312-85; RRID: AB_466939
Cat#13-5993-82; RRID: AB_466860
Cat#405231

Cat#405204

Cat#016-030-084; RRID: AB_2337238

Bacterial and virus strains

E. coli BL21(DE3)
SARS-CoV-2 (nCoV-2019BetaCoV/Wuhan/WIV04/2019)
SARS-CoV-2 strain 107

TransGen Biotech
The National Virus Resource, China

The Guangdong Provincial Center
for Disease Control and Prevention,
Guangdong, China

Cat# CD601
N/A
N/A

Chemicals, peptides, and recombinant proteins

CpG-ODN
Isopropyl B-D-1-thiogalactopyranoside (IPTG)
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Shanghai Generay Biotech
Yeasen biotech, China

Sequence:TCCATGACGTTCCTGACGTT

Cat#367-93-1
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Polyethylenimine (PEI) Polyscience Cat#23966-1
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3,3,5,5'-Tetramethylbenzidine Sigma-Aldrich Cat#860336-1G
Fast Red Sigma-Aldrich Cat# F8764-1G
D-biotin BBI Life Sciences Cat# A100340-0500
Imject Alum Thermo Cat# 77161

RBD peptides pool1 Smith, 2020 #31 N/A

RBD peptides pool2 Smith, 2020 #31 N/A

Recombinant AP205 protein This paper N/A

Recombinant AP205-SpyTag protein This paper N/A

Recombinant RBD protein This paper N/A

Recombinant RBD-SpyCatcher protein This paper N/A

Recombinant RBD-AviTag protein This paper N/A

Recombinant GST-BirA protein This paper N/A

Recombinant S protein This paper N/A

Critical commercial assays

Toxin Sensor Chromogenic LAL Endotoxin Assay Kit GenScript Cat# LO0350C
Alexa Fluor 647 Protein Labeling Kit Invitrogen Cat# A20173
THUNDERBIRD Probe One-Step gRT-PCR kit TOYOBO Cat# QRZ-101

High Pure Viral RNA Kit Roche Cat#11858882001
TRIzol Plus RNA Purification Kit Thermo Fisher Cat# A33254
MiniBEST Viral RNA/DNA Extraction Kit TaKaRa Cat#9766
PrimeScript RT reagent Kit with gDNA Eraser Takara Cat# RR0O47A
Ni-NAT 5mL (Pre-Packed Gravity Column) BBI Life Sciences Cat# C600793-0010
GST Fusion Protein Purification Kit GenScript Cat# L00207
Bright-Glo Luciferase Assay Vector System Promega Cat# E2650
Experimental models: Cell lines

Expi293F GIBCO Cat# A14635
Vero-E6 ATCC CRL-1586; RRID: CVCL_0574
Human: HEK293T ATCC Cat# CRL-11268
Human: Huh7 NICR Cat#1101HUM-PUMCO000679

Experimental models: Organisms/strains

C57BL/6 The Institute of Biophysics, Chinese N/A
Academy of Sciences

Rhesus macaques Kunming Institute of Zoology (KlZ), N/A
Chinese Academy of Sciences (CAS)

Oligonucleotides

SARS-CoV-2- forward primer: Song, 2020 #37 N/A

5-GGGGAACTTCTCCTGCTAGAAT-3

SARS-CoV-2- reverse primer: Song, 2020 #37 N/A

5-CAGACATTTTGCTCTCAAGCTG-3

SARS-CoV-2-probe FAM-TTGCTGCTGCTTGACA Song, 2020 #37 N/A

GATT-TAMRA-3'

SARS-CoV-2-S- forward primer: This paper N/A

5 -CAATGGTTTAACAGGCACAGG-3'

SARS-CoV-2-S-reverse primer: This paper N/A

5-CTCAAGTGTCTGTGGATCACG-3

Recombinant DNA

pPET21-AP205 This paper N/A

pET21-AP205-SpyTag This paper N/A

(Continued on next page)
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pCEP4-RBD This paper N/A
pCEP4-RBD-SpyCatcher This paper N/A

pCEP4-RBD-AviTag This paper N/A

pGEX-BirA This paper N/A
pcDNA3.1-SARS-Cov-2 S Ju, 2020 #22 N/A

Software and algorithms

FlowJo software Version 10.7.1 Tree Star https://www.flowjo.com/
GraphPad Prism 8.0 GraphPad Software https://www.graphpad.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Bai-
dong Hou (baidong_hou@ibp.ac.cn).

