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Cellular and Humoral Immune Responses in Mice Immunized
with Vaccinia Virus Expressing the SARS-CoV-2 Spike Protein

Jake C. Harbour,* Zoe L. Lyski,""1 John B. Schell,T’1 Archana Thomas,"t’1
William B. Messer,*Y Mark K. Slifka," and Jeffrey C. Nolz*'*

The COVID-19 pandemic is a global health emergency, and the development of a successful vaccine will ultimately be
required to prevent the continued spread and seasonal recurrence of this disease within the human population. However,
very little is known about either the quality of the adaptive immune response or the viral Ag targets that will be necessary
to prevent the spread of the infection. In this study, we generated recombinant Vaccinia virus expressing the full-length
spike protein from SARS-CoV-2 (VacV-S) to evaluate the cellular and humoral immune response mounted against this
viral Ag in mice. Both CD8" and CD4" T cells specific to the SARS-CoV-2 spike protein underwent robust expansion,
contraction, and persisted for at least 40 d following a single immunization with VacV-S. Vaccination also caused the rapid
emergence of spike-specific IgG-neutralizing Abs. Interestingly, both the cellular and humoral immune responses strongly
targeted the S1 domain of spike following VacV-S immunization. Notably, immunization with VacV-expressing spike
conjugated to the MHC class II invariant chain, a strategy previously reported by us and others to enhance the
immunogenicity of antigenic peptides, did not promote stronger spike-specific T cell or Ab responses in vivo. Overall, these
findings demonstrate that an immunization approach using VacV or attenuated versions of VacV expressing the native, full-length

SARS-CoV-2 spike protein could be used for further vaccine development to prevent the spread of COVID-19.

Immunology, 2021, 206: 2596-2604.

oronavirus infectious disease of 2019 (COVID-19) is a

highly contagious, often deadly respiratory illness that is

caused by the novel betacoronavirus severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) (1, 2). Unlike other co-
ronaviruses such as human coronavirus OC43, HKU, and 229E that
are endemic within the human population and typically cause only
mild disease (i.e., the common cold), SARS-CoV-2, as well as its
close relatives SARS-CoV-1 and Middle East respiratory syndrome
coronavirus, are highly pathogenic coronaviruses that have emerged
within the last two decades, causing significant illness with high
mortality rates (3, 4). Because the vast majority of the global human
population has not been previously exposed to any of these closely
related novel betacoronaviruses, understanding the level of adaptive
immunity required to protect an individual from infection will be
necessary for evaluating long-term vaccine efficacy and ultimately
achieving “herd immunity” (5). However, the magnitude and
breadth of the adaptive immune response, as well as the viral Ags
being targeted, following either natural infection or after different
types of vaccinations, remain largely unknown.

The Journal of

SARS-CoV-2, SARS-CoV-1, and Middle East respiratory syn-
drome coronavirus are enveloped, positive-sense sSRNA viruses of
the family Coronaviridae and are comprised of four structural pro-
teins: spike, envelope, membrane, and nucleocapsid (6). Among the
different structural proteins, spike is responsible for cellular inva-
sion, where the N-terminal S1 domain facilitates attachment and the
C-terminal S2 domain then initiates viral fusion with the cell mem-
brane. The receptor for spike for all three novel betacoronaviruses is
angiotensin-converting enzyme 2 (ACE2), and the receptor binding
domain (RBD) for ACE2 lies within the S1 domain of spike (7).
Because the S1 domain of spike mediates the initial attachment of
the virus to a cell expressing ACE2, there has been considerable in-
terest in identifying Abs against spike that can effectively neutralize
SARS-CoV-2 in vivo (8-12). Both cytotoxic and helper T cell re-
sponses against all of the structural proteins of SARS-CoV-2, in-
cluding spike, have been documented in humans (13-15), but how
effective spike-specific (S-specific) T cell populations are at identify-
ing and eliminating cells infected with SARS-CoV-2 remains to be
fully determined (16). Nevertheless, adaptive immune responses
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against the spike protein following vaccination, both cellular and hu-
moral, warrants further investigation using experimental model sys-
tems, which could provide valuable clues about identifying strategies
to promote robust protective immunity to prevent the spread of
COVID-19.

