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Broad-spectrum vaccine via combined immunization routes
triggers potent immunity to SARS-CoV-2 and its variants
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ABSTRACT Developing broad-spectrum vaccines and optimal vaccination strategies
is crucial to controlling the COVID-19 pandemic. Here, we generated a chimpan-
zee adenoviral vector-based COVID-19 vaccine carrying broad-spectrum immunogens,
modified full-length spike, and conserved T-cell epitopes of SARS-CoV-2, and assessed
its immune response in mice through intramuscular (i.m.), intranasal (i.n.), or combined
immunization routes (i.m. + i.n,, or i.n. + i.m.). Compared to other vaccination strategies,
the two combined regimens elicited higher neutralizing antibody (NAb) responses to all
variants. Compared to i.n. + i.m. regimen, the i.m. + i.n. regimen stimulated a stronger
secondary GC response, which is more pivotal to high-quality antibody production
than the primary GC response. Moreover, the i.m. + i.n. regimen was adept at media-
ting systemic cellular immunity, while the i.n. + i .m. regimen tended to elicit lung
tissue-resident memory T (Tgm) cell responses. Overall, the two combined regimens
induced comprehensive but distinct immune responses consisting of IgA, IgG, NAbs, GC
B cells, long-lived plasma cells, Try cells, and systemic memory T cells, which conferred
complete protection against BA.2 infection in hACE2 transgenic mice, and warranted
further investigation as potential universal vaccination strategies.

IMPORTANCE The development of broad-spectrum SARS-CoV-2 vaccines will reduce
the global economic and public health stress from the COVID-19 pandemic. The use
of conserved T-cell epitopes in combination with spike antigen that induce humoral
and cellular immune responses simultaneously may be a promising strategy to further
enhance the broad spectrum of COVID-19 vaccine candidates. Moreover, this research
suggests that the combined vaccination strategies have the ability to induce both
effective systemic and mucosal immunity, which may represent promising strategies

- . . . . Editor Tom Gallagher, Loyola University Chicago,
for maximizing the protective efficacy of respiratory virus vaccines.

Maywood, Illinois, USA

. . . toD [
KEYWORDS SARS-CoV-2, adenovirus vector, broad-spectrum vaccine, combined Addressco”%pon_denceo A
Zhou, zhoudongming@tmu.edu.cn, Qiliang

immunization routes, systemic immunity, mucosal immunity Cai, qiliang@fudan.edu.cn, or Jianging Xu,
xujianging@fudan.edu.cn.

C oronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome e e T e, e s e oo
coronavirus 2 (SARS-CoV-2), has been a global pandemic since the beginning of equally to this article. The order of the author names

2020 and has severely affected public health. The rapid evolution of SARS-CoV-2 gave was determined by the contribution.

rise to numerous variants, and some have been designated as variants of concern/inter- Tihe awilhens dedie e @arifilia: of iniaiest,

est (VOC/I) by the World Health Organization. As the dominant strain, the Omicron

variant contains over 30 mutations in spike (S) protein that leads to immune evasion and

increased transmissibility (1). First-generation COVID-19 vaccines, derived from the spike

or RBD of SARS-CoV-2 ancestral strain, have shown waning effectiveness against VOCs,

especially Omicron (2).
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Both humoral and cellular immune responses are essential in controlling virus
infections. Neutralizing antibodies (NAbs) are regarded as the major contributor to
host protection against SARS-CoV-2 (3), while SARS-CoV-2-specific T-cell responses play
roles in reducing disease acquisition and severity (4). Even when NAbs and memory
B cell responses decreased significantly, T-cell responses to diverse variants from
Alpha to Omicron were still preserved in most convalescents and vaccines (5). These
observations offer a compelling explanation for the effectiveness of first-generation
COVID-19 vaccines in protecting against severe disease and death under the condition
of impaired or even absent neutralization capacity against Omicron. Nevertheless, ~20%
of individuals have a >50% reduction in T-cell reactivity to Omicron spike (6). Given
the uncertainty of further evolution, broad-spectrum vaccines, which are capable of
providing broad-spectrum humoral and cellular immunity, are urgently required to
protect against circulating and emerging variants.

Currently, available vaccines offer limited protection against breakthrough infections,
especially for the Omicron sublineage (7). Importantly, SARS-CoV-2 infection primarily
targets the respiratory tract, especially the nasal mucosa. The vast majority of first-gen-
eration vaccines are administered via the intramuscular route, which is incapable of
eliciting IgA secretion at the mucosal surface or tissue-resident memory T (Tgm) cells
activation in lungs. Both the immune evasive potential of variants and the absence of
mucosal immunity are believed to account for their suboptimal effectiveness (8). Hence,
the intranasal (i.n.) vaccination, which closely mimics the natural infection route and has
the potential to provoke a robust local mucosal immunity may be a promising approach
to defending against SARS-CoV-2 infection.

Adenovirus is an attractive vaccine platform owing to its flexibility of administra-
tion routes and capacity to induce humoral and cellular immune responses simultane-
ously (9). First-generation adenoviral vector-based COVID-19 vaccines include ChAdOx1
nCoV-19 (Oxford-AstraZeneca), Ad26.COV2.S (Johnson & Johnson), Sputnik V (Gamaleya
Research Institute), and Ad5-nCoV (CanSino Biologics) (10-12). Recently, two adenovec-
tor-based mucosal vaccines, Salnavak (an intranasal spray version of Sputnik V) and
Ad5-nCoV (an inhaled aerosol vaccine developed by CanSino Biologics) have been
approved for clinical use (13, 14). Notably, these vaccines were administered through
different formulations, including prime-only (i.m. and i.n.) and matched prime-boost
(i.m. 4+ i.m. and i.n. + i.n.) regimens, whereas the combined prime-boost vaccination
strategies (i.m. + i.n. and i.n. + i.m.) have not been implemented so far. Besides, no
head-to-head comparative studies of the aforementioned vaccination strategies are
available, which leads to uncertainty surrounding optimal regimens for clinical use.

Herein, we developed an adenoviral vector-based broad-spectrum COVID-19 vaccine
carrying modified spike and conserved T-cell epitopes. To grope for optimal regimens,
we performed a direct comparison of antibody responses induced by different regimens
in mice and found that the two combined regimens were superior in improving antibody
responses. Then, we performed in-depth immunophenotype exploration to characterize
the mucosal and systemic immune responses induced by them. To our knowledge,
this study is the first to comprehensively compare adaptive immune responses of two
homogenous combined regimens.