Materials availability
Requests for plasmids of PLA vaccine components and recombinant protein should be directed to and will be fulfilled by the Lead
Contact, Dr. Baidong Hou. All reagents will be made available on request following completion of a Material Transfer Agreement.

Data and code availability

o All data for this study are available without restriction from the Lead Contact upon request.

o This study did not generate code.

® Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental Animals
All mice used in this study were housed under specific pathogen-free conditions, and their use was approved by the Animal Care and
Use Committee of the Institute of Biophysics, Chinese Academy of Sciences. C57BL/6 mice were bred in-house or purchased from
SPF Biotechnology Co., Ltd (China). Roughly equal number of male and female mice of 8-16 weeks were used for immunization.
The experiments with non-human primates (NHPs) were performed at Kunming Institute of Zoology (KIZ), Chinese Academy of
Sciences (CAS) (Yunnan Province, China). All NHP experiments were approved by the animal ethics committee of KIZ, CAS (certif-
icate number: IACUC20016). The selection of experimental animals and experimental operations follow the guidelines and principles
of the experimental animal ethics committee to ensure the welfare of experimental animals. Eight rhesus macaques (males, age 3-6
years) used in this study were sourced from the Kunming Primate Center of CAS. They were kept in similar and independent primate
cages, which facilitated communication between animals. The viral challenge experiment was performed in the Animal Biosafety
Level 3 Laboratory at the National Kunming High-Level Biosafety Primate Laboratory Center, which is accredited by the China Na-
tional Accreditation Service for Conformity Assessment and performs related operations in accordance with the standard operating
procedures approved by the Biosafety Committee of the KlIZ, CAS.

Cell lines

Expi293F cells (GIBCO, USA) were cultured in SMM 293-Tll medium (Sino Biologicallnc, China) in suspension at 37°C, 5% CO2, with
shaking at 125 rpm/min. HEK293T(ATCC), Huh7(NICR) and Vero-E6(ATCC) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS at 37°C with 5% CO2.

SARS-CoV-2 virus

The SARS-CoV-2 strain 107°” was obtained from the Guangdong Provincial CDC, Guangdong, China. The SARS-CoV-2 virus (nCoV-
2019BetaCoV/Wuhan/WIV04/2019)*® was obtained from the National Virus Resource. SARS-CoV-2 virus was passaged in Vero-E6
cells.
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METHOD DETAILS

Expression and purification of AP205 derived virus-like particles (VLPs)

The DNA sequence encoding the major AP205 coat protein (Gene ID: 956335) was synthesized and cloned into the pET21 vector.
The sequence encoding SpyTag was fused at the C terminus of AP205 gene with a flexible linker to generate AP205-SpyTag.
AP205-SpyTag encoded VLPs were expressed and purified in a similar way as QB-VLP as described before.*® Basically, E. coli
BL21 (DE3) transformed with pET21-AP205 or pET21-AP205-Spytag was grown in LB medium and protein expression was induced
with 0.1 mM IPTG (Yeasen biotech, China) at 37°C for 4-5 h. VLPs were purified by CsClI density gradient centrifugation at 200,000 g
for 22 h. LPS was removed by repetitive extraction with Triton X-114. Endotoxin detection kits (ToxinSensor Chromogenic LAL Endo-
toxin Assay Kit, GenScript, LO0350C) was used to determine the LPS level in purified AP205-Spytag VLPs according to the manu-
facturer’s instructions. Purified VLPs were examined by SDS-PAGE with Commassie Blue staining, or electrophoresis in 1% agarose
gel followed by ethidium bromide staining. The assembly of VLPs was confirmed by transmission electron microscopy. The protein
concentration of the VLPs was determined using Bradford assay.