Vaccinia virus (VacV) is a highly immunogenic poxvirus, and its
use as a vaccine was ultimately responsible for the eradication of
smallpox from the planet (17, 18). Studies in humans receiving the
smallpox vaccine demonstrate the durability and longevity of immu-
nity mounted against this virus. In fact, Abs against VacV appear to
persist for life, and cellular immunity can be identified in most indi-
viduals, even decades after vaccination (19-22). Because of that
success, recombinant versions of VacV or the highly attenuated
modified VacV Ankara (MVA) have been and are currently being
pursued as subunit vaccine candidates for a number of other infec-
tious diseases, including Middle East respiratory syndrome (23-26).
Furthermore, MVA expressing full-length spike from either SARS-
CoV-1 or SARS-CoV-2 have also been tested experimentally in ani-
mal models (27-30). Those studies found that vaccination results in
the production of S-specific Abs that provide protection against both
SARS-CoV-1 and SARS-CoV-2 infections. Whether or not S-spe-
cific cytotoxic or helper T cells generated by these types of immuni-
zation strategies are durable and/or able to provide protection
against SARS-CoV-2 infection warrants further investigation.

In this study, we generated recombinant VacV expressing the
full-length SARS-CoV-2 spike protein (VacV-S) to quantify the
magnitude and kinetics of the cellular and humoral immune re-
sponses against this viral Ag in immunized animals. We found that
immunization with VacV-S generated a robust S-specific CD8* T
cell response, a modest but readily detectable S-specific CD4" T
cell response, and high titers of S-specific IgG-neutralizing Abs. In-
terestingly, we found that both CD8" and CD4™ T cells, as well as
IgG-neutralizing Abs, targeted primarily the S1 domain of spike.
Notably, we also found that conjugating the MHC class II (MHC-II)
invariant chain (i) to the C terminus of spike, a strategy previously
shown to enhance the immunogenicity of peptides (31-33), caused
degradation of the viral Ag and did not promote stronger cellular or
humoral immune responses against spike in vivo. Overall, our find-
ings shows that the full-length spike protein is highly immunogenic,
and delivering this gene using recombinant viral vectors could be a
highly efficacious strategy to promote strong cellular and humoral
immunity against SARS-CoV-2.

Materials and Methods
Generation of recombinant VacV-expressing SARS-CoV-2 spike

Recombinant VacV expressing the full-length spike gene from SARS-CoV-2
and spike conjugated to li were generated by homologous recombination tar-
geting the thymidine kinase (k) gene of VacV, as previously described (34).
A codon-optimized version of spike (GenScript) was PCR amplified using
oligonucleotides that would introduce Sall and Kpnl restriction sites at the 5’
and 3’ end of the PCR product, respectively, and subsequently cloned into
the pSC11 plasmid. To generate spike conjugated to Ii, full-length spike was
PCR amplified and cloned as described above with the exception that the 3’
oligonucleotide resulted in the loss of the stop codon. The MHC-II Ii was
PCR amplified using oligonucleotides to introduce an in-frame 5’ Kpnl and
3’ Notl restriction sites and subsequently cloned into pSC11-spike (no stop)
to generated pSCl11-spike-li. Homologous recombination was performed in
k= 143B cells by infecting cells in a 12-well plate with 5 x 10° PFU
VacV-WR (BEI Resources) followed by transfection with 1 ug of pSC11-
spike or pSC11-spike-Ii plasmid. The resulting cell lysates were then used to
infect 7k~ 143B cells in the presence of BrdU and 4% X-gal. After three
rounds of plaque purification in the presence of BrdU, individual viral pla-
ques were screened by DNA sequencing, and successfully recombined virus-
es were expanded and quantified using BSC-40 cells and standard
procedures. VacV-li-gpg;_go has been previously described (32).
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Immunoblotting