RESULTS
Designing and characterizing the AdC68-vST-vtRBM

Based on chimpanzee adenovirus serotype-68 (AdC68), we designed a broad-spectrum
COVID-19 vaccine AdC68-vST-vtRBM carrying full-length spike with several mutations
(vS), numerous T-cell epitopes (TCEs), and truncated receptor-binding motif (RBM) (Fig.
1A). As of February 2021, several VOCs have been described, including Alpha, Beta, and
Gamma. These VOCs share N501Y and D614G mutations in spike, which are associated
with increased transmissibility (15, 16). The K417N spike mutation in Beta stabilizes
a more open spike trimer that achieves greater transmissibility when combined with
D614G (17) and also partly resists neutralization by post-vaccination sera (18). The
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FIG 1 Designing and characterizing the AdC68-vST-vtRBM. (A) Schematic of AdC68-vST-vtRBM construction. TCEs, tandem conserved T-cell epitopes from ORF1,
ORF3, and M proteins of ancestral SARS-CoV-2 ; vS, full-length spike with several mutations; dFurin, abolished furin cleavage site; 2P, two proline substitutions;
VtRBM, truncated receptor-binding motif containing L452R mutation. (B and C) The sequence of vS (B) or vtRBM-modified fiber (C) was subjected to SWISS-Model
server for tertiary structure prediction, and analyzed using PyMol. Ribbon diagrams of monomer and top view trimer were displayed. In (B), S1 subunit is shown
in grey with RBD domain in red. S2 subunit is shown in yellow. In (C), knob is shown in green with vtRBM in orange. (D and E) Western blot analysis of vS
and vtRBM expression under non-reductive (D) and reductive (E) conditions. HEK293 cells were transduced with 10%, 10° and 10" vp of AdC68-vST-vtRBM.
AdC68-empty-transduced (1 0" vp) HEK293 cells and untransduced HEK293 cells (WT) were used as controls.

E484K spike mutation shared by Beta and Gamma is a main contributor to neutraliza-
tion evasion (19, 20). In addition, to stabilize spike in the prefusion conformation, we
introduced furin cleavage site mutation (dFurin: 681-PRRAR-685 to 681-HSRAG-685) and
two proline substitutions K986P and V987P (2P) (21, 22). Thus, we generated a modified
sequence of spike (vS) containing substitutions K417N, E484K, N501Y, D614G, P681H,
R682S, R685G, K986P, and V987P. Figure 1B shows its predicted tertiary structure.

Based on previous studies, the immunogenic and conserved T-cell epitopes from the
structural and non-structural proteins of SARS-CoV-2, which have been proven to be
involved in T-cell activation to combat COVID-19 (23-25), were selected for broadening
cellular immunity. Insertion of antigenic epitopes into adenoviral surface protein fiber
could induce protective immunity against influenza viruses and Pseudomonas aeruginosa
(26, 27). The L452R spike mutation shared by the subsequently emerged variants Kappa
and Delta is relevant to immune escape and increased transmissibility (28). To enhance
immune responses, the truncated RBM of spike (451-501aa) containing L452R mutation
(termed as VtRBM) was incorporated into the HI loop of fiber knob. Both adenovirus
fiber and SARS-CoV-2 spike exist as trimers on the surface of native virions. Theoretically,
vtRBM-modified fiber would present in a trimeric form on AdC68 virion surface. Figure 1C
shows its structural modeling.

Western blot analyses revealed a vaccine dose-dependent expression of vS and
vtRBM-modified fiber in vitro (Fig. 1D and E). Due to the lack of furin cleavage site, vS
was not cleaved into S1 and S2. Moreover, both vS and vtRBM-modified fiber maintained
trimeric structure under non-reducing conditions (Fig. 1D), whereas 2-mercaptoethanol
treatment depolymerized them into corresponding monomers (Fig. 1E). These indicated
that our vaccine properly expressed vS and vtRBM-modified fiber without blocking their
trimerization.
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Single-dose intramuscular immunization induced superior systemic T-cell
responses over intranasal immunization

We first assessed the immunogenicity of AdC68-vST-vtRBM as a single-shot intramuscu-
lar or intranasal vaccine (Fig. 2A). S-specific IgG was induced in a dose- and time-depend-
ent manner when compared to control mice (Fig. 2B). Consistent with binding antibody
(Bab) responses, a dose-dependent neutralizing capacity against Delta and Omicron was
observed irrespective of the inoculation route (Fig. 2C and D). AdC68-vST-vtRBM [2 x 107
infectious units (IFU)] induced relatively superior antibody responses and was adopted as
the optimal dose in subsequent studies.

We next carried out intracellular cytokine staining (ICS) assays to evaluate T-cell
responses (Fig. 2E). The i.m. vaccination elicited a significant increase of S1-specific
IFN-y-producing CD4" and CD8" T cells, along with suboptimal TCEs-specific IFN-y* CD8"
T cells. In contrast, i.n. vaccination induced faint responses, with a small quantity of
TCEs-specific IFN-y* CD8* T cells activation (Fig. 2F and G). Compared to S1-specific
responses, TCEs-specific CD8" and CD4* T-cell responses were lower, which may be
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FIG 2 Single-dose intramuscular immunization induced superior systemic T-cell responses over intranasal immunization. (A) Scheme of experiments. Mice (n =
6) were i.m. or i.n. immunized with 2 x 10°, 2 x 10% and 2 x 10 IFU of AdC68-vST-vtRBM, respectively. About 100 L PBS intramuscularly vaccinated mice served
as control. Serum was collected at 4 and 8 weeks post-vaccination. (B) Serum anti-spike 1gG titers. An ELISA was used to measure anti-spike IgG antibodies at
4 and 8 weeks post-vaccination. (C and D) The neutralizing activity against Delta (C) or Omicron (D) at 8 weeks post-vaccination. (E) Scheme of experiments.
Mice (n = 6) were vaccinated with 2 x 10’ IFU of AdC68-vST-vtRBM by i.m. or i.n. route, 100 uL PBS intramuscularly vaccinated mice served as control. Mice were
euthanized at 10 days post-vaccination. Spleens were harvested for effector T-cell detection. (F and G) Frequencies of splenic CD8" T cells (F) and CD4" (G) T cells
producing IFN-y, TNF-a following re-stimulation with peptide pools for S1 and TCEs. Values of geometric mean titer (GMT) were displayed in (C) and (D). Data are
represented as GMT + SD (C and D) or mean * SEM (B, F and G). One-way ANOVA with Tukey correction was used for multiple comparisons. *P < 0.05, **P < 0.01,
***p < 0.001, ****P < 0.0001.
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attributed to the weaker immunogenicity of TCEs. Spike protein contains 1273 amino
acids, while TCEs consist of only 208 amino acids. As predicted, CD4* and CD8* T cells
from phosphate-buffered saline (PBS)-treated mice are not responsive to either peptide
pool.

Thus, whether i.m. or in. administered, our COVID-19 vaccine showed good
immunogenicity in an adjuvant-independent manner. The i.m. vaccination was more
effective in eliciting systemic T-cell responses than i.n. vaccination, although both
regimens showed equivalent efficiency in inducing systemic antibody responses.

The i.m. + i.n. regimen-induced superior antibody responses

Vaccine effectiveness can be affected by vaccination regimen. To identify the optimal
regimen for AdC68-vST-vtRBM, six groups of C57BL/6J mice were immunized using
prime-only regimens or homologous prime-boost regimens (Fig. 3A). Compared to the
control group, durable BAbs were elicited from 4 weeks post-vaccination (wpv) and
maintained at a high level for at least 12 weeks, regardless of the regimen (Fig. 3B). At 6
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FIG 3 The i.m. + i.n. regimen induced superior antibody responses. (A) Scheme of experiments. Mice (n =

i.n., respectively, at 0 weeks) or prime-boost regimens (i.m. + i.n,, in. + i.m,,

im. + im, and i.n. + i.n,

6) were immunized in prime-only regimens (i.m.,
respectively, with an interval of 4 weeks) with 2 x

10’ IFU of AdC68-vST-vtRBM. About 100 pL PBS intramuscularly vaccinated mice served as control. Serum samples were collected periodically. (B) Kinetics of
serum anti-spike 1gG responses. (C and D) Serum pseudovirus neutralizing antibody responses at 6 weeks post-vaccination (C) and 12 weeks post-vaccination

