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Editorial on the Research Topic
Immune studies of SARS-CoV2 and vaccines using preclinical modeling

Introduction

Preclinical animal models remain essential for understanding viral pathogenesis as well
as for the development and assessment of vaccines and therapeutic strategies. It is
extremely important, particularly for immunological studies, to understand species
differences and limitations both from the viral pathogenesis as well as immune
standpoints (summarized in Table 1). Much has been learned about coronaviruses
(including pivotal earlier studies on SARS-Co-V) from preclinical animal models which
shed insights on both viral pathogenesis as well as immune responses underlying them
(reviewed by Collins et al.).

It is difficult to estimate how many lives the vaccines saved globally during the COVID-
19 pandemic, but approximately 1.5 million lives were saved in the WHO European Region
by vaccines which were first developed and tested in preclinical models (1). SARS-CoV-2
virus pathology is complex and systemic, leading to challenges in how best to model it
preclinically in different species. A lot of research has focused on the neutralizing antibodies
in the immune response against SARS-CoV-2 and their apparent rapid diminution.
Previous research has demonstrated aberrant inflammatory responses, particularly in the
elderly and obese due to cytokine release syndrome [reviewed in Chegni et al. (2)].
Additionally, it was shown that inflammation can occur in the brain even during mild
COVID-19 infection in non-human primate studies offering an initial insight into how
other organs, not just the lungs, are affected (3).

Efforts continue to make preclinical models more similar to the human scenarios by
modifying genes and the infection method and incorporating factors such as age, obesity,
and multiple infections. This Research Topic on preclinical models of SARS-CoV-2 covers
this concept of increased translatability as well as strategies to improve vaccines.
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TABLE 1 Pros and cons of preclinical models.

Property of

Preclinical Models

10.3389/fimmu.2024.1548624

High genetic similarity to humans enables

Mammalian Genetics .
relevant insights

Studying inbred strains allows replicates, reduces

Genetic homogeneit
8 ¥ variability, and increases reproducibility

Differences in gene expression and immune response can limit applicability

Studying a single strain does not model human genetic diversity

Ease of Genetic Manipulation
P model specific conditions

Can create transgenic, knockout, or humanized mice to

Human immune components in humanized mice may not
function identically

Immune System Studies

SARS-CoV-2 can infect hamsters, ferrets, and non-
human primates. SARS-CoV-2 has been adapted to

Pathogen Adaptation
mice for study

Vaccination Studies Useful for preclinical testing of vaccine efficacy

Ability to study specific immune pathways in isolation

Mouse immune system differs significantly (e.g. cytokine profiles, T-cell
responses) and they are Specific-Pathogen-Free (SPF) and more naive (or
lack diversity in antigen-experienced T and B cell repertoire) than humans

Adaptation may alter pathogen and relevance to human infection.
Otherwise, K18-hACE2 transgenic mice are needed to study SARS-CoV-2

Immune responses to vaccines may not predict human outcomes and the
immune response in genetically identically SPF mice does not model
human diversity and diverse immune memory responses

Rapid Life Cycle Short lifespaé allows studying disease progression
over generations

Considered ethically acceptable with regulations;

Ethics and Accessibility X
cost-effective

Cost and Maintenance Low cost and simple housing requirements

Drug Testin Enables high-throughput testing of vaccines
8 8 and therapeutics

Short lifespan limits study of chronic or long-term infections. Mostly young
animals are studied

Ethical concerns still exist, especially with non-human primates

Environment and social conditions not reflective of humans. Non-human
primate studies are expensive

Differences in drug metabolism and immune interactions can lead to
poor translatability

Improving translatability of
preclinical models

One of the limitations of the mouse model is the species
difference of ACE2, a receptor that SARS-CoV-2 uses to enter
cells. Initial studies using a transgenic mice expressing human
ACE2 under the K18 promoter (K18-hACE2) transgenic mouse
model enabled infection with SARS-CoV-2, however its broader
expression is not representative of the clinical scenario and leads to
more severe and wider-spread pathology (4-8). Fine-tuning this
model, Liu et al. introduced human ACE2 and TMPRSS?2 to replace
the orthologous mouse gene loci but remain under control of their
respective murine promoters. This model enabled investigation of
mild infection (with peak viral load at dpi 4) and longer-term
studies which are useful for understanding long-term effects of the
virus and immune memory.

A novel low inoculum SARS-CoV-2 infection model also
enabled study of mild infection and lacked active viral
replication in the brain as is present in severe and neuroinvasive
SARS-CoV-2 models (Dunai et al.). This is more representative of
the majority of clinical cases because it is very rare to find viral
protein in human brain parenchyma even in severe COVID-19
cases (9). Despite a lack of viral replication in the brains of SARS-
CoV-2-infected K18-hACE2-tg mice, there were elevated pro-
inflammatory cytokines and an increase in microglia reactivity
indicating indirect immune activation in the brain during SARS-
CoV-2 infection (Dunai et al.).

Frontiers in Immunology

Intriguingly, quite early in the pandemic, an interesting
phenomenon emerged—the BCG vaccine was associated with
protection from COVID-19 (10). However, this was not
replicated in randomized controlled clinical trials (11, 12). Due to
the prevalence and health impact of tuberculosis, co-infection is an
important issue. Williams et al. investigated co-infection of mice
with M. tuberculosis and SARS-CoV-2. Counter-intuitively, mice
with co-infection actually had a reduced mortality rate. The authors
found that the protection was associated with high levels of
cytokines including TNF and IFN-y in vivo and in vitro with
human PBMCs and epithelial cells suggesting that activated
innate pathways can lead to broad protective antiviral effects
(Williams et al.).

Strategies to improve SARS-CoV-
2 vaccines

It is important to increase vaccine efficiency and optimize
delivery, timing, targets, and adjuvants especially since periodic
immunizations are now recommended due to persistent generation
of new viral variants. While the emphasis in the literature has been
on the generation of neutralizing antibodies, it has been shown that
generating a strong T cell response is important for long-term
immunity although the precise roles of T cells remain poorly
understood and understudied (13, 14). Therefore, using multiple
B and T cell epitopes for a vaccine is a promising strategy
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investigated in this Research Topic by Prakash et al. Other
promising strategies investigated include: intranasal delivery i.e. a
needle-free method with all the advantages of stimulating mucosal
immunity by Zhou et al; coupling vaccine with cytokine
stimulation (CCL20/MIP-30) by Gordy et al; and stabilizing the
spike trimer for a more robust immune response by Avila-Nieto
et al. Song et al. went a step beyond most studies which usually do
not look at more than one vaccine administration or more than one
regimen and found that a heterologous boost resulted in more B cell
activation and antibody production. These types of studies are
particularly important given the paucity of studies assessing
effects of repeated vaccinations on different components of
immune responses, as well as means to further optimize them.