BSC-40 cells were grown to confluency in a 12-well plate and infected with
VacV, VacV-S, VacV-S-Ii, or VacV-li-gpg;_go (multiplicity of infection
[MOI] = 1.0). Twenty-four hours postinfection, cells were lysed in a 1% Ige-
pal lysis buffer (20 mM HEPES [pH 7.9], 100 mM NaCl, 5 mM EDTA, 1%
Igepal, | mM PMSF, 10 pg/ml leupeptin, and 5 pg/ml aprotinin). Following
clarification by centrifugation, equal amounts of protein were resolved by
SDS-PAGE on a 7.5% or 4-20% acrylamide gel (Bio-Rad Laboratories)
and transferred to Immobilin P membranes (MilliporeSigma). Expression of
spike was detected using a rabbit polyclonal anti-sera against the S1 domain
(catalog [Cat] no. GTX135356, GeneTex) or a mouse mAb against the S2
domain (clone TA9, Cat no. GTX632604, GeneTex) at a 1:1000 dilution in
2% BSA/TBS incubated overnight at 4°C and goat anti-rabbit HRP or goat
anti-mouse HRP (Jackson ImmunoResearch Laboratories). Expression of
MHC-II Ii (CD74) was detected using a rat mAb (clone Inl; BioLegend) at
a 1:1000 dilution in 2% BSA/TBS incubated overnight at 4°C and goat anti-
rat HRP (Santa Cruz Biotechnology). Luminescent images were acquired us-
ing an Image Quant LAS 400 (GE Healthcare) scanner.

Mice and infections

C57BL/6N mice were purchased from National Cancer Institute/Charles
River Laboratories and used for experiments at 6—-8 wk of age. Mice
were immunized with 107 PFU of VacV, VacV-S, or VacV-S-Ii in 200
wl of sterile PBS and delivered i.v. by tail vein injection.

Ex vivo peptide stimulation and intracellular cytokine stain

Peptide pools consisting primarily of 15-mer sequences with 11 aa overlap
covering the entire SARS-CoV-2 spike protein were purchased from Milte-
nyi Biotec. The S1 pool consists of overlapping peptides covering amino
acids 1-692 of spike (Cat no. 130-127-041). To generate a peptide pool
consisting of primarily the S2 domain, we combined peptide pools “S”
(Cat no. 130-126-700) and “S+” (Cat no. 130-127-311). This combination
of peptide pools (S and S+) covered the entire S2 domain as well as three
short segments of the S1 domain (amino acids 304-338, 421-475, and
492-519). Lyophilized peptides were resuspended in 20% DMSO in sterile
water and diluted to a final concentration of ~0.6 nmol per peptide for cell
stimulation, according to the manufacturer’s protocol. B8R,y »7 peptide
was purchased from BioSynthesis. Peripheral blood leukocytes or spleno-
cytes were stimulated with S-specific peptides or B8R, »7 for 5 h at 37°C
in the presence of brefeldin A (BioLegend). Cells were then stained for
surface Ags in 1% FCS/PBS for 15 min, washed, and fixed with BD Cyto-
fix/Cytoperm solution for 15 min at 4°C. Intracellular stain for IFN-y or
TNF was performed in Perm/Wash buffer for 20 min at 4°C. Cells were
then washed and resuspended in 1% FCS/PBS prior to FACS analysis.

Abs and flow cytometry

The following fluorescently labeled Abs and appropriate isotype controls (all
from BioLegend) were used in this study: CD8a (53-6.7), CD4 (GKIL.5),
IFN-y (XMG1.2), TNF (MP6-XT22), and CD44 (IM7). Data were collected
on a BD Symphony in the Oregon Health & Science University Flow Cy-
tometry Core facility. Data were analyzed using FlowJo software (version
9.9.6).