(D). (E) Serum live virus neutralizing antibody responses at 6 weeks post-vaccination. (F) Serum neutralizing antibody responses against AdC68 at 4 and 6 weeks
post-vaccination. Values of geometric mean titer (GMT) were displayed in (C-F). Data are represented as GMT + SD (C-F) or mean + SEM (B). Statistical analysis

was conducted using a two-way ANOVA with Sidak’s multiple comparisons test (B and F) or Tukey’s multiple comparisons test or Kruskal-Wallis test with Dunn’s

multiple comparisons test according to distribution of data (C-E). Asterisks (¥) or “ns” indicate the statistical significance level of each group as compared to i.m. +

i.n. group (B-E) or i.m. + i.m. group (F) at the same time point. Pound signs (#) or “NS” indicate the statistical significance level between 4 and 6 wpv in (F). *P <

0.05, **P < 0.01, *** P < 0,001, ****P < 0.0001. NS and ns, not significant.
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wpyv, i.m. + i.n. regimen provoked a dramatic surge of BAbs that subsequently restored to
a comparable level with other regimens.

NAbs induced by all regimens were detectable at 4 wpv and remained stable for at
least 12 weeks (Fig. 3C and D; Fig. S1). Our vaccine displayed broad-spectrum neutral-
izing activity against the original strain, four VOCs [Beta (B.1.351), Gamma (P.1), Delta
(B.1.617.2), and Omicron (BA.1)] and a VOI [Lambda (C.37)], although NAbs against
Omicron were significantly reduced. Consistent with BAbs, the i.m. + i.n. regimen
induced the highest NADb titers against all pseudovirus and displayed 6.5-, 12-, 3.5-, 7.0-,
2.7-, and 6.6-fold increase compared to i.m. group at 6 wpv (Fig. 3C). For neutralization
activity against the live virus, the i.m. + i.n. regimen also exhibited higher level than the
prime-only groups (Fig. 3E).

To understand the impact of vector-specific antibodies, we evaluated the serum
neutralizing capacity against AdC68 vector (Fig. 3F). AdC68-NAbs were maintained at
baseline levels after priming regardless of vaccination route at 4 wpv (P > 0.05 among all
groups). After boosting, especially i.m. boosting (P = 0.0004), an increase in AdC68-NAbs
values was observed. The i.m. + i.m. regimen produced the most robust vector-specific
antibody responses, perhaps responsible for the impaired neutralizing activity against
SARS-CoV-2.

Overall, for adenoviral vector vaccine, the dosage, route, and order of vaccination
played important roles in determining the antibody responses.

Stronger secondary GC responses resulted in higher antibody titers

As demonstrated above, both combined prime-boost regimens excelled in antibody
induction. In contrast to prime-only or match prime-boost regimens, knowledge about
detailed immunological evaluation of two combined regimens was limited. To address
the knowledge gap, our next research focused on making comprehensive comparison of
adaptive immunity between the two combined regimens. First, we sought to dissect why
the i.m. + i.n. regimen was far more potent in inducing SARS-CoV-2-specific antibody
responses than the i.n. + i.m. regimen. Germinal centers (GCs) are known to be critical
in the development of high-quality antibody responses (29). We aimed to characterize
the primary (induced by priming) and secondary (induced by boosting) GC responses
induced by two combined regimens in lymph nodes (LNs) and identify their relevance
with antibodly titers.

Previous studies revealed that GC responses peak between 5 and 14 days post-vac-
cination (29, 30). We immunized C57BL/6J mice with i.m., i.n., iim. + i.n,, or i.n. + i.m.
regimens and harvested LNs at 7 and 14 days post-last vaccination (dpv) (Fig. 4A). The
i.n. immunization stimulated robust and comparable total GC B cell response in draining
LNs (dLNs) at 7 and 14 dpv (Fig. 4B), as well as RBD* GC B cell response (Fig. 4C). In
contrast with i.n. immunization, the i.m. immunization induced moderate total GC B
cell response but minimal RBD* GC B cell responses, indicating that total GC B cells
contained abundant non-RBD* GC B cells. To determine whether these non-RBD* GC B
cells were vector-specific, we immunized mice with 2 x 10” IFU AdC68-empty via i.m. or
i.n. route and collected LNs at seven dpv (Fig. S2A). A significant increase in total GC B
cells was observed in dLNs of i.m.- but not i.n.-immunized mice compared to PBS-treated
mice (Fig. S2C and D). Thus, for the adenovirus vaccine, vector-specific GC response
and antigen-specific GC response seem to be two interacting factors: vector-specific GC
response would abate when antigen-specific GC response dominates, while substantial
vector-specific GC response impairs antigen-specific GC response to some extent.

In keeping with the previous study, we observed that GC formation was limited to
dLNs but not non-dLNs (ndLNs) after priming (31). However, at 7 and 14 days post-
boosting, modest amounts of RBD* GC B cells were detected in ndLNs that also served as
the dLNs for prime vaccination, suggesting that i.m. or i.n. priming triggered a persistent
RBD* GC response for at least 42 days. After the combined boosting, secondary GC
responses were induced in dLNs with a similar kinetic pattern and comparable magni-
tude to primary GC responses that were elicited via the same immunization route (Fig. 4B

October 2023 Volume 97  Issue 10

Journal of Virology

10.1128/jvi.00724-23 6


https://doi.org/10.1128/jvi.00724-23

Full-Length Text Journal of Virology

A B C
Total GC B RBD* GC B
© Control _ dLNs  ndLNs  dLNs  ndLNs dLNs ndLNs dLNs  ndLNs
//Prime |® m. 15 — -
in. - o
______________________ P X —
. + ~ —_ i
/ane jBoost °tm=in @10 et
e in +im = :i
- ALY i3t
ow 4w 7dpv 14dpv 0> & ; i; L $ = i
LNs 8 0 & 589 & Y
day7 day14
D _ E
o
‘é, S5
= 2 o Original Strain r = 0.5225; p = 0.0036
E 3¢ * Beta r = 0.4880; p = 0.0072
,§ © 3 Delta r=0.4967; p = 0.0063
° b Gamma r=0.5349; p = 0.0028
?;:, é 2 + Lambda r=0.5488; p = 0.0021
__g E e Omicron r=0.6451; p = 0.0002
_-% >Q_ 1 - i T T 1
TS 16 20 24 28 32 16 20 24 28 32
day7 primary RBD*GC B counts (log10) day7 primary RBD*GC B counts (log10)
F _ G
S ~
2 o5 « Original Strain r = 0.8272; p < 0.0001
;6 _8’4 = Beta r=0.8682; p < 0.0001
] ; Delta r=0.8945; p < 0.0001
o © 5 Gamma r=0.8103; p < 0.0001
ot g + Lambda r=0.8556; p < 0.0001
<m g2 * Omicron r=0.7188; p = 0.0008
el
£ § 1 La . T T 1
3 16 20 24 28 32 o 16 20 24 28 32
day7 secondary RBD*GC B counts (log10) day7 secondary RBD*GC B counts (log10)