Conclusion

It is important to note that preclinical models have the advantage
of controlling for the numerous variables (outbred and diverse
populations, sex, age, obesity, prior pathogen exposure, etc)
associated with clinical studies (summary of pros and cons in
Table 1). Added to these are the limitations of clinical studies
regarding tissue assessment and assays available, particularly for
immune studies. This is the advantage of robust preclinical
modelling which offers the ability to control for many of these
factors and allow for thorough mechanistic dissection of therapeutic
and vaccine strategies as reviewed in this Research Topic (Collins et al.).
The emergence of chronic symptoms well after SARS-CoV-2
infection, termed post-acute sequelae of COVID-19 (PASC), also
highlight the importance of using preclinical models in long-term
studies to determine immunological mechanisms involved. The
marked immune changes that arise with normal aging further
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Novel Spike-stabilized trimers
with improved production
protect K18-hACE2 mice and
golden Syrian hamsters from the
highly pathogenic SARS-CoV-2
Beta variant
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Most COVID-19 vaccines are based on the SARS-CoV-2 Spike glycoprotein (S) or
their subunits. However, S shows some structural instability that limits its
immunogenicity and production, hampering the development of recombinant
S-based vaccines. The introduction of the K986P and V987P (S-2P) mutations
increases the production and immunogenicity of the recombinant S trimer,
suggesting that these two parameters are related. Nevertheless, S-2P still
shows some molecular instability and it is produced with low yield. Here we
described a novel set of mutations identified by molecular modeling and located
in the S2 region of the S-2P that increase its production up to five-fold. Besides
their immunogenicity, the efficacy of two representative S-2P-based mutants, S-
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29 and S-21, protecting from a heterologous SARS-CoV-2 Beta variant challenge
was assayed in K18-hACE2 mice (an animal model of severe SARS-CoV-2
disease) and golden Syrian hamsters (GSH) (a moderate disease model). S-21
induced higher level of WH1 and Delta variants neutralizing antibodies than S-2P
in K18-hACE2 mice three days after challenge. Viral load in nasal turbinate and
oropharyngeal samples were reduced in S-21 and S-29 vaccinated mice. Despite
that, only the S-29 protein protected 100% of K18-hACE2 mice from severe
disease. When GSH were analyzed, all immunized animals were protected from
disease development irrespectively of the immunogen they received. Therefore,
the higher yield of S-29, as well as its improved immunogenicity and efficacy
protecting from the highly pathogenic SARS-CoV-2 Beta variant, pinpoint the S-
29 mutant as an alternative to the S-2P protein for future SARS-CoV-2
vaccine development.

KEYWORDS

COVID-19, SARS-CoV-2, vaccine, neutralizing antibodies, humoral response,
Spike glycoprotein

1 Introduction

Vaccines have been extensively used to control infectious
diseases. While smallpox is the only pathogen that has been
eradicated in human, mass immunization programs have reduced
the spread of other infectious diseases, including tetanus, polio, and
measles (1, 2). In January 2020, the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) was identified as the
causal agent of the coronavirus disease 2019 (COVID-19), and
many laboratories rapidly started programs to develop COVID-19
vaccines (3, 4). To date, several COVID-19 vaccines are available
and have contributed to the reduction of COVID-19 impact on
public health (5, 6). However, COVID-19 is still present in the
world and new SARS-CoV-2 variants continue emerging with high
transmissibility and/or resistance to the immune responses elicited
after infection and/or vaccination (7).

Within the SARS-CoV-2 proteome, the Spike (S) mediates virus
attachment by binding to the angiotensin-converting enzyme 2
receptor (ACE2) on the surface of target cells. After being primed by
host proteases, S promotes viral entry and cell infection (8, 9).
Therefore, most SARS-CoV-2 vaccines are based on this protein
since it is the main target of neutralizing antibodies (NAbs)
[particularly, the receptor binding domain (RBD)] (3, 4, 10). The
S is a trimer, and each monomer has two subunits: the S1
extracellular, and the S2 membrane anchor subunits. While the
S1 binds to ACE2 via the RBDs, the S2 domain participates in the
membrane fusion process, which involves drastic conformational
changes (8, 11, 12). Thus, the S glycoprotein shows a certain degree
of structural instability that might hamper its production as
recombinant protein and modulate its immunogenicity. This
feature is shared with functional homologous surface proteins
from other viruses, including the S of Middle East respiratory
syndrome coronavirus (MERS-CoV), the Fusion protein of the
respiratory syncytial virus (RSV), or the Envelope glycoprotein of
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the human immunodeficiency virus (HIV) (13). Several studies
have shown that it is possible to stabilize these proteins in their
prefusion state and improve their production and immunogenicity
(13). In this sense, the introduction of two proline mutations in the
S2 (S-2P) has been proposed as a common strategy for the
stabilization of this glycoprotein from several coronaviruses,
including the SARS-CoV-2 (11, 14). In fact, some of the most
used SARS-CoV-2 vaccines, such as BNT162b2, mRNA-1273 or
Ad26.COV2.S are based on the S-2P strategy (15-17).

Importantly, the S-2P protein still retains some structural
instability and generates a poor yield when the protein is
produced as recombinant protein (around 0.5 mg/L) (11, 18).
Several studies have addressed these limitations by introducing
additional stabilizing mutations. In this sense, the incorporation
of four additional prolines (S-6P) improved the stability of the S
trimer and increased its yield by ten-fold (18). In another
approach, the incorporation of the mutations D614N, A892P,
A942P, and V987P stabilized the S protein in a close-prefusion
state and increased its yield by 6-fold (19). However, whereas the
addition of disulfide bridges between different domains of the S
glycoprotein reduced the motility of the RBD, it failed improving
recombinant trimer production (20, 21). Alternatively, pre-fusion
stabilizing mutations have also been identified by high-
throughput methods. Thus, the addition of D994Q mutation to
the S-2P backbone increased its production as soluble
recombinant protein by three-fold (22). However, it remains
poorly understood how all these mutations modify the S
immunogenicity compared to S-2P.

Here, we describe a set of novel mutations that increase
SARS-CoV-2 S yields by five-fold, while maintaining the
immunogenicity and protection efficacy against the development
of SARS-CoV-2-induced disease in K18-hACE2 transgenic mice
and golden Syrian hamsters (GSH) previously observed with the
S-2P prototype.
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2 Materials and methods

2.1 Recombinant trimeric S glycoprotein
design and modeling

Unsolved secondary structures of the trimer in closed (PDB:
6VXX) and open (PDB: 6VYB) conformations (8) were
reconstructed using SwissModel (23). Then, all possible single
mutations in both conformations were modeled using FoldX (24).
For selecting potential variants, two different approaches were used.
First, we computed the Gibbs free energy change (AAGgpen)
between the WT and the mutant using the open state as a
reference. Negative values indicate introduction of stabilization.
Second, comparison of the Gibbs free energy changes upon
mutation between the closed (AAGjseq) and open (AAGgper)
conformations (AAG) revealed a set of mutations predicted to
strengthen the open conformation in combination with 2P
(positive values indicate stabilization of the open state). For both
approaches, all single mutations predicting beneficial energies (or
just slightly neutral/worst values) were addressed by inspecting the
three-dimensional models. In this regard, the final selection was
based on: i) selection of mutations predicted to increase the stability
of the open-conformation using FoldX; ii) selection of mutations
predicted to increase the stability of the open-conformation over the
closed one using FoldX, iii) selection of mutations creating well-
defined intermolecular interactions between the RBD domains
(including hydrophobic bonds, m-m interactions and cation-m
interactions, ionic bonds, hydrophobic contacts or cavity filling
mutations) that would exert a positive impact in the open state or a
negative one on the closing motion of the trimer.

2.2 Recombinant protein production
and purification

Recombinant trimeric S glycoproteins based on the Wuhan
WH-1 sequence were designed as previously described by Wrapp
(11). Briefly, the C-terminal end of the S, without the
transmembrane and cytoplasmatic domains, was fused to a T4
foldon trimerization domain in tandem with an 8xhis tag and a
strep tag II. The furin cleavage site was removed by mutating it to
GSAS. All constructs include the K986P and V987P mutations.
DNA constructs were supplied by GeneART (ThermoFisher
scientific) as pcDNA3.4-based plasmids. Proteins were produced
by transient transfection using the Expi293 expression system
(ThermoFisher Scientific), following the manufacturer
instructions. Five days after transfection, cell culture supernatants
were harvested and clarified by centrifugation (3000xg for 20
minutes) or using Sartoclear Dynamics® Lab V (Sartorius).
Supernatants were then filtered at 0.2 pm using Nalgene Rapid
Flow sterile single using vacuum filter units (ThermoFisher
Scientific) and were purified using Ni-Sepharose Excel histidine-
tagged protein purification resin (Cytiva), concentrated, and buffer
exchanged to phosphate buffer saline by ultrafiltration (Merck
Millipore). Integrity and purity of purified proteins were analyzed
by sodium dodecyl sulfate polyacrylamide gel electrophoresis and
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Coomassie G-250 staining (ThermoFisher Scientific). Purified
proteins were stored at -80°C until use.