Quantification of spike-specific Abs

To quantify Abs against the full-length spike protein at different time points
following immunization, 96-well ELISA plates (Cat no. 3590, Corning)
were coated with 100 pl of recombinant SARS-CoV-2 full-length spike pro-
tein (Cat no. 40589-V08B1, Sino Biological) at a concentration of 1 pg/ml
prepared in PBS, and the plates were incubated overnight at 4°C. Coating
Ag was removed, and plates were washed once with PBS containing 0.05%
Tween (wash buffer) and blocked for 1 h at room temperature (RT) with 5%
milk prepared in PBS containing 0.05% Tween (dilution buffer). Then, 100
Wl of 1:30 dilution of serum (in dilution buffer) was added to each well. Se-
rum samples were serially 3-fold diluted in dilution buffer. Plates were incu-
bated at RT for 1 h. The plates were washed three times with wash buffer,
and 100 pl of 1:4000 dilution of anti-mouse IgG-HRP (Cat no. 115-035-
071, Jackson ImmunoResearch Laboratories) detection Ab was added and in-
cubated at RT for 1 h. To quantify Abs against S1, S2, and RBD, 96-well
ELISA plates (Cat#3590, Corning) were coated with 100 pl of each Ag, re-
combinant RBD protein (Cat no. 230-30162-100, RayBiotech), recombinant
subunit 1 protein (Cat no. 40591-VO8H, Sino Biological), and recombinant
S2 (Cat no. 40150-v08B3, Sino Biological) at a concentration of 1 pg/ml
prepared in PBS, and the plates were incubated overnight at 4°C. Coating
Ag was removed, and plates were washed once with PBS containing 0.05%
Tween (wash buffer) and blocked for 1 h at RT with 5% milk prepared in
PBS containing 0.05% Tween (dilution buffer). Then, 100 pl of 1:100
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dilution of serum (in dilution buffer) was added to each well. Serum samples
were serially 2-fold diluted in dilution buffer and plates were incubated at
RT for 1 h. The plates were washed three times with wash buffer, and 100
wl of 1:2000 dilution of anti-mouse IgG-HRP (Cat no. 405306, BioLegend)
detection Ab was added and incubated at RT for 1 h. For all analyses, the
plates were washed three times, 100 l of colorimetric detection reagent
containing 0.4 mg/ml o-phenylenediamine and 0.01% hydrogen peroxide in
0.05 M citrate buffer (pH 5) were added, and the reaction was stopped after
20 min by the addition of 100 pnl 1 M HCL. OD at 492 nm was measured us-
ing a plate reader. Ab titers (ELISA units) were determined by log—log trans-
formation of the linear portion of the curve after background subtraction,
with 0.1 OD units as the end point used to convert the final values.

Quantification of neutralization Abs

A VSVAG-luciferase encoding plasmid was generated by replacing the
glycoprotein gene with the firefly luciferase gene using Mlul and Nhel
restriction sites present in the pVSV-XN2 genomic plasmid. Viral
stocks were recovered as described previously (35, 36). The SARS-
CoV-2 spike (S) encoding pUC57-2019-nCoV-S plasmid (GenScript)
was used to generate an S PCR fragment lacking the last 21 aa of the
C terminus (37). This SARS-CoV-2 S gene fragment was cloned into
the pND-1 expression plasmid and used to pseudotype the VSVAG-lu-
ciferase particles outlined in Ref. 38. The resulting viruses were quan-
tified using VeroE6 cells and used in luciferase assays at a
concentration that gave 3—4 x 10° relative light units per well. For the
neutralization assay, VeroE6 cells were plated at a concentration of
2 x 10* per well in a 96-well black, clear-bottom plate (Corning) 1 d
prior to infection. The neutralization capacity of the sera was deter-
mined by coincubating pseudotyped viruses with 2-fold serial dilutions
of immune sera with serum-free media in triplicate for 30 min at 37°C
in a humidified incubator. Inocula were then transferred to VeroE6
cells and incubated overnight. Cells were lysed and developed using
the Cell Culture Lysis and Luciferase Assay System reagents (Prome-
ga), following the manufacturer’s recommended protocols. Resulting
relative light units were quantified using the GloMax Navigator

IMMUNE RESPONSES FOLLOWING VacV-S IMMUNIZATION

microplate luminometer (Promega). ICs, was calculated using Prism
Software (GraphPad), as described in Ref. 39.

Statistical analyses

Statistics were calculated using Prism Software (GraphPad) using paired or
unpaired Student ¢ tests or ANOVA with Tukey correction for multiple
comparisons.

Results
Vaccination with VacV expressing the full-length spike protein from
SARS-CoV-2 activates both CD8" and CD4* S-specific T cells

We generated recombinant tk-VacV expressing a human codon-opti-
mized version of the full-length, SARS-CoV-2 spike protein down-
stream of the p7.5 promoter (see Materials and Methods for details)
to determine if delivery of this viral Ag by VacV would stimulate
activation of the adaptive immune system. Expression of the SARS-
CoV-2 spike protein by VacV-S was confirmed in vitro where, com-
pared with a control VacV infection, expression of the full-length
spike protein could be identified with the predicted molecular mass
of ~180-200 kDa (Fig. 1A). After confirming expression of spike
by VacV-S, we next asked whether VacV-S would activate S-spe-
cific T cells in vivo. We vaccinated naive C57BL/6 mice with 107
PFU of VacV-S delivered i.v., and on day 7 postvaccination, PBLs
were stimulated with overlapping peptide pools (see Materials and
Methods for details) composed of primarily the S1 or S2 domains of
SARS-CoV-2 spike protein. CD44 is highly expressed by both ef-
fector and memory T cells (40); thus, we analyzed expression of the
cytokine IFN-y within the CD44" compartment of both CD8" and
CD4" T cells by intracellular stain following peptide stimulation.
Compared with the no peptide control, we observed a robust S-