Expression and purification of RBD of SARS-CoV-2 S protein

The coding sequences for the receptor binding domain (RBD) corresponding to the 319aa — 541aa of SARS-CoV-2 (NCBI Reference
Sequence: YP_009724390.1) S protein and the full-length S protein were synthesized and cloned into pCEP4 vector (Addgene). The
sequence encoding the signal peptide from the S protein and SpyCatcher was synthesized and fused at the N terminus of the RBD,
and a 12-mer of histidine tag was fused at the C terminus of the RBD to generate RBD-SpyCatcher. The sequence encoding AviTag
and a 12-mer of histidine tag was fused at the C terminus of RBD to generate RBD-AviTag. pCEP4-RBD, pCEP4-S, pCEP4-RBD-
SpyCatcher or pCEP4-RBD-AviTag was transiently transfected into Expi293F cells using the PEI (Polyscience, 23966-1) following
the manufacturer’s recommendations. Recombinant proteins were then collected from the supernatants of the cell culture and pu-
rified by affinity chromatography using Ni-NTA agarose (BBI Life Sciences, China). Purified proteins were examined by SDS-PAGE
with Commassie Blue staining, and the protein concentration was determined using Bradford assay. To generate AP205-RBD, every
100 pg of RBD-SpyCatcher was added to 400 pg of AP205-SpyTag in PBS buffer and incubated on ice for more than 1 h.

Fluorescent labeling of AP205 and RBD
To detect antigen-specific cells, AP205-AF647 was generated by conjugating AF647 to the purified AP205 VLPs using the AF647
labeling kit from Thermo Fisher Scientific as described before.®® Qb-AF647°° was used to indicate potential AF647* cells.

The DNA sequence encoding the BirA (Gene ID: 948469) was synthesized and cloned into the pGEX vector (Addgene). E. coli BL21
(DEB) transformed with pGEX-BirA was grown in LB medium and protein expression was induced with 0.1 mM IPTG at 18°C for 18 h.
GST-BirA protein was purified by affinity chromatography using GST Fusion Protein Purification Kit (GenScript,Cat.NO L00206) ac-
cording to the manufacturer’s instructions. The biotinylated RBD was generated by mixing 100 pM RBD-AviTag, 1 puM GST-BirA,
10mM magnesium chloride, 10mM ATP, and 150 uM D-Biotin (BBI Life Sciences, China). The mixture was incubated at 30°C for
1 h as described before.”® Biotinylated RBD was then mixed with fluorochrome-conjugated streptavidin at room temperature for
60 min to generate fluorescently labeled RBD tetramer.

Immunization

10 pg of AP205-RBD (dose indicates the mass of the RBD part) was injected once or twice 3 weeks apart intraperitoneally when not
specified. For comparison of immunization routes, the same doses of AP205-RBD were injected subcutaneously or intramuscularly.
For comparison of different antigens, 10 png of RBD or 50 pg of full-length S protein mixed with alum, or with additional 50 ug of CpG-
ODN was injected intraperitoneally. For immunization of AP205 and RBD without conjugation, AP205 instead of AP205-SpyTag was
mixed with RBD-SpyCatcher.

Enzyme-linked immunosorbent assay (ELISA)

To determine the amount of antigen-specific immunoglobulins in serum, purified RBD without SpyCatcher fusion region, or purified
AP205-SpyTag was used to coat the plate. Serial diluted sera were incubated with the plate, and the horseradish peroxidase
(HRP)-conjugated anti-mouse IgA, anti-mouse IgG (Bethyl Laboratories, USA), anti-mouse IgM, anti-mouse IgG1, anti-mouse
IgG2b, anti-mouse IgG2a/c, anti-mouse IgG3 (Southern Biotech, USA), or anti-monkey IgG (Abcam, UK) was used for detection.
The 3,3',5,5'-tetramethylbenzidine (Sigma-Aldrich) was used as the HRP substrate, and the optical density at 450nm was measured
by a microplate reader (SpectraMax, Molecular Devices, USA). Antibody titers were determined as the reciprocal of the highest dilu-
tion that gave an optical density value that was above ten times of the standard deviation value measured from the serum-free wells.