2.3 Recombinant S proteins quantification
and RBD exposure

S variants production was determined in duplicate by an in-
house developed ELISA. Nunc MaxiSorp ELISA plates were coated
overnight at 4°C with the anti-6xHis antibody HIS.H8
(ThermoFisher Scientific) at 2 pug/mL in PBS. Then, plates were
blocked with PBS/1% of bovine serum albumin (BSA, Miltenyi
Biotech) for two hours at room temperature. The recombinant
SARS-CoV-2 Spike S1+S2-His protein (Sino Biological) was used as
standard at 1ug/mL followed by 3-fold dilutions. S variants samples
(supernatant and purified proteins) were serially diluted so that they
could be quantified. Standards and samples were diluted in blocking
buffer. After blocking, 50 pL of each sample and standard were
added to plates and incubated overnight at 4°C. Next day, the
SARS-CoV-2 Spike S2 IgG rabbit antibody (Sino Biological) was
diluted (1/1000) in blocking buffer and added to plates for 2 hours
at room temperature. The HRP-donkey anti-rabbit IgG (H+L) (1/
10.000) (Jackson ImmunoResearch) was used as detection antibody.
Plates were revealed with o-Phenylenediamine (OPD) (Sigma
Aldrich) and stopped using 4N of H,SO, (Sigma-Aldrich). Signal
was analyzed as the optical density (OD) at 492 nm with noise
correction at 620 nm. S mutants quantification was done according
to standard curve using Graphpad.

The RBD exposition was evaluated using an in-house ELISA.
Nunc Maxisorp ELISA plates were coated with the HIS.H8 anti-
6xHis tag monoclonal antibody (ThermoFisher Scientific) at 2 ug/
mL in PBS and incubated overnight at 4°C. Then, plates were
washed and blocked for two hours using PBS/1% of BSA (Miltenyi
Biotech) at room temperature. After that, each sample was added in
triplicate and incubated overnight (4°C) at 0.1 ug/ml. The next day,
plates were washed and incubated with a purified ACE2-human IgG
Fc-fusion protein at 0.1 pg/mL in blocking buffer for 2 hours at
room temperature. Next, plates were incubated for 1 hour at room
temperature with HRP conjugated- (Fab), goat anti-human IgG (Fc
specific) (1/10000) (Jackson ImmunoResearch). Plates were
revealed with OPD (Sigma Aldrich) and stopped using 2N of
H,SO, (Sigma Aldrich). Signal was analyzed as the OD at 492
nm with noise correction at 620 nm. ACE2 binding was determined
as the signal obtained with the ACE2-human Fc fusion protein,
normalized according to protein concentration. Data are shown as
fold change compared to S-2P.

2.4 Viral stock preparation

In vivo challenge experiments were performed using Cat24
SARS-CoV-2 B.1.531 (Beta) variant isolate (EPI_ISL_1663571)
(25, 26). Cat24 was isolated from a nasopharyngeal swab from a
COVID-19 affected patient, as previously described (25, 26) and
subsequently grown and titrated in Vero E6 cells (ATCC CRL-
1586). Vero E6 cells were cultured in Dulbecco’s modified Eagle
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medium (Invitrogen) supplemented with 10% fetal bovine serum
(FBS, Invitrogen), 100 U/mL penicillin, and 100 pug/mL
streptomycin, (all from Invitrogen).

2.5 In vivo immunization and
challenge experiments

K18-hACE2 transgenic mice (B6.Cg-Tg(K18-ACE2)2Prlmn/J;
stock #034860; Jackson Laboratories) were maintained by
breeding K18-hACE2 hemizygous mice with C57BL/6] mice,
following the instructions of Jackson Laboratory (https://www.jax.
org/strain/034860). Offspring genotyping was performed
according to the protocol 38170: Probe Assay - Tg (K18-ACE2)
2Prlmn QPCR version 2.0 (https://www.jax.org/Protocol?
stockNumber=034860&protocolID=38170). GSH were purchased
from Envigo and maintained by brother/sister mating. Both K18-
hACE2 transgenic mice and GSH colonies were established at the
Centre for Comparative Medicine and Bioimage (CMCiB). Animal
studies were evaluated and approved in advance by the Committee on
the Ethics of Animal Experimentation of the IGTP and count with
the authorization of Generalitat de Catalunya (Code: 10965
and 11094).

Ninety-one K18-hACE2 mice (balanced female-male ratio, 7-9
weeks old) were distributed in five experimental groups: S-2P
(n=21), S-21(n=22), S-29 (n=22), unvaccinated and challenged
controls (n=16), and uninfected negative controls (n=10). In the
case of GSHs, a total of forty-nine animals were used (balanced
female-male ratio, 5-7 weeks old) and distributed in five
experimental groups: S-2P (n=11), S-21 (n=11), S-29 (n=11),
unvaccinated and challenged controls (n=11), and uninfected
negative controls (n=5). Both mice and hamsters from S-2P, S-21,
and S-29 groups were immunized with 15 pg of recombinant
protein with AddaVax (Invivogen) as adjuvant in the hock
(27). Three weeks later, immunized animals were boosted with a
second dose of the same formulation. Control animals were primed
and boosted with PBS and AddaVax . Two weeks after boosting,
mice were challenged with 1000 TCID5, of SARS-CoV-2 (Cat24
isolate) and followed up for 14 days. GSHs were challenged three
weeks after boosting with 10000 TCIDs, of SARS-CoV-2 (Cat24
isolate) and followed up for 7 days. After infection, body weight and
clinical signs were monitored daily until the end of the experiment.
Six mice for each experimental group, except the uninfected
controls, were euthanized on days 3 and 6. The remaining mice
were followed up until day 14 post-infection. Three and four
hamsters from each experimental group, except the uninfected
control group, were euthanized on days 2 and 4, respectively. The
remaining GSHs were euthanized on day 7 post infection. In both
challenge experiments, uninfected control group was euthanized at
the end of the experiment. In addition, any animal showing weight
loss higher than 20%, a drastic lack of motility, or a significant
reduction of their response to stimuli were euthanized according to
the humane endpoints defined in the supervision protocol.
Biological samples were collected after euthanasia, including
oropharyngeal swab, nasal turbinate, lung, and brain (only in the
case of mice) to determine viral loads and perform histopathological
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analysis. Furthermore, blood samples were collected before each
immunization, viral challenge, and under euthanasia. Blood was left
at room temperature for two hours for clotting, and serum was
collected after centrifugation (10 minutes at 5000xg) and stored at
-80°C until use.

2.6 Quantification of anti-S and anti-RBD
antibodies by ELISA

An in-house ELISA was developed to evaluate IgG antibodies
elicited against the S and RBD glycoproteins in serum samples
obtained as described before. Nunc MaxiSorp ELISA plates were
coated overnight at 4°C. Half plate was coated with 50 ng/well of
antigen diluted in PBS (S or RBD, Sino Biological) and the other
half plate was incubated only with PBS. Next day, the whole plate
was blocked for two hours at room temperature using blocking
buffer [PBS with 1% of bovine serum albumin (BSA, Miltenyi
Biotech)]. After that, 50 pL of the appropriate standard or diluted
samples were added to each half plate in duplicates and incubated
overnight at 4°C. All samples were prepared in blocking buffer. For
the mouse standard curve, we used anti-6xHis antibody His.H8
(ThermoFisher Scientific) starting at 1 ug/mL followed by 3-fold
dilutions. For GSH standard, a positive GSH serum was used. GSH
standard was prepared as seven 1/3 dilution of a stating 1/100
dilution. To reduce inter-assay variability, plates were run in
parallel, and each plate contained samples from all experimental
groups. The following day, plates were incubated with detection
antibodies for 1 hour at room temperature. HRP conjugated (Fab)2
Goat anti-mouse IgG (Fc specific (1/20,000 dilution), or Goat anti-
hamster IgG (H-L) (1/20,000 dilution) (all from Jackson
ImmunoResearch) were used as secondary antibodies in the
mouse and GSH IgG ELISA, respectively. Finally, plates were
revealed with o-phenylenediamine dihydrochloride (OPD) (Sigma
Aldrich) and stopped using 2N of H,SO, (Sigma Aldrich). Optical
density (OD) was measured at 492 nm with noise correction at 620
nm. The background OD obtained from the half antigen-free plate
was subtracted from the half antigen-coated plate to obtain the
specific signal for each sample. Data are showed as arbitrary units
(AU/ml) according to the standard used.