CD8* T cells
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FIGURE 1. Vaccination with VacV-S activates CD8" and CD4™ T cells in vivo. (A) BSC-40 cells were infected with VacV or VacV-S (MOI = 1.0).
Twenty-four hours later, expression of spike was analyzed by immunoblot. (B) Naive C57BL/6 mice were vaccinated intravenously with 1 x 107 PFU of
VacV-S. On day 7 postvaccination, peripheral blood leukocytes were stimulated with either S1 or S2 domain peptide pools, and expression of IFN-y by
CD8™" T cells was detected by intracellular stain. (C) Quantification of (B). (D) Same as (B) except expression of IFN-y by CD4™ T cells was detected by in-
tracellular stain. (E) Quantification of (D). Error bars indicate SD of the mean, and data are representative of two independent experiments using five mice

per group.
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CD8* T cells (Day 7 Post-Infection)
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CD8" T cells (Day 35 Post-Infection)
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FIGURE 2. Kinetics of the CD8" T cell response in the circulation following vaccination with VacV-S. (A) Naive C57BL/6 mice were immunized
with 1 x 107 PFU of VacV or VacV-S. Peripheral blood leukocytes were stimulated with B8R,o_»7 or SI peptide pool, and expression of IFN-y by
CD8™ T cells was analyzed by intracellular stain. Representative data from days 7 and 35 postvaccination are shown. (B) Weekly quantification of
data from (A). (C) Percentage of CD8" T cells producing IFN-v in the blood following stimulation with S1 peptides on day 35 postvaccination. (D)
Percentage of CD8™ T cells producing IFN-vy in the blood following stimulation with BSR,o_,7 peptide on day 35 postvaccination. (E) Percentage of
IFN-y™ T cells from (C) and (D) that coexpress TNF after peptide stimulation. Error bars indicate SD of the mean, and data are representative of three

independent experiments using three to five mice per group.

specific CD8" T cell response against both the S1 and S2 domains
of spike (Fig. 1B, 1C). Interestingly, we consistently found that
more CD8" T cells produced IFN-y when stimulated with S1 pep-
tides compared with S2 peptides, which suggests that this portion
of the protein either undergoes better Ag presentation using this im-
munization strategy or that more immunodominant epitopes in
C57BL/6 mice are found within this domain. S-specific CD4* T
cells producing IFN-y also expanded following vaccination (Fig.
1D, 1E), although at ~10 times lower magnitude compared with
CD8" T cells, but like CD8" T cells, the majority of the response
also targeted the S1 domain of spike. Thus, these data demonstrate
that VacV expressing the full-length spike protein from SARS-
CoV-2 stimulated strong activation of both CD8" and CD4" T
cells, with the majority of both responses targeting the S1 rather
than the S2 domain of the protein.

Si-specific T cells persist following vaccination with VacV-S

Because we found that both CD8" and CD4" S-specific T cells
rapidly expanded following VacV-S vaccination, we next deter-
mined whether these T cells would persist following contraction. To
test this, mice were vaccinated with either VacV (negative control)
or VacV-S, and the Sl1-specific CD8" T cell response in the circula-
tion was monitored longitudinally using ex vivo S1 peptide pool
stimulation followed by intracellular cytokine staining for IFN-vy.