FIG 4 Stronger secondary GC responses resulted in higher antibody titers. (A) Scheme of experiments. Two sets of mouse experiments were performed
simultaneously. Mice (n = 6) were immunized in prime-only regimens (i.m., i.n., respectively, at 4 weeks) or prime-boost regimens (i.m. + i.n., i.n. + im,
respectively, with an interval of 4 weeks) with 2 x 10" IFU of AdC68-vST-vtRBM. About 100 pL PBS intramuscularly vaccinated mice served as control. The i.m.
dLNs (pooled popliteal, inguinal, and iliac LNs, the dLNs for i.m. vaccination and also served as the ndLNs for i.n. vaccination) and i.n. dLNs (pooled cervical and
mediastinal LNs, the dLNs for i.n. vaccination and also served as the ndLNs for i.m. vaccination) were harvested at 7 and 14 days post-last vaccination. (B and
C) Absolute number of total or RBD* GC B cells. (D) Spearman correlations of S-binding antibodly titers and primary RBD* GC B cell counts. The primary RBD" GC B
counts refer to RBD" GC B cells induced by i.m. or i.n. priming in dLNs. BAbs here refer to endpoint titers of i.m. + i.m., i.n. + i.n., i.m. + i.n., i.n. + i.m. regimens after
boosting. Data of control groups were also contained in all Spearman correlation analysis. (E) Spearman correlations of pVNTs titers and primary RBD" GC B cell
counts. pVNTsq titers here refer to those of i.m. + i.m., i.n. + i.n,, i.m. + i.n., and i.n. + i.m. regimens after boosting. (F) Spearman correlations of S-binding antibody
titers and secondary RBD" GC B cell counts. BAbs here refer to S-binding antibody titers of i.m. + i.n. and i.n. + i.m. regimens after boosting. Secondary RBD" GC
B counts refer to RBD GC B cells induced by i.m. + i.n. and i.n. + i.m. regimens in dLNs. (G) Spearman correlations of pVNTsg titers and secondary RBD" GC B cell
counts. pVNTs titers here refer to those of i.m. + i.n. and i.n. + i.m. regimens after boosting. All data are represented as mean + SEM and analyzed by one-way
ANOVA with Tukey correction.*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

and C). In other words, a combined booster did not handicap antigen-specific GC B cell
response, and immunophenotype discrepancy between the two combined regimens
was mainly attributed to the inherent capability divergence of booster shot in RBD* GC
response induction. Altogether, SARS-CoV-2-specific GC responses to the im. + i.n.
regimen are characterized by feeble primary GC responses and robust secondary GC
responses, which are contrary to that of the i.n. + i.m. regimen. There were weak
associations between primary RBD* GC B cell responses and antibody responses,
regardless of NAbs or BAbs (Fig. 4D and E). Intriguingly, the secondary RBD* GC B cells
exhibited robust correlations with the titers of S-specific BAbs and pVNT50 against the
original strain and its variants (Fig. 4F and G).

Overall, our data suggested that in terms of homogenous combined regimens,
superior secondary GC responses were more important in improving antibody quality
than primary GC responses.
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The combined boosting broadened primary T-cell responses

Next, we assessed the phenotype of effector T-cell responses in mice following prime-
only or combined prime-boost regimens (Fig. 5A). The effector function of SARS-CoV-2-
specific T cells was determined in lungs at 14 dpv by the production of Th1-type
cytokines (IFN-y and TNF-a) or Th2-type cytokines (IL-4 and IL-13) (Fig. 5B through E). We
found that single-dose i.m. or i.n. immunization developed poor effector T-cell responses.
After combined boosting, the i.m. + i.n., but not i.n. + i.m., regimen induced a prominent
increase in both S1- and TCEs-specific T cells, which were characterized by a Th1-biased
immune phenotype.

A parallel experiment was conducted for SARS-CoV-2-specific T-cell immunity
evaluation in spleens (Fig. 5F). The i.m.- rather than i.n-immunized mice developed
S1-specific responses with CD8" T cells dominant over CD4" T cells, which were not
augmented by the combined boosting (Fig. 5G and ). For TCEs-specific responses, the
frequency of IFN-y* CD8* T cells was significantly increased in combined prime-boost
groups compared with corresponding prime-only groups (Fig. 5H). Consistent with the
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FIG5 The combined boosting broadened primary T-cell responses. (A) Scheme of experiments. The immunization schemes were identical to Fig. 4. Lung tissues

were harvested at 14 days post-last vaccination. (B-E) Frequencies of pulmonary CD8" T cells (B and C) and CD4" T cells (D and E) producing cytokines following

re-stimulation with peptide pools for ST (B and D) and TCEs (C and E). (F) Scheme of experiments. The immunization schemes were identical to Fig. 4. Spleens

were harvested at 14 days post-last vaccination. (G-J) Frequencies of splenic CD8" T cells (G and H) and
re-stimulation with peptide pools for ST (G and I) and TCEs (H and J). All data are represented as mean
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cellular responses in lungs, S1- and TCEs-specific T cells in spleens exhibited a clear
Th1-biased phenotype with prominent IFN-y and/or TNF-a secretion (Fig. 51 and J).

In summary, the i.m. immunization primed strong effector T-cell responses only in
spleens, while SARS-CoV-2-specific CD4* and CD8* T cells were activated both in spleens
and lungs after i.n. boosting. Meanwhile, the i.n. priming did not elicit appreciable
systemic T-cell responses until i.m. boosting. Altogether, the combined boosting could
broaden systemic T-cell responses induced by priming.

Two combined regimens triggered both memory mucosal and systemic
immune responses

We also investigated whether AdC68-vST-vtRBM induced comprehensive memory
immune responses at 24 wpv (Fig. 6A). BAb detection in the bronchoalveolar lavage
fluid (BALF) revealed that only the i.m. regimen failed to generate IgA, although the
IgG levels were comparable among all groups (Fig. 6B and C). Moreover, serum NAb
titer measurements reconfirmed that our vaccine-induced durable and broad-spectrum
antibody responses (Fig. 6D).

GC B cells eventually polarize into long-lived plasma cells (LLPCs) or memory B cells
(MBCs) to provide long-term immunity (32). LLPCs can continuously secrete high-affinity
antibodies without pathogen re-stimulation. We found that both i.m. and i.n. immuniza-
tion induced LLPCs production in bone marrow (BM), which was further enhanced by the
combined boosting (Fig. 6E). Accordingly, RBD* LLPCs were also augmented in combined
prime-boost groups compared to prime-only groups (Fig. 6F). Only minimal RBD* MBCs,
IgG1* RBD* MBCs, and IgG2a/2b* RBD* MBCs were elicited by AdC68-vST-vtRBM vaccina-
tion in spleens (Fig. S3C).

Additionally, we found that NAb titers showed positive correlation with total and
RBD* LLPCs (Fig. S3D and E). The amount of total and RBD* LLPCs was positively associ-
ated with total and RBD* GC B cells, respectively (Fig. S3F and G). The absolute number of
RBD* MBCs was weakly correlated with RBD* GC B cell counts, and there is no correlation
between MBCs and GC B cells (Fig. S3H and I). Altogether, our results indicated that the
GC B cells induced by AdC68-vST-vtRBM tend to differentiate into LLPCs eventually,
which are responsible for maintenance of long-lasting humoral immunity.