2.7 Neutralizing activity of serum samples

Sera neutralizing activity was evaluated as described by
Pradenas et al. (28). HIV reporter pseudoviruses expressing
SARS-CoV-2 § glycoprotein and carrying the luciferase gene were
produced in Expi293F cells (ThermoFisher Scientific) by co-
transfection of the pNL4-3. Luc.R-. E- plasmid (NIH AIDS
Reagent Program (29)) and plasmids coding for the following
SARS-CoV-2 S glycoproteins lacking the last 19 amino acid in C-
terminal: Wuhan (WH1), Beta, Delta, or Omicron variants. VSV-
G-pseudotyped pseudoviruses were used as negative controls.
Transfections were performed with ExpiFectamine293 Reagent kit
(ThermoFisher Scientific). Forty-eight hours later, cell supernatants
were harvested, filtered at 0.45 um and frozen at -80°C until use.
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Pseudovirus titration was performed using HEK293T cells
overexpressing WT human ACE-2 (HEK293T/hACE2) (Integral
Molecular, USA).

Serum samples were inactivated at 56°C for 60 minutes before
use. Once inactivated, serum samples were serially diluted 1/3 in cell
culture medium (RPMI-1640, 10% fetal bovine sera) (range 1/60-1/
14,580) and incubated with 200 TCIDs, of SARS-CoV-2-derived
pseudoviruses for 1 hour at 37°C. Then, 1x10* HEK293T/hACE2
cells treated with DEAE-Dextran (Sigma-Aldrich) were added.
After 48 hours, plates were read using BriteLite Plus Luciferase
reagent (PerkinElmer, USA) in an EnSight Multimode Plate Reader.
Neutralizing activity was calculated using a four-parameter logistic
equation in Prism 8.4.3 (GraphPad Software, USA) and visualized
as normalized IDs, (reciprocal dilution inhibiting 50% of
the infection).

2.8 Viral load quantification in
oropharyngeal swab and tissue samples

After euthanasia, oropharyngeal swab and samples from nasal
turbinate, lung, and brain were collected in 1.5 mL tubes with
DMEM media supplemented with penicillin (100 U/mL) and
streptomycin (100 pug/mL). Tissues were homogenized twice at 25
Hz for 30 seconds using a Tissue Lyser II, and a 1.5 mm Tungsten
bead (QIAGEN). After that, samples were centrifuged for 2 minutes
at 2000xg and supernatants were collected and processed using the
Viral RNA/Pathogen Nucleic Acid Isolation kit and a KingFisher
instrument (ThermoFisher Scientific), or an IndiMag pathogen kit
(Indical Bioscience) on a Biosprint 96 workstation (QIAGEN),
following manufacturer’s instructions.

PCR amplification was based on the 2019-Novel Coronavirus
Real-Time RT-PCR Diagnostic Panel guidelines, following the
protocol developed by the American Center for Disease Control
and Prevention (https://www.fda.gov/media/134922/download).
Briefly, 20 uL PCR reaction was set up containing 5 UL of RNA,
1.5 uL of N2 primers and probe (2019-nCov CDC EUA Kit,
Integrated DNA Technologies) and 10 pl of GoTaq 1-Step RT-
qPCR (Promega, Madison, WI, USA). Thermal cycling was
performed at 50°C for 15min for reverse transcription, followed
by 95°C for 2 min and then 45 cycles of 95°C for 10 sec, 56°C for 15
sec and 72°C for 30 sec in the Applied Biosystems 7500 or
QuantStudio5 Real-Time PCR instruments (ThermoFisher
Scientific). For absolute quantification, a standard curve was built
using 1/5 serial dilutions of a SARS-CoV2 plasmid (2019-
nCoV_N_Positive Control, 200 copies/uL, Integrated DNA
Technologies) and run in parallel in all PCR determinations.
Triplicates were performed to determine viral load of each
sample, which was extrapolated from the standard curve (in
copies/mL) and corrected by the corresponding dilution factor.
Alternatively, results are shown as Ct or 2-ACt.

SARS-CoV-2 subgenomic RNA was quantified as previously
described (30) with the following primers (Forward; 5-
CGATCTCTTGTAGATCTGTTCTC-3’; Reverse, 5'-ATATTG
CAGCAGTACGCACACAA-3’) and probe (5'- FAM-ACACTAG
CCATCCTTACTGCGCTTCG-TAMRA-3"). Mouse or GSH gapdh
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gene expression was measured in duplicate for each sample using
TaqMan gene expression assay (ThermoFisher Scientific) as
amplification control.

2.9 Pathology and immunohistochemistry

Nasal turbinate and lung from mice and GSHs, and additionally
brain from mice, were collected after euthanasia and fixed
by immersion in 10% buffered formalin and embedded into
paraffin. Then, tissue slides were stained with hematoxylin/
eosin and examined by optical microscopy to be analyzed
histopathologically. Samples were scored semi-quantitatively
based on the level of inflammation (0-No lesion; 1-Mild, 2-
Moderate, or 3-Severe lesion) as described in (31, 32).

The levels of SARS-CoV-2 Nucleoprotein in tissue slides were
determined by immunohistochemistry. A rabbit monoclonal
antibody 40143-R019 (Sino Biological) at 1:15,000 dilution, and
the EnVision®+ System linked to horseradish peroxidase (HRP,
Agilent-Dako) and 3,3’-diaminobenzidine (DAB) were used. A
semi-quantitative score was used to measure the amount of viral
antigen in the analyzed tissues (0-No antigen detection, 1-low, 2-
moderate and 3- high amount of antigen) according to previous
classifications (31, 32).

2.10 Statistical analysis

Anti-S and anti-RBD IgG data, as well as neutralizing activity
differences among groups at each time point were analyzed using
Kruskal-Wallis and Conover’s post-hoc tests with multiple
comparison correction by using false discovery rate (FDR).
Differences among animals within a particular group along time
were analyzed using the Friedman test and Conover’s post-hoc tests
for paired data and corrected for multiple comparison by FDR.
Krustal Wallis and Dunn’s post-hoc test were used in weight
variation in SARS-CoV-2 challenged animals. Severe disease
incidence was represented by Kaplan Meier plots and Mantel-Cox
test was implemented to calculated statistical differences against
uninfected group. To analyze SARS-CoV-2 gRNA and sgRNA data,
a Peto & Peto Left-censored k-sample test corrected by FDR was
performed. Asymptotic Generalized Pearson Chi-Squared test with
FDR correction was applied to histopathology analysis. P values are
indicated as follows: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
Statistical analyses were conducted using the R software
environment (version 4.1).

3 Results

3.1 Strategy for S glycoprotein stabilization
To increase the S glycoprotein stability and immunogenicity, we

followed two different approaches: 1) introduction of point

mutations into the S sequence to increase its stabilization (using
the open state as a reference structure), and 2) increase of RBD
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exposure by forcing an open conformation. In this regard, we built a
computational pipeline involving the three-dimensional modeling
of all possible single mutations in both scenarios (see the Methods
section for more details). Moreover, all single mutations that
showed a preference for any of these two conditions were visually
inspected. Mutations that clearly generated well-defined
interactions (e.g. hydrogen bonds, ionic interactions for filling

10.3389/fimmu.2023.1291972

hydrophobic pockets) between different chains of the S trimer
were prioritized (Figure 1A).