We also included an analysis of the immunodominant epitope found
within the VacV genome (B8Ryo_»7 presented by H2-K® in C57BL/
6 mice) to compare the magnitude of the S-specific response to this
well-defined, virus-specific CD8" T cell population. Expansion of
B8R-specific CD8™ T cells was robust and similar following VacV
and VacV-S immunization, demonstrating that both viral immuniza-
tions were equally effective at generating an immune response
in vivo (Fig. 2A). In VacV-S—vaccinated animals, S1-specific
CD8" T cell expansion peaked on day 7 postvaccination, and the
magnitude of the response was nearly 50% the size of the CD8" T
cell population specific for the B8R,(_,7 peptide (Fig. 2A). Notably,
we consistently found a small percentage of IFN-y—producing
CD8" T cells from VacV-immunized animals when stimulated with
S1 peptides compared with the unstimulated control on day 7 post-
infection (p = 0.0093), suggesting that some VacV-specific CD8* T
cells may cross-react with epitopes found within the S1 domain of
SARS-CoV-2 spike. S1-specific CD8" T cells contracted by day 14
but formed a stable population that could be detected by ex vivo
peptide stimulation at day 35 postvaccination (Fig. 2A—C), whereas
the percentage of B8R-specific CD8" T cells was the same between
both groups (Fig. 2D). In addition, S1-specific CD8" T cells also
exhibited features of polyfunctionality as coexpression of TNF by
IFN-y* T cells was found to be slightly higher in S1-specific com-
pared with B8R-specific CD8" T cells (Fig. 2E). Like CD8* T
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cells, expansion of Sl-specific CD4" T cells peaked on day 7 post-
vaccination but continued to contract in the circulation until they
were no longer detectable by ex vivo S1 peptide pool stimulation on
day 35 postvaccination (Fig. 3A, 3B). However, both CD8" and
CD4™ T cells producing IFN-y could be identified in the spleen fol-
lowing stimulation with S1 peptides at day 40 postimmunization
and remained CD44", a commonly used marker to identify memory
T cells (Fig. 4A-D). Thus, these data demonstrate that S1-specific
CDS8* and CD4™ T cells persist following vaccination with VacV-S
and that Sl-specific CD4" T cells appear to be enriched in the
spleen compared with the blood.

Spike-specific IgG-neutralizing Abs are generated following
vaccination with VacV-S

Because we found that immunization with VacV-S caused
both CD8" and CD4™" T cells to become activated, we next
measured whether immunization also resulted in the genera-
tion of S-specific IgG Abs. IgG Abs that bound to the full-
length spike protein formed by day 14 postvaccination and
Ab levels remained stable in the serum through day 35 post-
vaccination (Fig. 5A). Experimental evidence suggests that
Abs targeting the S1 N terminus or RBD are most effective at
preventing SARS-CoV-2 infection (8); thus, we next tested
whether S-specific IgG Abs were generated against either the
S1, S2, and/or the RBD domains of spike following VacV-S
immunization (Fig. 5B-E). Abs against both the S1 and S2
domain were readily detected in immune sera, although Ab
titers specific for the S2 domain appeared to be ~10-fold less
than those that reacted to the S1 domain using this assay
(Fig. 5E). We also detected high titers of RBD-specific 1gG
Abs in mice immunized with VacV-S compared with serum
from controls. In agreement with these data demonstrating a
strong humoral immune response against the S1 domain of
spike, including the RBD, serum from VacV-S—-immunized
animals prevented infection of VeroE6 cells by pseudotyped
vesicular stomatitis virus (VSV) expressing SARS-CoV-2
spike (Fig. 5F). Serum from all animals vaccinated with
VacV-S completely blocked S-mediated VSV entry at the
lower serum dilutions tested (between 1:200-800), and 50%
viral neutralization (ICso) occurred at a dilution factor of
>10° (Fig. 5G). Overall, these data show that immunization
with VacV-S results in the rapid development of S-specific
IgG-neutralizing Abs.
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VacV-expressing spike conjugated to the MHC-II Ii does not
enhance cellular or humoral immune responses in vivo