In spleens, the i.m. instead of i.n. vaccination evoked potent S1- and TCEs-specific
memory CD8" T-cell responses that were characterized by IFN-y production (Fig. 6G and
H). SARS-CoV-2-specific memory CD4" T cells were also triggered by i.m. vaccination,
though to a much lesser degree than the CD8* counterparts (Fig. 61 and J). In keeping
with effector T-cell responses, the frequencies of secondary memory T cells remained
constant or declined slightly in comparison to corresponding primary counterparts.
Distinct from splenic memory T-cell responses, i.m. and i.n. priming had a limited effect
on pulmonary T-cell activation, but the combined boosting significantly mobilized them
(Fig. 6K and L). Further analysis revealed that the majority of IFN-y-producing memory T
cells were S1-specific but not TCEs-specific (Fig. S3J and K).

Lung Trwm cells, which upregulate CD69 expression and reside within specific niches in
lungs, are distinguished from splenic and pulmonary memory T cells and are crucial to
limiting SARS-CoV-2 transmission (33). The i.n. but not i.m. vaccination induced robust
lung CD8" Tgy cell responses to both S1 and TCEs pools, which remained steady after the
combined boosting (Fig. 6M). ICS of CD8" Tgy cells showed that all regimens, particularly
i.n. + i.m. regimen, induced enrichment of S1-specific IFN-y* CD8" Tgy cells (Fig. S3L).
Unlike lung CD8"* Try cells that express typical Ty cell markers (CD69*CD103*), lung
CD4* Trwm cells are defined as CD69* CD103*~ (34). We observed significant increases of
SARS-COV-2-specific CD103™ CD4* Try cells rather than CD103* CD4* Tgy cells in two
combined groups, particularly i.n. + i.m. group (Fig. 6N). Conversely, CD103* CD4" Tgm
cells rather than CD103~ CD4* Ty cells produced substantial IFN-y upon S1 peptide pool
stimulation in all vaccine groups (Fig. S3M).

Collectively, compared with i.n. vaccination, the i.m. vaccination induced comparable
systemic humoral responses, along with superior systemic memory cellular responses
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FIG 6 Two combined regimens triggered both memory mucosal and systemic immune responses. (A) Scheme of experiments. The immunization scheme was

identical to Fig. 3. Serum, spleens, lungs, BALF, and bone marrow were harvested at 24 weeks post-vaccination. All data analyzed at 24 weeks post-vaccination. (B

and C) BALF anti-spike 1gG (B) and IgA (C) endpoint titers. (D) Serum pseudovirus NAb responses. (E and F) Absolute numbers of total or RBD* LLPCs population.

(G-J) Frequencies of splenic memory CD8" T cells (G and H) and memory CD4" T cells (I and J) producing cytokines following re-stimulation with peptide pools

for S1(G and 1) and TCEs (H and J). (K and L) Frequencies of pulmonary memory CD8" T cells (K) and memory CD4" T cells (L) following re-stimulation with peptide

pools for S1 and TCEs. (M and N) Frequencies of lung CD8" Tgy cells (M) and CD4" Tgy cells (N) following re-stimulation with peptide pools for S1 and TCEs.

Values of geometric mean titer (GMT) were displayed in (C and D). Data are represented as GMT + SD (D) or mean + SEM (B, C, E-N) and analyzed by one-way

ANOVA with Tukey correction. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

but faint mucosal immunity. The combined boosting increased the breadth and
magnitude of memory humoral responses as well as the diversity of memory T cells,
resulting in better well-rounded memory immunity.

Intranasal immunization alone or in combination with intramuscular
immunization provided enhanced protection against BA.2 in vivo

We evaluated the protection potency of AdC68-vST-vtRBM against Omicron BA.2, which
can partially evade the neutralization activity of our vaccine and may increase the risk
of reinfection. The immunization-challenge schedule is described in Fig. 7A. In agree-
ment with the NAb responses in wild-type C57BL/6J mice, BA.2-NAbs were significantly
increased after boosting in hACE2 transgenic mice (derived from the C57BL/6J strain)
(Fig. 7C). More specifically, geometric mean FRNTs titers in the i.m. + i.n. and i.n. + i.m.
groups were 8.2- and 3.4-fold higher than corresponding prime-only group.

In keeping with earlier report, there was no significant reduction in body weight over
5 days post-infection (dpi) (35) (Fig. 7B). Subgenomic RNA (SgRNA) loads in lungs ranged
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with 2 x 107 IFU of AdC68-empty by i.m. + i.n. and i.n. + i.m. routes, respectively. At 2 weeks post-last vaccination, mice were challenged with 5 x 10’

focus-forming units of BA.2 and monitored for clinical signs and weight loss. At 5 days post-infection, mice were euthanized, and lung tissues were collected.

(B) Body weight change over 5 days post-infection. (C) Serum BA.2 neutralizing antibody titers at 5 wpv. (D and E) SARS-CoV-2 viral burden in lungs, measured

by copies of viral sgRNA (D) and gRNA (E). (F) Hematoxylin and eosin staining for pathological examination, representative magnified images are shown. (G

and H) Immunofluorescence staining for viral burden examination. Representative magnified images in (G). Immunofluorescence area of nucleocapsid protein

of the complete sections was analyzed using ImageJ software in (H). (I) Spearman correlations of viral gRNA copies (left) or the immunofluorescence area of

nucleocapsid protein (right) and BA.2 FRNTSs titers. Values of geometric mean titer (GMT) were displayed in (C). Data are represented as GMT + SD (C) or mean +
SEM (B, D, E, H and |) and analyzed by one-way ANOVA with Tukey correction. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Dotted line represents L.O.D.,

limit of detection. Scale bars: 100 um (F) and 200 um (G).

from 6.2 to 7.3 logg copies/g in control groups, but were undetectable in all vaccine
groups, indicating that BA.2 virus replication was entirely under control after vaccination
(Fig. 7D). Except for the i.m. group, the copy numbers of genomic RNA (gRNA) were
significantly reduced in all vaccine groups compared to control groups (Fig. 7E). Accord-
ing to histopathological analysis, negligible lesions were observed in lungs of vaccinated
mice, regardless of the regimen (Fig. 7F). The AdC68-empty-immunized mice suffered
moderate pulmonary damage at 5 dpi, including congestion, loss of alveolar cavities, and
extensive viral antigen expression (Fig. 7G). Consistent with the gRNA quantification,
measurement of the fluorescent area of nucleocapsid (N) protein suggested that i.m.-
immunized mice underwent more severe viral invasion with 1.8-, 3.0-, and 4.1-fold higher
N protein expression than i.n.-, i.m. + i.n.-, and i.n. + i.m.-immunized mice, respectively
(Fig. 7H). BA.2-NAb titers showed a weak negative correlation with both gRNA loads and
N protein levels in lungs (Fig. 71).

These data demonstrate that our COVID-19 vaccine can effectively protect mice from
BA.2 infection. The intranasal-inclusive regimens were superior to the i.m. regimen in
protective efficacy.

DISCUSSION

Here, we developed an adenoviral vector-based broad-spectrum COVID-19 vaccine that
can induce NAbs against SARS-CoV-2 and its variants. In our vaccine design, we added
several key antigenic mutations targeting multiple variants to the full-length spike gene,
which were then linked a cluster of the conserved T-cell epitopes of the SARS-CoV-2
virus. Moreover, the truncated RBM of spike protein was further displayed on adenovirus
structural proteins fiber. Such a design has been demonstrated to induce broad-spec-
trum of cellular and humoral immune responses.