S mutants, based on the two prolines (K986P/V987P) stabilized
Wuhan WH-1 sequence, (Figure 1B) were then produced, and
yields evaluated (Figure 1C). Based on their production levels, these
glycoproteins were classified into three different groups (Figures 1B,
C). Group 1 included those constructs (i.e., S-29 and S-22) that were
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Selection of mutations that stabilized S glycoproteins. (A) S stabilizing mutations (red variants, left plot), or amino acids changes that increased RBD
exposition (blue variants, right plot) were selected based on energetic filters and visual inspection. Positive energy values indicate stabilization of the
open structure versus the closed one. Mutations with neutral (or slightly opposite) energetic trend were included. (B) List of S constructs that
incorporate the selected mutations identified in (A). (C) Yields of recombinant S mutants in a five-day cell culture supernatant. Mean plus standard
deviation of three experiments are shown. (D) RBD exposure index in selected recombinant proteins. Data are shown as ratio between RBD binding
and total protein. Mean plus standard deviation of three experiments are shown. (E) Presence of a cluster of three Glu residues (one Glu1092 from
each chain) that are facing each other in close proximity, with no positive residues nearby. Location of Thr912 is underlined as well. Also notice that
one of the three Thr has been mutated to Arg clearly showing a salt bridge interaction with the glutamic acid. (F) A detail of the proximity of the 1113
residue, already mutated to Arg, to the Glu1092 cluster. Thr912 is also showed. Structure models were based on 6VXX PDB structure. (G) Detail of
the RBD opening process and location of some key residues. The red and green ribbons indicate the difference between the open and closed states,
underlying the position of the two consecutive aspartic acid residues, Asp428 and Asp427, at the tip of the RBD domain. In orange ribbons the
location of the S758E mutation is shown. Notice that the inserted glutamic residue collides with the neighbor helix (pink ribbons). Models generated

from the 6VXX (closed) and 6VYB (open) PDB structures.
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produced at the highest levels (five-fold compared to the S-2P
protein). Group 2 contained S-21, S-24, S-26, S-27, S-30, and S-31,
whose production was intermediate (two-fold higher than S-2P).
Last, Group 3 included those S mutants with a protein yield lower
than S-2P (S-20, S-23, S-25, S-28, S-32, S-33, S-34, S-35, S-36, S-37,
and S-38). Remarkably, all constructs designed to increase RBD
exposure were in Group 3, suggesting that those mutations
drastically impacted the S stability and/or its production.
However, most constructs with an improved production, also
showed a better RBD exposure (Figures 1C, D).

Variants S-22 and S-29, with higher expression yield,
introduced a positive charge per chain in a local area where the
Glul092 of each chain might cause destabilization. Figure 1E shows
the presence of this cluster of Glutamic acid residues facing each
other and how the T912R mutation in S-29 might introduce
significant stabilization. Similarly, the Q1113R mutant in S-22
placed an arginine next to Glul092 (Figure 1F). Analogous
observations can be extracted of most mutants introducing a net
charge. We also observed that most mutants increasing RBD
exposure, such as S-21, S-24 and S-29, incorporated the S758E
mutation. This mutation is in the vicinity of the tip of the closed
RBD domain, where two consecutive Aspartic acid residues, Asp427
and Asp428 are located (Figure 1G). After modeling the possible
positioning of Glu758 (with an initial significant clash with a helix
backbone), we speculate that it would be displaced toward the tip of
the RBD domain and destabilize the closed conformation by
electrostatic repulsion.

Interestingly, S-22 and S-29 constructs share the conservative
mutation K947R located in the middle of the heptad repeat 1 (HR1)
helix, which could enhance the thermal stability of the protein (33).

3.2 S-21 and S-29 vaccination protects
K18-hACE2 mice from SARS-CoV-2-
induced disease

To investigate the impact of S mutations on its immunogenicity
and capability to protect from SARS-CoV-2-induced disease, we
selected two representative S mutants from group 1 (S-29) and 2 (S-
21). Then, we performed an immunization study using K18-hACE2
transgenic mice that were subsequently challenged with SARS-
CoV-2 B.1.351 (Beta) variant (Figure 2A). We used this
experimental design for the following reasons: 1) K18-hACE2
transgenic mice develop a severe form of the disease that leads to
death (34) unless animals are vaccine-protected; 2) the SARS-CoV-
2 Beta variant is partially resistant to antibodies elicited by natural
infection or vaccination with immunogens based on the original
strain (Wuhan, WH1) (35); and 3) the SARS-CoV-2 Beta variant is
one of the most pathogenic SARS-CoV-2 variants tested in K18-
hACE?2 transgenic mice (34). Thus, we established five experimental
groups: S-2P (n=21), S-21 (n=22), S-29 (n=22), infected positive
controls (n=16), and uninfected negative controls (n=10). Mice
from S-2P, S-21, and S-29 groups were immunized twice, three
weeks apart. Animals from both control groups received antigen-
free doses. Two weeks after the boost, all animals (except the
negative controls) were intranasally challenged with the SARS-

Frontiers in Immunology

14

10.3389/fimmu.2023.1291972

CoV-2 Beta variant. Blood and tissue samples were collected after
viral challenge on days 3 (n=6), 6 (n=6) and 14 (n=10 for S-21, S-29
and uninfected controls, and n=8 for S-2P) to analyze tissue damage
and viral replication (Figure 2A). All mice that developed severe
disease (one mouse in the S-2P and S-21 groups, and all mice from
the positive control group) were euthanized before day 14 following
humane endpoints and were analyzed separately.

Anti-RBD (Figure 2B) and anti-S (Supplementary Figure 1A)
IgG humoral responses were evaluated prior to each immunization
and viral challenge, and in euthanized animals after infection on
days 3, 6, and 14, or due to humane endpoints. Regardless of the
immunogen used, all vaccinated animals developed similar anti-
RBD (Figure 2B) and anti-S IgG levels (Supplementary Figure 1A),
which increased after each immunization and after viral challenge
(p<0.01, Conover’s post-hoc test). Since we did not identify
significant differences in the humoral responses among vaccinated
groups after challenge (Supplementary Figures 1B, C), we pooled
these mice in a single “post-challenge” group to simplify the
analysis. Of note, unvaccinated but challenged positive controls
elicited low levels of anti-RBD and anti-S IgG antibodies (Figure 2B
and Supplementary Figure 1A) that were detected from day 6 after
viral challenge (Supplementary Figures 1B, C).

Sera neutralizing activity against SARS-CoV-2 WHI, Beta,
Delta, and Omicron variants was detected in all three vaccinated
groups (Figures 2C-F). Interestingly, despite having similar levels of
anti-RBD IgGs (Figure 2B), and a slightly higher levels of anti-S IgG
antibodies (Supplementary Figure 1A), S-2P vaccinated mice
showed lower sera neutralizing activity against WH1 and Delta
variants on day 3 than those immunized with S-21 (Figures 2C, E)
(WH1 p<0.05; Delta p=0.052, Conover’s post-hoc test). Sera
neutralizing activity against Delta and Beta variants increased
over time in the S-2P vaccinated group after viral challenge (Beta
p<0.05; Delta p=0.052, Conover’s post-hoc test), suggesting that
infection boosted the humoral response in these animals. In line,
unvaccinated mice developed low sera neutralizing activity against
the SARS-CoV-2 Beta variant (Figure 2D) with some cross-
reactivity with WH1 but limited cross-neutralizing activity against
other SARS-CoV-2 variants (Figures 2C, E, F) after viral challenge.
No boost effect on sera neutralizing activity was detected in S-21-
and S-29-immunized mice after challenge, suggesting that the
humoral response reached a plateau in these groups.

To determine whether S-2P-, S-21-, and S-29-vaccinated mice
were protected against SARS-CoV-2-induced severe disease, we
measured body weight evolution (Figure 2G), clinical sings, and
survival rate after viral challenge (Figure 2H). A progressive weight
loss was observed in all unvaccinated but challenged mice starting
on day 2 post-challenge. These mice developed a severe disease on
days 5-9 post-infection and were euthanized following humane
endpoints. Conversely, all vaccinated mice (except one S-2P- and
one S-21-immunized mice), were disease-free (Figure 2H) and did
not experience weight loss. All mice belonging to S-29 group were
protected from severe disease development (Figures 2G, H).