We have previously reported that conjugating the MHC-II 1i to
immunogenic peptides expressed by VacV resulted in stronger
activation of Ag-specific CD4™ T cells in vivo (32). To deter-
mine if this also held true using a full-length, >1200 aa trans-
membrane viral Ag rather than a defined MHC-II restricted
peptide, we generated VacV that expressed the full-length spike
protein that contained the MHC-II Ii conjugated to its C termi-
nus (VacV-S-Ii). Ii is a type II transmembrane protein with a
short N-terminal intracellular domain and an extracellular C-
terminal domain that binds directly to MHC-II (41). Because
spike is a type I transmembrane protein, we predicted that
VacV-S-Ii would produce a chimeric Ag in which the N termi-
nus of spike and the C terminus of Ii would become extracellu-
lar and the spike C-terminal and Ii N-terminal intracellular
domains would be physically connected. However, immunoblot
analysis revealed that unlike the full-length, native version of
spike (Fig. 1A), we were unable to detect expression of full-
length S-Ii in vitro. Rather, we observed smaller S1-reactive
proteins between 55 and 100 kDa in size (Fig. 6A). An S2-spe-
cific mAD also failed to detect expression of either full-length
or degraded spike protein in cells infected with VacV-S-Ii,
whereas both the full-length and cleaved S2 domain of spike
were detected in cells infected with VacV-S (Fig. 6B). Similar-
ly, we were also unable to detect expression of the Ii in cells
infected with VacV-S-Ii (Fig. 6C). In contrast, Ii conjugated to
the gpgi_go I-A°—restricted peptide from the LCMV glycopro-
tein was expressed in cells infected with VacV-li-gpe;_so,
which confirms our previous finding demonstrating the utility
of using VacV-expressing Ii conjugated to peptide Ags (32).
Thus, these data show that a C-terminal conjugation of Ii to
full-length SARS-CoV-2 spike fails to produce a stable chime-
ric Ag in vitro.
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To determine whether VacV-S-Ii would promote the activation of
CD8" or CD4™ T cells in vivo, mice were vaccinated with VacV,
VacV-S, or VacV-S-Ii, and IFN-y following peptide stimulation
was analyzed in the spleen on day 7 postvaccination. We found that
conjugating spike to Ii resulted in reduced activation of both S1-
and S2-specific CD8" T cells in vivo, whereas expansion of BSR-
specific CD8" T cells was similar (Fig. 6D-G). Interestingly, we
observed no significant difference in the activation of Sl-specific
CD4" T cells in mice vaccinated with VacV-S compared with
VacV-S-lIi (Fig. 6H), suggesting that despite our inability to detect
high expression of S-Ii in vitro, there was sufficient Ag expressed to
activate helper CD4" T cells in vivo. Similarly, S-specific IgG Abs
could also be detected in animals immunized with VacV-S-li, al-
though at significantly lower levels compared with the VacV-S im-
munization (Fig. 6I). Thus, these data demonstrate that although
conjugating Ii to Ags can result in stronger cellular immune re-
sponses in some instances, conjugating spike to Ii resulted in desta-
bilization and reduced expression of the full-length chimeric Ag
in vitro and did not promote stronger cellular or humoral immune
responses in vivo.

Discussion

The emergence of COVID-19 has caused substantial morbidity
and mortality within the global population, and the development
of a broadly distributed, effective vaccine will be necessary to
end the current pandemic. Our findings in this study show that
recombinant VacV expressing the native, full-length version of
SARS-CoV-2 spike is highly immunogenic. In fact, the magni-
tude of the S-specific CD8™ T cell response was nearly as large
as that observed against the native H2-K°-restricted B8Ryo_»7
peptide, which is one of the strongest antiviral CD8" T cell re-
sponses that has been documented in C57BL/6 mice (42). Inter-
estingly, we also found that both the cellular and humoral

immune response generated against spike after VacV-S immuni-
zation primarily targeted the S1 domain, which is in contrast to
observations in humans, in which the majority of the defined T
cell epitopes following SARS-CoV-1 infections have been
found primarily in the S2 domain of spike (43). This suggests
that either more immunodominant epitopes in mice are found
within the S1 domain or the possibility that during natural coro-
navirus infection, the adaptive immune response is diverted
away from epitopes within the S1 domain and that expression
of spike by recombinant VacV could be an effective strategy to
generate protective immunity against this critical portion of the
viral Ag in vivo. Whether cellular immunity, humoral immunity,
or the combination of both will be necessary to provide the lev-
el of immunological protection necessary to neutralize and pre-
vent SARS-CoV-2 infections within the human population
remains to be fully elucidated.