Flow cytometry

Cells were suspended and stained in FACS buffer (2% newborn calf serum, 2mM EDTA, 0.1% NaN3 in PBS). For intracellular staining,
cells were treated with Cytofix/Cytoperm solution (BD Biosciences) following the manufacturer’s instruction. Antibodies and re-
agents used for flow cytometry include PE-CF594 anti-B220 (RA3-6B2), allophycocyanin-Cy7 anti-CD19 (1D3), PE-Cy7 anti-IlgM
(l/41), FITC anti-IgM (Jackson Immunoresearch, USA), BV711 anti-IgD (11-26c.2a), PE anti-GL-7 (GL7), FITC anti-GL-7 (GL7),
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AF700 anti-CD38 (90), PerCP-Cy5.5 anti-CD8 (53-6.7), EF450 anti-IRF4 (3E4), BV650 streptavidin (BioLegend, USA), PE streptavidin
(BioLegend, USA), biotin anti-lgG1 (A85-1), biotin anti-lgG2a[b] (IgG2c) (5.7). All data were collected on an LSR Il cytometer (Becton
Dickinson, USA) and analyzed with FlowJo software (TreeStar, USA).

Enzyme-linked immune absorbent spot (ELISpot) assay of IFNy * cells

Mouse splenocytes were incubated in anti-IFNy (clone AN-18, Invitrogen) pre-coated plates at 37°C for 20 h with stimulating pep-
tides or protein. Parallel wells were incubated with vehicles as the negative control or PMA/ionomycin as the positive control (data not
shown). Pools of 15-mer peptides derived from the RBD sequence or the intact RBD protein were added at 10 pg/ml for stimulation.
Pool 1 contains the peptides corresponding to the amino acids 420-434, 426-440 and 445-459 in the full-length SARS-CoV-2 S pro-
tein, and Pool 2 contains the peptides corresponding to the amino acids 511-525, 517-531 and 535-549 of S protein.®” Biotin-labeled
IFN+y antibody (clone R4-6A2, Invitrogen) and subsequent HRP-conjugated streptavidin (Jackson ImmunoResearch, USA) were used
for detection. Spots were scanned and counted by ImmunoSpot analyzer (Cellular Technology Limited, USA).

ELISpot assay for antibody secreting cells

Splenocytes and bone marrow cells from mice were incubated in RBD protein pre-coated plates at 37°C for 5 h. HRP-conjugated
anti-mouse IgG (Bethyl Laboratories), anti-mouse IgG1, anti-mouse 1gG2b, or anti-mouse IgG2c (Southern Biotech) were used for
detection. Spots were scanned and counted by ImmunoSpot analyzer (Cellular Technology Limited, USA).

Immunohistochemistry for mouse spleen sections

Mouse spleen sections at 7 um thickness were stained with biotinylated anti-IgD (clone 11-26C, Invitrogen) and FITC anti-GL-7 (clone
GL7, BioLegend) and then with streptavidin-conjugated peroxidase and alkaline phosphatase-conjugated anti-FITC as previously
described.®® The sections were then developed with 3,3'-diaminobenzidine and Fast Red (both from Sigma-Aldrich).

NHP study design

Four rhesus macaques were injected intramuscularly with 20 pg of AP205-RBD twice 3 weeks apart. The other four rhesus macaques
were injected with PBS in parallel. Sera were collected at day 14 and 21 after the first immunization and day 7 after the second im-
munization. 12 days after the second immunization, SARS-CoV-2 virus (strain 107, provided by the Guangdong Provincial Center for
Disease Control and Prevention, Guangdong, China)®’ cultured in Vero-E6 cells at 5x10° median tissue culture infective dose
(TCID50) per milliliter were given to the animals via a combination of intranasal (0.4ml / nostril) and intratracheal (1.2ml, fiberoptic
bronchoscopy) instillation, so that a total of 1x10” TCID50 virus particles were used in the viral challenge for each animal. Body tem-
perature, weight and blood cell counts were monitored at day0, 1, 3, 5, 7 after viral challenge and no significant changes were found
for both immunized and control groups of animals. Nasal swab, throat swab and rectal swab samples were taken at day0, 1, 3, 5, 7
after viral challenge and examined for viral load. Tracheal brush samples were taken at day 3 after viral challenge and examined for
viral load. Euthanasia was performed on the day 7 after the challenge and tissues from each of the seven lung lobes were taken for
viral load and histology examination.