The presence of SARS-CoV-2 in oropharyngeal swabs and
tissue samples from nasal turbinate, lung, and brain was analyzed
by RT-qPCR. All vaccinated mice had significantly lower levels of
genomic viral RNA (gRNA) in lung on day 3 post-inoculation
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FIGURE 2

Prophylactic activity of S-21 and S-29 immunization and vaccine-induced humoral response elicited in K18-hACE2 transgenic mice challenged with
SARS-CoV-2 B.1.351 (Beta) variant. K18-hACE2 transgenic mice were immunized following a prime/boost strategy with S-21, S-29, or S-2P, and
challenged with SARS-CoV-2 Beta. The vaccine-induced humoral responses, weight changes, and survival of mice were evaluated after
immunization and/or viral challenge. (A) Overview of immunization strategy and infection timeline. Biological samples were collected at indicated
time points. (B) Kinetics of anti-RBD antibodies in serum samples. Red triangles: S-2P group (n=21). Yellow squares: S-21 (n=22). Purple diamond: S-
29 (n=22). White circles: unvaccinated-challenge mice (n=16). Grey circles: unvaccinated-uninfected mice (n=10). Groups in each time point were
analyzed using Kruskal-Wallis and Conover’s post-hoc tests with multiple comparison correction by FDR. Differences among animals within a
particular group along time were analyzed using Friedman and Conover's post-hoc test for paired data with FDR correction. Sera neutralizing activity
against: (C) SARS-CoV-2 WH-1 variant, (D) B.1.351 (Beta) variant, (E) B.1.617.2 (Delta), and (F) B.1.1.529 (Omicron) variants after viral challenge
Neutralization data were analyzed as indicated in "b". (G) Percentage of weight variation in SARS-CoV-2 B.1.351 infected K18-ACE2 mice over time.
Statistical analysis was performed against the unvaccinated and challenged group using Kruskal Wallis with Dunn’s post-hoc test. (H) Kaplan-Meier
plot showing the percentage of SARS-CoV-2-infected animals that were disease-free at the end of the experiment. Statistical analysis was
performed against unvaccinated group using Mantel-Cox test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Mean plus standard errors of the

means (SEM) are shown

compared to the positive control group (p<0.05, Peto & Peto Left-
censored k-sample test) (Figure 3A). Most notably gRNA was
scarcely detected in brain of vaccinated mice compared to
unvaccinated animals (Figure 3A). Interestingly, S-21- and S-29-
vaccinated mice showed lower viral load in nasal turbinate than S-
2P and control groups on day 3, and S-2P vaccinated mice on day 6
(p<0.05, Peto & Peto Left-censored k-sample test) (Figure 3A). The
lack of differences with the control group on day 6 could be
explained due to the small number of unvaccinated mice that
reached this timepoint, since the majority had been euthanized
on day 5 post-infection (Figure 2H). Similarly, S-21 and S-29 groups
exhibited lower viral loads in oropharyngeal swabs than
unvaccinated mice (S-21 p<0.05; S-29 p=0.066; Peto & Peto Left-
censored k-sample test) (Figure 3A). Generally, gRNA decreased
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over time in all immunized mice regardless of the analyzed sample,
whereas the opposite outcome was observed in mice belonging to
the challenged control group, and in those vaccinated mice that
developed severe disease (Figure 3A). Similar results were observed
when subgenomic viral RNA (sgRNA) was analyzed using the same
biological samples (Supplementary Figure 1D).

To confirm active viral replication, nucleoprotein (NP) levels
were analyzed by immunohistochemistry. NP was hardly detected
in lung and brain samples from S-2P, S-21 and S-29 groups
(Figure 3B). These data are in accordance with the viral loads
detected in these samples. Despite that, some tissue damage was still
detected in the lungs of all vaccinated groups. Remarkably, limited
tissue damage was found in the brain of vaccinated mice, except in
those animals euthanized due to humane endpoints (Figure 3C).
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FIGURE 3

Viral load and histopathology analysis of biological samples from SARS-CoV-2 B.1.351 infected K18-hACE2 transgenic mice after vaccination. SARS-
CoV-2 viral loads were analyzed in oropharyngeal swabs, and samples from nasal turbinate, lung, and brain of infected K18-hACE2 mice. Virus
distribution and tissue damage were analyzed by immunohistochemistry and histopathology, respectively. (A) Levels of SARS-CoV-2 gRNA
(expressed as logarithmic of copies/mL) in oropharyngeal swabs, nasal turbinate, lung, and brain during infection. Dotted line indicates limit of
detection (100 copies/mL). Differences among groups were analyzed using Peto & Peto left-censored k-sample test with FDR correction. (B)
Detection of SARS-CoV-2 Nucleocapsid protein in brain and lung by immunohistochemistry. Staining score: (0) no antigen, (1) low, (2) moderate,
and (3) high viral antigen. (C) Histopathological analysis of brain and lung by hematoxylin and eosin staining. Lesion score: (0) no lesion, (1) mild
lesion, (2) moderate lesion, and (3) severe lesion. Differences among groups were analyzed using Asymptotic Generalized Pearson Chi-Squared test

with FDR correction. * p<0.05, ** p<0.01.

Overall, S-2P, S-21, and S-29 trimers displayed an equivalent
immunogenicity in K18-hACE2 transgenic mice and protected
these animals from developing severe disease after SARS-CoV-2
Beta variant challenge. Interestingly, S-21- and S-29-immunized
animals had lower viral loads in nasal turbinate than S-2P and
infected controls on days 3 and 6 after challenge. Viral loads were
also reduced in oropharyngeal swabs of these mice on day 3
compared to infected control groups.

3.3 S-21 and S-29 trimer vaccination
protects golden Syrian hamsters from
COVID-19 development

To confirm the results obtained in K18-hACE2 mice, a second
immunization and challenge experiment was performed using GSH
with the same immunogens. Unlike K18-hACE2 mice, GSH
develop a moderate form of SARS-CoV-2-induced disease, from
which they spontaneously recover by day 14 after challenge (31, 36).
GSH were immunized following a similar prime/boost strategy to
the previously used for K18-hACE2 transgenic mice. Animals were
intranasally challenged with the SARS-CoV-2 Beta variant and
followed up until day 7 post-challenge (Figure 4A), since it has
been described that GSH start recovering weight from this day
(31, 36).
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In accordance with K18-hACE2 transgenic mice data, the three
vaccinated groups (S-2P, S-21 and S-29) developed similar levels of
anti-RBD and anti-S binding IgG (Figure 4B and Supplementary
Figures 2A, B). Interestingly, the second immunization did not boost
vaccine-induced anti-S IgGs (Supplementary Figures 2A, B), but
slightly increased anti-RBD IgG antibodies by 2 to 3-fold, (p>0.05)
(Figure 4B). An increase in anti-S IgG levels was observed after viral
challenge in both vaccinated and unvaccinated but challenged mice
(Supplementary Figure 2A). Nonetheless, when anti-RBD IgG
responses were analyzed, that boosting effect was less evident and
only detected in the S-2P and in unvaccinated and challenged groups
(Figure 2B and Supplementary Figure 2B). These results suggest that
viral challenge elicited a rapid humoral response in naive animals,
boosting anti-S IgG responses, but had little effect in vaccinated GSH.
Despite that, immunized GSH showed higher levels of anti-S and
anti-RBD antibodies than challenged controls (p<0.001 for S-2P and
S-29 group, and p<0.01 for S-21 group; Friedman test) (Figure 4B
and Supplementary Figure 2A).