It remains unclear whether a strong memory T cell response
against SARS-CoV-2 will be necessary to provide protective immu-
nity in humans. Notably, both Ag-specific CD8* and CD4" T cells
have been shown to provide protection against SARS-CoV-1 in
mouse models (44-47), and the quantity of neutralizing Abs against
SARS-CoV-1 following vaccination did not directly correlate with
protection in ferrets (48). Studies have also recently found that long-
lived SARS-CoV-2—specific memory CD8" T cells can be identi-
fied in only approximately half of COVID-19 survivors and that
CD4" T cell responses seem to dominate in most patients (49). El-
derly COVID-19 patients exhibit impaired activation and function
of CD8" T cells (50), which may suggest that limited cytotoxic re-
sponses mounted against the virus following infection could be an
underlying cause for increased morbidity and mortality within this
highly susceptible population. Studies analyzing the S-specific T
cell response in human ACE2 transgenic mice (51) infected with
SARS-CoV-2 or VacV-S immunization should reveal whether the
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breadth and/or magnitude of Ag-specific memory T cells that form
following immunization are similar or are more diverse and robust
when compared with the natural viral infection and whether S-spe-
cific memory CD8" or CD4™ T cells are necessary or sufficient to
provide protective immunity against SARS-CoV-2 infection.
Although mRNA and adenovirus (Ad)-vectored vaccines have
emerged as the early leaders in the battle against COVID-19, efforts
to develop and optimize alternative vaccination strategies should
continue as the long-term efficacy of current, emergency use—au-
thorized mRNA- and Ad vector—based vaccines to prevent this in-
fection remains unknown (52). In addition, the development of
neutralizing Abs against SARS-CoV-2 often requires two consecu-
tive administrations of the COVID-19 mRNA vaccines (53, 54),
whereas we demonstrate the generation of neutralizing Abs follow-
ing a single immunization with VacV-S. Unlike what has been
found in many patients who have recovered from COVID-19 (49),
we observed the development of a strong cytotoxic T cell response
in mice that readily persisted following VacV-S immunization, par-
ticularly against the S1 domain of spike. This finding agrees with
other vaccination studies using animal models, in which immuniza-
tion with either MVA-S, recombinant Ad (serotype 5)—expressing
spike, or the spike mRNA vaccine (mRNA-1273) all elicited the
generation of more S-specific cytotoxic CD8" T cells that produced
IFN-y following stimulation with S1 peptides than when stimulated
with S2 peptides (29, 30, 55, 56), suggesting that delivery of this vi-
ral Ag in the context of a vaccine results in strong activation of S1-
specific cellular immunity. There is also the potential that immuno-
logical memory elicited by the COVID-19 mRNA vaccinations may

diminish over time, and subsequent booster immunizations may be
required (57). Heterologous booster immunizations using recombi-
nant viral vectors expressing spike could be one appealing approach
as this strategy is known to specifically and rapidly boost cellular
immunity (58). In fact, a heterologous prime-boost regiment using a
DNA-based vaccine followed by immunization with MVA-S eli-
cited stronger T cell responses in mice compared with two subse-
quent immunizations with MVA-S (29), suggesting that delivery of
spike by VacV or MVA could significantly boost both the cytotoxic
and helper T cell responses in individuals that have previously re-
ceived the COVID-19 mRNA-based vaccine(s).

Although we and others have reported that conjugation of the
MHC-II i to peptide Ags enhanced T cell activation in vivo
(31-33), we found this not to be true when conjugated to the C ter-
minus of the full-length spike protein from SARS-CoV-2. In fact,
our data suggest that this chimeric Ag (S-Ii) became highly unstable,
was unable to activate CD8™ T cells in vivo, and S-specific Ab for-
mation was compromised compared with immunization with VacV
expressing the full-length, native version of spike. As mentioned
previously, MVA expressing full-length spike has also been shown
to be effective at generating S-specific Abs in vivo that could neu-
tralize SARS-CoV-2 (30). Similar to our findings, those Abs also
primarily targeted the S1 domain and RBD of spike. In contrast, im-
munization with MVA expressing a secreted version of the S1 do-
main of spike generated a stronger cytotoxic CD8" T cell response
compared with MVA expressing full-length spike but failed to pro-
duce Abs that could neutralize SARS-CoV-2 in vitro (30). Overall,
these findings suggest that recombinant VacV or MVA vectors
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expressing the full-length, native version of spike from betacorona-
viruses is an effective strategy to promote strong cellular and hu-
moral immunity against this viral Ag.
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