Viral load measurement

Viral load was determined by quantitative real-time RT-PCR (qRT-PCR). Briefly, swab and tracheal brush samples were resuspended
in 1 mL of PBS before the total RNA was extracted using the High Pure Viral RNA Kit (Roche, Germany) in accordance with the
manufacturer’s instruction. Lung tissue samples were homogenized before the total RNA was extracted using TRIzol reagent
(Thermo Fisher, USA). A THUNDERBIRD Probe One-Step gRT-PCR kit (TOYOBO, Japan) was used to detect SARS-CoV-2 RNA,
with previously reported primers and probe (5'-GGGGAACTTCTCCTGCTAGAAT-3/, 5'-CAGACATTTTGCTCTCAAGCTG-3/, FAM-
TTGCTGCTGCTTGACAGATT-TAMRA-3').®” Viral copy number was calculated based on the standard provided by National Institute
of Metrology, China. The viral loads for swab and tracheal brush samples were normalized as viral RNA copies per milliliter, and the
viral load for lung tissues was normalized as viral RNA copies per microgram of total extracted RNA.

Lung histopathology

Tissues were fixed in 4% paraformaldehyde for minimum of seven days, then embedded in paraffin, sectioned at 4 um for HE stain-
ing. Estimation of the proportion of the severely infiltrated areas in tissue sections was performed in a blind manner with a scale from
0.0to 1.0.

Pseudovirus neutralization assay

The 293T cells were transfected with human immunodeficiency virus backbones expressing firefly luciferase (pNL43R-E-luciferase)
and pcDNAB.1 (Invitrogen) expression vectors encoding the SARS-Cov-2 (NCBI Reference Sequence: YP_009724390.1) S protein
concurrently to acquire the pseudovirus.” The supernatants containing the pseudovirus were collected 48 h after transfection. Viral
titers were measured as luciferase activity in relative light units (Bright-Glo Luciferase Assay Vector System, Promega Biosciences,
USA). In the neutralization test, the pseudovirus was incubated with serial dilutions of mouse serum or macaque serum at 37°C for 1 h
before added to Huh7 cells in triplicates (approximately 1.5x10* per well). Luciferase activity was measured 48 h after infection.
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Half-maximal inhibitory concentrations (IC5) of the serum was determined by curve fitting using GraphPad Prism and used to repre-
sent the neutralization titer against the pseudovirus.

Live SARS-CoV-2 neutralization assay

Neutralization assay for live SARS-CoV-2 virus was performed at the Biosafety Level 3 Laboratory at Wuhan Institute of Virology,
CAS. SARS-CoV-2 virus (nCoV-2019BetaCoV/Wuhan/WIV04/2019)*® with MOI = 0.01 (about 400 PFU) was incubated with serial
dilutions of mouse serum or macaque serum at 37°C for 1 h before being added to 4x10* Vero-E6 cells that have been seeded in
a 48-well plate the night before. The infection was maintained for 1 h at 37°C, and the supernatants containing the virus were removed
and replaced with fresh medium. The supernatants were then collected 24 h after infection and examined for viral loads. Viral RNA
was isolated with MiniBEST Viral RNA/DNA Extraction Kit (Takara, Japan) as described in the instruction, and cDNA was transcribed
with PrimeScript RT reagent Kit with gDNA Eraser (Takara). Viral copies were quantified by gPCR from viral cDNA with a pair of
primers targeting the S gene of SARS-CoV-2. (5'-CAATGGTTTAACAGGCACAGG-3', 5'-CTCAAGTGTCTGTGGATCACG-3'). Half-
maximal inhibitory concentrations (IC5c) of the serum was determined by curve fitting using GraphPad Prism and used to represent
the neutralization titer.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistics

GraphPad Prism was used to generate the data graphs and perform the statistical tests indicated in the manuscript. A p value < 0.05
was considered as statistically significant.
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