Sera neutralizing activity against SARS-CoV-2 WHI, Beta and
Delta, and to a lesser extent, Omicron variants was detected in
vaccinated animals at all post-challenge timepoints (Figures 4C-F).
No differences were identified among immunized groups.
Remarkably, and contrarily to K18-hACE2 transgenic mice data,
sera neutralizing activity against all four SARS-CoV-2 variants were
observed in some challenged positive control animals by day 4 after
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FIGURE 4

Vaccine-induced humoral responses and prophylactic activity of S-21 and S-29 in immunized GSH after challenge with the SARS-CoV-2 B.1.351
(Beta) variant. GSH were immunized twice with S-21, S-29 or S-2P, and subsequently challenged with SARS-CoV-2 B.1.351 variants. The humoral
response, weight changes, and survival of mice were evaluated after immunization and/or viral challenge. (A) Outline of immunization schedule and
infection timeline. Biological samples were collected at the indicated time points. (B) Kinetics of anti-RBD antibodies in serum samples. Red
triangles: S-2P group (n= 11). Yellow squares: S-21 (n=11). Purple diamond: S-29 (n=11). White circles: unvaccinated-challenged mice (n=11). Grey
circles: unvaccinated-uninfected mice (n=5). Groups in each time point were analyzed using Kruskal-Wallis and Conover's post-hoc tests with
multiple comparison correction by FDR. Differences among animals within a particular group along time were analyzed using the Friedman and
Conover's post-hoc tests for paired data with FDR correction. Sera neutralizing activity after viral challenge against: (C) SARS-CoV-2 WH-1, (D)
B.1.351 (Beta), (E) B.1.617.2 (Delta), and (F) B.1.1.529 (Omicron) variants. Neutralization data were analyzed as indicated in (B). (G) Percentage of
weight variation in SARS-CoV-2 B.1.351-infected GSH over time. (H) Kaplan-Meier plot showing the frequency of disease-free SARS-CoV-2-infected
animals at the end of the experiment. Statistical analysis was performed against the unvaccinated group using Kruskal Wallis and Dunn’s post-hoc

tests. * p<0.05, ** p<0.01, *** p<0.001.

challenge (Figures 4C-F). These results indicate that cross-reactive
neutralizing antibodies were generated in those individuals.
Unexpectedly, the neutralizing activity against the SARS-CoV-2
Beta variant was higher in challenged control animals than in S-21-
and S-29-vaccinated GSH by day 7 (Figure 4D). According to the
binding ELISA data, neutralization titers also increased in
immunized GSH by day 7 after viral challenge (p<0.05; Conover’
s post-hoc test), indicating that infection boosts vaccine-induced
humoral neutralizing responses (Figures 4C-F).

To determine whether vaccination protected GSHs from SARS-CoV-
2-induced disease, we monitored animal weight over time after viral
challenge (Figure 4G). Challenged control GSHs showed progressive
weight reduction until day 6, which was indicative of disease
progression. One animal from this group suffered a weight reduction
greater than 20% by day 6 post-inoculation and was euthanized according
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to humane endpoints (Figure 4H). No significant weight loss was observed
in vaccinated GSHs, indicating that these animals were protected from
disease development (Figures 4G, H).

To evaluate viral replication in tissues, we determined the levels of
gRNA and sgRNA by RT-qPCR. We did not identify any differences
among study groups in the levels of gRNA and sgRNA in nasal
turbinate, lung, in oropharyngeal samples were detected (Figure 5A
and Supplementary Figure 2C). However, vaccinated animals
exhibited a decreasing trend in their nasal turbinate levels of both
gRNA and sgRNA over time after challenge (p=0.061; Peto & Peto
Left-censored k-sample test) (Figure 5A and Supplementary
Figure 2C). In addition, the analysis of nasal turbinate samples on
day 7 post-challenge showed that vaccinated GSH displayed lower
gRNA and sgRNA levels tendency compared with unvaccinated-
challenged controls (gRNA: p=0.061; sgRNA: p=0.056; Peto & Peto
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FIGURE 5

Histopathology and viral loads in tissues from vaccinated GSH after challenge with SARS-CoV-2 Beta variant. SARS-CoV-2 viral loads were analyzed
in oropharyngeal swabs, and samples from nasal turbinate and lung of vaccinated and challenged GSH. Virus distribution and tissue damage was
analyzed by immunohistochemistry and histopathology, respectively. (A) Levels of SARS-CoV-2 gRNA, expressed as cycles threshold (CTs), in
oropharyngeal swabs, nasal turbinate, and lung during infection. Dotted line indicates limit of positivity (40 CTs). Differences among groups were
analyzed using Peto & Peto left-censored k-sample test with FDR correction. (B) Detection of SARS-CoV-2 Nucleocapsid protein in lung and nasal
turbinate by immunohistochemistry. Staining score: (0) no antigen, (1) low, (2) moderate, and (3) high viral antigen. (C) Histopathological analysis of
lung and nasal turbinate by hematoxylin and eosin staining. Lesion score: (0) no lesion, (1) mild lesion, (2) moderate lesion, and (3) severe lesion.
Differences among groups were analyzed using Asymptotic Generalized Pearson Chi-Squared test and FDR.

Left-censored k-sample test) (Figure 5A and Supplementary
Figure 2C). To confirm RT-qPCR data, the presence of NP was
analyzed in nasal turbinate and lung by THC. NP was not detected in
nasal turbinate samples from immunized animals on day 7
(Figure 5B). These results confirm the decreasing trend observed
when gRNA and sgRNA were analyzed over time. Similarly, SARS-
CoV-2 replication associated lesions were hardly detected in nasal
turbinate samples on day 7 (Figure 5C). However, despite NP was not
detected in lung of vaccinated GSHs on day 7, low levels of tissue
lesions were still present (Figure 5C). No significant differences in
tissue damage were observed in lung samples among study groups,
probably due to the low number of animals per group.

Overall, these results confirm that all three S-2P, S-21 and S-29
immunogens showed an equivalent immunogenicity and
prophylactic activity in GSHs, protecting these animals from the
development of severe SARS-CoV-2-induced disease.

4 Discussion

The implementation of SARS-CoV-2 vaccines became an
inflexion point on the course of the COVID-19 pandemic.
However, new SARS-CoV-2 variants have shown partial
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resistance to the immunity generated by the first generation of
COVID-19 vaccines, which were based on the ancestral WH1
sequence (37-39). Although additional immunizations proved to
increase the protection level against new emerging SARS-CoV-2
variants (40, 41), this protection remains transient (42).
Particularly, the levels of NAbs elicited against the newest
variants (i.e. Omicron and subvariants) wane overtime (43, 44),
pointing out the importance of developing novel vaccines that
increase coverage and duration of immunity. Thus, the adaptation
of vaccines to the new variants has shown encouraging results (45—
47), and several studies performed in animal models indicate that
intranasal immunization may also improve protection (48, 49).
Besides these two complementary approaches, S immunogenicity
can be enhanced by protein stabilization strategies. Studies
performed with the S glycoprotein of MERS and with functional
analogous of other viruses have shown that the introduction of
mutations that stabilize these proteins in a prefusion state may
increase its production and immunogenicity (13, 50). Accordingly,
the introduction of two prolines (K986P and V987P) into the S2
subunit of SARS-CoV-2 S was promptly confirmed to enhance its
stability and immunogenicity (50), and was successfully
implemented in several widely used commercial vaccines (e.g.
BNT162b2, mRNA-1273 and Ad26.COV2.S). However, it is still
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possible to improve the current S-2P strategy since the target
recombinant protein is produced with low yield and shows some
degree of instability (18). Initial attempts to stabilize the S in its
closed conformation yielded low production, suggesting that the
open conformation of the RBD or its intrinsic motility might play a
role in protein expression (20). Recently, Juraszek and colleagues
showed that the incorporation of the D614N, A892P, A942P, and
V987P mutations were able to stabilize the S glycoprotein in its
closed conformation and increase its yield by six-fold compared to
the original S-2P protein (19). Interestingly, Hsieh et al. improved
the S stability and production by ten-fold, after introducing four
additional proline mutations into the S-2P backbone (18).