To date, multiple broad-spectrum COVID-19 vaccine candidates based on different
platforms including protein and mRNA are in development. Zhao et al. generated a
universal Span recombinant protein vaccine by phylogenetically calculating the most
frequent mutations in 2675 spike sequences from the NCBI database and found that
the Span vaccination of mice elicited broad NAbs against original strain, Beta, Delta,
and Omicron (36). Glycosite-deleted spike mRNA or protein vaccine that could expose
more conserved epitopes elicited stronger antibody with broader protection against
the SARS-CoV-2 variants compared to the unmodified counterparts (37, 38). Wu et al.
engineered a chimeric spike protein vaccine termed as STFK1628x, containing NTD from
B.1.620 lineage, RBD-S2 from the Gamma variant, and additional RBD mutation patches
from the Delta variant, that elicited high titers of broad-spectrum NAbs to protect
hamsters from the ancestral SARS-CoV-2, Beta, and BA.1 challenge (39). Most of the
broad-spectrum COVID-19 vaccine candidates exclusively target spike or RBD antigen.
However, mutations in spike or RBD protein occur most frequently (40), which may
enhance viral immune evasion and reduce the efficacy of vaccines. Combining conserved
antigens with spike to induce both humoral and cellular immune responses may be a
promising strategy that can further improve the broad spectrum of COVID-19 vaccine
candidates.
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The continued emergence of new variants of SARS-CoV-2 and the waning immunity
overtime call for the development of not only broad-spectrum vaccines but also optimal
vaccination strategies. Numerous studies have shown that the i.m. or i.m. + i.m. regimen
can induce strong systemic humoral and cellular immune responses with the absence
of mucosal immunity, whereas the i.n. or i.n. + i.n. regimen fills this gap but falls
short of eliciting systemic cellular immunity (41-43). Recent studies have increasingly
focused on combined regimens, but most of them are limited to heterogenous i.m. +
i.n. regimen, such as DNA/vector or mRNA/protein or mRNA/vector regimen (44-46).
Our findings are consistent with these reports, showing that the i.m. + i.n. regimen
can induce both systemic and mucosal immunity. However, the immunokinetic profile
of the i.n. + i.m. regimen remains largely unknown. Our study expanded the current
understanding of prime-boost regimens, revealing that the i.n. + i.m. regimen also
has the potential to induce systemic and mucosal immune responses. Comparing the
two combined regimens, we found that the i.n. + i.m. regimen elicited superior Tgm
cell responses, while the i.m. + i.n. regimen exhibited immunodominance in systemic
T-cell responses and antibody responses. Since no parallel comparison between the two
combined prime-boost regimens was performed hitherto, the advantage of i.n. + i.m.
regimen in triggering mucosal immunity has likely been underestimated.

Shin et al. have defined a “prime and pull” strategy, conventional parenteral
vaccination to elicit systemic T-cell responses (prime), followed by intravaginal chemo-
kine treatment (pull) to establish Ty cell barrier at the site of genital herpes simplex
virus infection (47). Cuburu et al. ameliorated this pattern and performed an intramuscu-
lar-intravaginal regimen of the HPV vaccine. They obtained similar results that the topical
boosting could efficiently attract circulating CD8* T cells into the vaccination site and
induced in situ proliferation and differentiation of cognate CD8* Tgy cells (48). Recently,
Mao et al. assessed a vaccination strategy that utilizes i.m. priming with mRNA-LNP
followed by i.n. boosting with spike proteins, which also elicits robust mucosal humoral
and cellular immunity against SARS-CoV-2 infection (45). Theoretically, our homologous
i.m. + i.n. regimen is also a prime-pull-amplify approach for the SARS-CoV-2 vaccine and
has indeed been proven to evoke mucosal immunity. In terms of the i.n. + i.m. regimen,
Khanna et al. showed that heterogenous vector/vector vaccination generated CD4* T
cell-mediated mucosal and systemic immunity, which was related to partial protection
against high-dose SIV challenge (49). The mechanisms underlying the differences in
immune responses between combined regimens remain to be investigated.

GCs, where antigen-activated B cells undergo somatic hypermutation and positive
selection of high-affinity B cell receptor variants, are the foundation for high-quality
long-term B cell responses induction (50). Recent studies showed that the mRNA- and
protein-based COVID-19 vaccines evoke robust SARS-CoV-2-specific GC responses, which
are closely associated with antibody responses (29, 51). For viral vector vaccines, the
immunogenicity of the vector per se inevitably has an impact on that of the antigen,
which further complicates the adaptive immune responses upon vaccination. Our
vaccine was confirmed to promote the generation of SARS-CoV-2-specific GC B cells
as well. Further analyses extended this finding by clarifying that secondary GC responses
contribute more to antibody response enhancement than primary GC responses, which
may be partly explained by the following novel discovery: B cells without primary GC
experience overwhelmingly comprise secondary GCs, where redifferentiation of mutant
MBCs rarely occurs, meaning that secondary GC responses are characterized by a
clonality bottleneck that limits the participation of diverse MBCs induced by priming
(52).

In terms of adenovirus vector-based vaccine, pre-existing immunity against
adenovirus, including NAbs and specific T cells, dampens the efficacy of adenovirus
vectors (53). In our study, we chose the chimpanzee-derived vector AdC68 due to its
low seroprevalence in the human population (54, 55). For homologous prime-boost
regimens, pre-existing anti-vector immunity provoked by priming may affect the
induction of immune responses by boosting. We found that the i.m. + i.m. regimen
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induced lower NAbs against SARS-CoV-2 but substantially higher vector-NAbs compared
with i.m. regimen (Fig. 3C and F), showing the anti-vector pre-existing immunity had
inhibited the further enhancement of B-cell responses post-boosting. In addition, the
i.m. + i.n. regimen distinctly reduced SARS-CoV-2-specific cytokine production in spleens
compared to i.m. regimen (Fig. 5G and 6G through J), indicating that the pre-existing
anti-vector immunity also resulted in the suppression of T-cell response elevation. Such
inhibition was not observed in lungs, where the cellular response was instead enhanced,
which probably due to the absence of vector-specific lung Tgy cells (56). Alternating the
immunization route could somewhat circumvent pre-existing immunity to adenovirus
(57), which may contribute to the stronger immune response induced by the combined
prime-boost regimens. In conclusion, taking into account the impact of anti-vector
pre-existing immunity will help to further improve viral vector applications.

With intranasal-inclusive regimens, our vaccine conferred stronger protection against
BA.2 than the i.m. regimen. BA.2-NADb titers showed a weak negative correlation with
protective efficacy (Fig. 71), suggesting that NAb is probably not an exclusive contributor
to viral clearance. Compared to the i.m. regimen, intranasal-inclusive regimens induced
additional mucosal immunity including IgA and Try cell responses, which may also be
crucial in protective immunity. Their role in combating SARS-CoV-2 has been supported
by recent studies (33, 58, 59). It is undeniable that the induction of systemic T-cell
responses by the i.m. regimen also contributes to anti-viral protection, but the deficiency
of mucosal immunity may lead to limited viral clearance. In addition, there are growing
reports supporting the role of Fc effector functions in the efficacy of vaccines and
monoclonal antibodies, especially when the neutralizing activity is waning (60, 61). The
Fc effector function may also play a role in the protective immunity induced by our
vaccines and remains to be examined.

Immunophenotypic identification of the two combined regimens has advanced our
understanding of how to effectively orientate the immune response, which can provide
a reference for clinical practice. For individuals who have received aerosolized vaccines
or have a history of exposure to SARS-CoV-2 (analogous to intranasal inoculation), the
i.m. booster may be a promising regimen. Indeed, several reports have demonstrated
that COVID-19 convalescents only required a single vaccine dose to achieve more robust
humoral immune responses than SARS-CoV-2-naive individuals who received two doses
of i.m. vaccine (62-64). As for those who have been vaccinated intramuscularly, the i.n.
booster may be a better option.

In summary, our preclinical study lays the groundwork for the further development
of broad-spectrum COVID-19 vaccines. The combined vaccination strategies that can
induce potent systemic and mucosal immunity simultaneously may represent promising
strategies for maximizing the protective efficacy of respiratory virus vaccines.

MATERIALS AND METHODS
Virus and cell lines

HEK-293, 293T, Huh-7 cells, A549, and VeroE6 cells were all cultured in complete
Dulbecco’s modified Eagle medium (DMEM, Gibco) supplemented with 10% fetal bovine
serum (FBS), 100 U/mL penicillin/streptomycin (NCM Biotech). The cells were maintained
at 37°C with 5% CO; and passaged when confluent. SARS-CoV-2 wild-type SHO1 strain
(GenBank accession no. MT121215), Delta, and BA.2 were all obtained from the Chinese
Center for Disease Control and Prevention following isolation from patients in Shanghai,
China. All experiments involving SARS-CoV-2 were performed in the BSL-3 facility of
Fudan University according to International Standard Operating Procedures.

Mouse

Age-matched 6- to 8-week-old female C57BL/6J mice and hACE2 transgenic mice were
purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China)
and Shanghai Model Organisms Center Inc. (Shanghai, China), respectively. C57BL/6J
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mice studies were conducted under the approval of the Institutional Animal Care and
Use Committee of Tianjin Medical University (Tianjin, China). The hACE2 transgenic
mice studies were conducted under the approval of the Institutional Animal Care and
Use Committee of Fudan University (Shanghai, China). All experiments were performed
following the institutional guidelines from the Animal Research and Ethics Board.

Vaccine construction

The full-length spike gene of the Wuhan-Hu-1 strain (YP 009724390.1) was modi-
fied by introducing amino acid substitutions (K417N, E484K, N501Y, D614G, P681H,
R682S, R685G, K986P, and V987P) to obtain the vS sequence. The vS gene and
tandem conserved TCEs from ORF1, ORF3, and M proteins of ancestral SARS-CoV-2
were codon-optimized for human expression and synthesized commercially (Tsingke
Biotechnology, Beijing, China). The peptide sequences of TCEs are shown in Table S1.
Separated by P2A linker, vS and TCEs gene were incorporated into an open reading
frame, which was driven by a cytomegalovirus (CMV) promoter and finally cloned
onto E1 region of AdC68-empty using Gibson assembly. Moreover, L452R mutation was
introduced into the truncated receptor-binding domain (vtRBM) of spike to produce the
VtRBM sequence, which was placed in the Hl loop of fiber to produce a fusion sequence.

Western blot

HEK293 cells were transduced with 108, 10°, and 10" vp of AdC68-vST-vtRBM. AdC68-
empty-transduced (10" vp) HEK293 cells and untransduced HEK293 cells were used
as controls. Twenty-four hours post-infection, the cells were harvested and split into
two fractions. One fraction was boiled at 100°C with 1x reductive loading buffer for
20 min, and the other fraction was ultrasonicated on ice for T min and mixed with
1x non-reductive loading buffer. A Western blot was performed against the samples
using anti-SARS-CoV-2 RBD antibody (Sino Biological), followed by HRP-conjugated goat
anti-rabbit 1gG antibody (Abcam). Alpha-tubulin and -actin were selected as internal
control, respectively (Proteintech).

Antibody ELISAs

Spike-specific IgG and IgA antibody levels in mouse serum and BALF were measured
by ELISA, as previously described (65). Briefly, ELISA plates were coated overnight at
4°C with ancestral spike protein (Sino Biological). For IgG detection, serum samples
were threefold serially diluted with 1:400 starting dilutions, and BALF samples were
twofold serially diluted with 1:5 starting dilutions. For IgA detection, BALF samples were
twofold serially diluted with an undiluted stock solution as starting dilutions. Follow-
ing 1-h incubation at 37°C, secondary antibodies were added: HRP-conjugated goat
anti-mouse IgG antibody (ab6789, 1:100,000) (Abcam); HRP-conjugated goat anti-mouse
IgA (1:5,000) (Southern Biotech). Plates were again incubated for 1 h at 37°C, followed
by the addition of TMB substrate (NCM Biotech). Sulfuric acid (2 M H,SOg4) solution was
used to stop the reaction. Optical density (OD)450-630 Was recorded using a microplate
reader (Tecan). The binding antibody endpoint titer was determined as the reciprocal of
the highest serum dilution that yielded an absorbance greater or equal to 0.1 OD unit
above the absorbance of the pre-immune samples.

Production of SARS-CoV-2 pseudoviruses

The backbone plasmid pNL4-3.Luc.R-E and pCAGGS-S-CA19 expressing spike of the
original strain or its variants were cotransfected into HEK 293T cells by polyethyle-
neimine (Polysciences). The spike amino acid sequences of original strain and its
variants were based on GISAID EPI_ISL_402124 (Wuhan/WIV04/2019), EPI_ISL_712096
(B.1.351variant), EPI_ISL_906075 (P.1variant), EPI_ISL_3023383 (C.37 variant), EPI_ISL_
2029113 (B.1.617.2 variant), or EPI_ISL_6640916 (BA.1 variant). The supernatant was
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collected 48 h post-transfection, filtered through 0.45 um filters, and concentrated
overnight with PEG8000 at 4°C.

Pseudovirus neutralization test

To determine the neutralization activity of mouse serum, Huh7 cells were seeded in
96-well plates at a density of 2.5 x 10* cells per well overnight. The heat-inactivated
sera were threefold serially diluted with 1:20 starting dilutions and mixed with an equal
volume of pseudoviruses. The mixture was incubated at 37°C for 1 h before adding to
Huh7 cells. Relative luciferase activity (RLA) was measured using the SteadyGlo Luciferase
Assay System (Promega) 48 h later. The 50% pseudovirus neutralization (pVNTsq) titer
was calculated as the reciprocal of the greatest serum dilution at which RLA was reduced
by 50% compared with RLA in virus control wells that were infected with pseudovirus in
the absence of mouse serum.

Adenovirus neutralization assay

The adenovirus neutralization assay was performed as previously described (66). An
optimized method was performed utilizing AdC68-Luc instead of AdC68-eGFP. Briefly,
5 x 10* cells/well A549 were seeded in 96-well overnight. Sera were threefold serially
diluted with 1:20 starting dilutions and mixed with an equal volume of 1 x 107 vp
AdC68-Luc. The mixture was incubated at 37°C for 2 h before adding to A549 cells. RLA
was measured 48 h later. The 50% adenovirus neutralization (NTsq) titer was calculated as
the serum dilution at which RLA was reduced by 50% compared with RLA in virus control
wells.

Focus reduction neutralization test

Serum samples were threefold serially diluted with an initial dilution of 1:20 and mixed
with 0.1 multiplicity of infection (MOI) original strain, 0.002 MOI Delta, or 0.015 MOI BA.2.
The mixture was incubated at 37°C for 1 h before transferring to 96-well plates with 4
x 10* VeroE6 cells per well. Plates were incubated at 37°C, 5% CO, for 48 h, and fixed
with 4% paraformaldehyde (PFA) in PBS for 20 min. Plates were washed and incubated
with rabbit anti-N antibody (ABclonal), followed by peroxidase-conjugated anti-rabbit
IgG (Proteintech) and peroxidase substrate incubation (SeraCare). Virus-infected cell foci
were counted on an ImmunoSpot microanalyzer (Cellular Technologies). The 50% focus
reduction neutralization (FRNTsq) titer was measured as the reciprocal of the greatest
serum dilution at which foci were reduced by 50% relative to control wells that were
infected with the live virus in the absence of mouse serum.

Immunophenotyping by flow cytometry

All staining steps were performed at 4°C in MACS buffer (DPBS with 0.5% BSA and
50 mM EDTA-2Na). Single-cell suspensions were blocked with anti-CD16/CD32 monoclo-
nal antibody (Thermo Fisher Scientific) and stained with LIVE/DEAD Stain Kit (Invitrogen).

Germinal center B cells

LN cells were stained with eFlour450-IgD, FITC-GL7, PerCP/Cyanine5.5-CD19, PE-Cy7-
CD95 (Fas), and Alexa Fluor 647 conjugated RBD for 1 h. The gating strategy is shown in
Fig. S2D.

Memory B cells

Splenocytes were stained with BUV395-CD38, eFlour450-IgD, BV605-lgG2a/lgG2b,
FITC-GL7, PerCP/Cyanine5.5-CD19, PE-CD138, PE/Dazzle 594-CD45R/B220, PE/Cyanine7-
IgG1, APC/Cyanine7-CD3g, APC/Cyanine7-Ter119, and Alexa Fluor 647 conjugated RBD
for 1 h. The gating strategy is shown in Fig. S4A.
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Long-lived plasma cells

Bone marrow cells were stained with eFlour450-IgD, PE-CD138, PE/Dazzle 594-CD45R/
B220, APC/Cyanine7-CD3g, and APC/Cyanine7-Ter119 for 1 h. The gating strategy is
shown in Fig. S4B.

Excess antibodies were washed away with MACS buffer after staining. All samples
were fixed with 2% PFA for 30 min before acquisition, then acquired on a BD LSRFortessa
(BD Biosciences) and analyzed using FlowJo v10.

Intracellular cytokine stain assay

Splenocytes or homogenized lung cells were stimulated for 12 h with two pools of
S1or TCEs (2 ug/mL) in the presence of GolgiPlug (BD Biosciences). The S1 peptide pool
contained 15-mers overlapping by 11 amino acids derived from ancestral strain. The TCEs
peptide pool contained 25 epitope peptides in Table S1. After stimulation, the cells were
washed with cold MACS buffer and kept at 4°C for the entire staining process. Single-cell
suspensions were blocked with anti-CD16/CD32 monoclonal antibody and stained with
LIVE/DEAD Stain Kit.

Effector T-cell responses

The cells were stained with PerCP/Cyanine5.5-CD3g, FITC-CD4, Alexa Fluor 700-CD8a
for 30 min and permeabilized with fixation/permeabilization solution (BD Biosciences).
Samples were then intracellularly stained for 30 min with cytokine Abs cocktail. For
splenocytes, APC-IFN-y, Brilliant Violet 605-TNF-a, APC-IL-5, and Brilliant Violet 605-IL-4
were used. For lung cells, APC-IFN-y, Brilliant Violet 605-TNF-a, PE-IL-13, and Brilliant
Violet 421-IL-4 were added.

Memory T-cell responses

Splenocytes were stained with PerCP/Cyanine5.5-CD3g, FITC-CD4, Alexa Fluor 700-CD8a,
PE-eflour610-CD44, and eFlour450-CD62L for 1 h. After permeabilizing, the cells were
stained with APC-IFN-y and Brilliant Violet 605-TNF-a cocktail or APC-IL-5 and Brilliant
Violet 605-IL-4 cocktail for 30 min. Lung cells were stained with PerCP/Cyanine5.5-CD3¢,
APC-Cyanine7-CD4, Alexa Fluor 700-CD8a, FITC-CD44, eFlour450-CD62L, Brilliant Violet
605-CD103, and PE-eFluor 610-CD69 for 1 h, followed by APC-IFN-y staining for 30 min
after permeabilizing. The gating strategy is shown in Fig. S5.

All samples were fixed with 2% PFA for 30 min before the acquisition, then acquired
on a BD LSRFortessa (BD Biosciences) and analyzed using FlowJo v10.

SARS-CoV-2 viral burden determination

Half a fraction of mouse lung tissues were weighed and homogenized. Virus RNA was
isolated and Reverse transcription PCR (RT-PCR) assays were performed using HiScript Il
One Step qRT-PCR Probe Kit (Vazyme). Two sets of primers were used to detect the N
gene of the viral genome and the E gene of sgRNA utilizing real-time PCR.

N gPCR Forward: 5-GACCCCAAAATCAGCGAAAT-3’;

N gPCR Reverse: 5-CTGGTTACTGCCAGTTGAATCTG-3";

N-probe: FAM-ACCCCGCATTACGTTTGGTGGACC-TAMRA;

E qPCR Forward: 5'-CGATCTCTTGTAGATCTGTTCTC-3%;

E qPCR Reverse: 5-ATATTGCAGCAGTACGCACACA-3%;

E-probe: FAM-ACACTAGCCATCCTTACTGCGCTTCG-TAMRA.

Viral loads were expressed on a logqq scale as viral copies per gram after being
calculated with a standard curve.
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Hematoxylin-eosin/immunofluorescence stain

Hematoxylin-eosin (HE)/immunofluorescence staining was performed for another half
fraction of lung tissues. Tissues were fixed in 4% paraformaldehyde, dehydrated,
embedded in paraffin, and sectioned. Sections were deparaffinized in xylene and
stained with HE for pathological examination. For immunofluorescence staining, after
deparaffinization, peroxidase blocking, and antigen retrieval, sections were covered
with rabbit anti-SARS-CoV-2 nucleocapsid antibody (1:1,000) (Sino Biological) overnight
at 4°C, followed by Cy3-conjugated goat anti-rabbit 1gG antibody (1:300) (Servicebio)
incubation at room temperature for 50 min in the dark. DAPI (Servicebio) was used for
nuclear counterstaining at room temperature for 10 min. Finally, sections were mounted
using an anti-fade mounting medium (Servicebio) and scanned using Pannoramic MIDI
(3DHISTECH). Images were processed by CaseViewer software (3DHISTECH). To quantify
the abundance of Cy3 labeled nucleocapsid protein, the immunofluorescence area of the
complete sections was analyzed using the ImagelJ software.

Statistical analysis

All data are presented as means + SEM unless otherwise stated, asterisks in the figures
indicate the level of statistical significance (*P < 0.05, **P < 0.01, *** *#p < 0,001, and
**¥%p < 0.0001). Groups were compared via one-way ANOVA with Tukey’s multiple
comparisons test or Kruskal-Wallis test with Dunn’s multiple comparisons test according
to distribution of data. Analysis of binding IgG and adenoviral vector neutralization
over time were performed using two-way ANOVA with Sidak’s post-test for multiple
comparisons. Correlations were determined using Spearman’s rank coefficient with a
95% CI. All tests were performed using GraphPad Prism 8 software.
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