Here, we designed and produced a set of S-2P mutated variants
whose yield increased between two and five-fold using our new
computational pipeline. Unlike proline substitutions, we selected
mutations that generated hydrogen bonds, ionic interactions filling
hydrophobic pockets, or other well-defined interaction between
different chains of the S trimer. We selected two representative S
mutants based on their production levels and RBD exposure. Thus,
S-21 showed the highest RBD exposure and a moderate increased
production, while S29 showed the highest production but a
moderate increased RBD exposure compared to S-2P. S-21, S-29
and S-2P were then compared in terms of immunogenicity and
capacity to protect against the SARS-CoV-2 Beta variant, one of the
most virulent SARS-CoV-2 variants tested in the K18-hACE2
mouse model (34). To substantiate our results, we used two
different animal models: K18-hACE2 transgenic mice and GSHs.
The K18-hACE2 is a transgenic mouse model that develops severe
disease after SARS-CoV-2 challenge (51, 52). Most mice succumb
after viral challenge, mainly due to the infection of the central
nervous system (32). On the other hand, GSHs develop a moderate
disease, and animals spontaneously recover two weeks after
challenge (31, 36). Our results showed that despite S-2P, S-21,
and S-29 showed equivalent immunogenicity and protected both
animal models against disease progression, they differed in the
degree of protection. The S-29 protein induced an immune
response that protected 100% of K18-hACE2 transgenic mice
after challenge with the SARS-CoV-2 Beta variant. On the
contrary, one mouse in both S-2P and S-21 groups developed
severe disease and had to be euthanized on days 8 and 14 after
challenge, respectively. Therefore, our results suggested that the S
stabilization may impact on the capacity of this protein to induce a
protective immune response, particularly against heterologous
SARS-CoV-2 variants. According to the in vivo protection data,
S-29- and S-21-immunized animals showed a faster viral clearance
in nasal turbinate than S-2P immunized mice.

In summary, we described a novel set of mutations that
stabilized the S glycoprotein, increasing its production in vitro,
and improving its protective capacity against SARS-CoV-2-induced
disease in vivo. Despite all these immunogens were based on the
original WH1 S sequence, S-29 protein showed 100% protection
against the SARS-CoV-2 Beta variant. The inclusion of these
mutations on the next generation of variant-adapted S-based
COVID-19 vaccines could enhance the degree of protection to

new emerging variants. In addition to an improvement in mucosal
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vaccine delivery, these advances could significantly contribute to the
generation of novel COVID-19 mucosal vaccines that prevent viral
infection, irrespectively of the circulating variants. Our results,
including our new computational pipeline, may also contribute to
the development of novel vaccines for other pathogenic viruses.
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highly conserved human B,
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based vaccine against severe
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caused by multiple SARS-CoV-2
variants of concern
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Background: The coronavirus disease 2019 (COVID-19) pandemic has created
one of the largest global health crises in almost a century. Although the current
rate of Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections
has decreased significantly, the long-term outlook of COVID-19 remains a
serious cause of morbidity and mortality worldwide, with the mortality rate still
substantially surpassing even that recorded for influenza viruses. The continued
emergence of SARS-CoV-2 variants of concern (VOCs), including multiple
heavily mutated Omicron sub-variants, has prolonged the COVID-19
pandemic and underscores the urgent need for a next-generation vaccine that
will protect from multiple SARS-CoV-2 VOCs.

Methods: We designed a multi-epitope-based coronavirus vaccine that
incorporated B, CD4"%, and CD8" T- cell epitopes conserved among all
known SARS-CoV-2 VOCs and selectively recognized by CD8* and CD4" T-
cells from asymptomatic COVID-19 patients irrespective of VOC infection. The
safety, immunogenicity, and cross-protective immunity of this pan-variant
SARS-CoV-2 vaccine were studied against six VOCs using an innovative triple
transgenic h-ACE-2-HLA-A2/DR mouse model.
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Results: The pan-variant SARS-CoV-2 vaccine (i) is safe , (i) induces high
frequencies of lung-resident functional CD8* and CD4" Tgm and Tgrm cells ,
and (iii) provides robust protection against morbidity and virus replication.
COVID-19-related lung pathology and death were caused by six SARS-CoV-2
VOCs: Alpha (B.1.1.7), Beta (B.1.351), Gamma or P1 (B.1.1.28.1), Delta (lineage
B.1.617.2), and Omicron (B.1.1.529).

Conclusion: A multi-epitope pan-variant SARS-CoV-2 vaccine bearing
conserved human B- and T- cell epitopes from structural and non-structural
SARS-CoV-2 antigens induced cross-protective immunity that facilitated virus
clearance, and reduced morbidity, COVID-19-related lung pathology, and death
caused by multiple SARS-CoV-2 VOCs.

KEYWORDS

SARS-CoV-2, SL-CoVs, COVID-19, vaccine, epitopes, antibodies, T cells, immunity

Introduction

While the Wuhan Hul variant of SARS-CoV-2 is the ancestral
reference virus, Alpha (lineage B.1.1.7), Beta (lineage B.1.351),
Gamma (lineage B.1.1.28), and Delta (lineage B.1.617.2) variants
of concern (VOCs) subsequently emerged in the United Kingdom,
South Africa, Brazil, and India, respectively, between 2020 and 2022
(1). The most recent SARS CoV-2 variants, including multiple
heavily mutated Omicron (B.1.1.529) sub-variants, have prolonged
the COVID-19 pandemic (2-6). These new variants emerged
beginning December 2020 at a much higher rate, with the
accumulation of two mutations per month, and exerting strong
selective pressure on the immunologically important SARS-CoV-2
genes (7). The Alpha, Beta, Gamma, Delta, and Omicron variants
are defined as VOCs based on their high transmissibility associated
with increased hospitalizations and deaths (8). This is a result of
reduced neutralization by antibodies generated by previous variants
and/or by the first-generation COVID-19 vaccines, together with
failures of treatments and diagnostics (9, 10). Dr. Peter Marks,
Director/CBER (Center for Biologics Evaluation and Research) for
the FDA recently outlined the need for a superior next-generation
vaccine that will protect from multiple SARS-CoV-2 VOCs (11, 12).

Besides SARS CoV-2 variants, two additional coronaviruses from
the severe acute respiratory syndrome (SARS)-like betacoronavirus
(sarbecovirus) lineage, SARS coronavirus (SARS-CoV-1) and MERS-
CoV, have caused epidemics and pandemics in humans over the past
20 years (13). In addition, the discovery of diverse sarbecoviruses in
bats together with the frequent “jumping” of these zoonotic viruses
from bats to intermediate animal hosts raises the possibility of
another COVID-19- like pandemic in the future (14-19). Hence,
there is an urgency to develop a pre-emptive universal pan-variant
SARS-CoV-2 vaccine to protect against all SARS-CoV-2 variants,
SARS-CoV, MERS-CoV, and other zoonotic Sarbecoviruses with the
potential to jump from animals into humans.

Frontiers in Immunology

The SARS-CoV-2 genome comprises 29,903 bp. The Spike
protein is a predominant surface antigen of SARS-CoV-2
involved in the docking and penetration of the virus into the
target host cells (20-22). As such, the Spike protein is the main
target of the first-generation COVID-19 subunit vaccines aiming
mainly at inducing neutralizing antibodies (23, 24). Nearly 56% of
the 10 billion doses of first-generation COVID-19 vaccines are
based on the Spike antigen alone (25), while the remaining 44%
were based on whole- virion- inactivated (WVI) vaccines (26, 27).
Both the Spike-based COVID-19 sub-unit vaccines and the whole
virion-inactivated vaccines were successful (20-22). However,
because the Spike protein is the most mutated SARS-CoV-2
antigen, these first-generation vaccines lead to immune evasion
by many new variants and sub-variants, such as Omicron XBB.1.5
sub-variant (25, 28, 29). Therefore, the next generation of COVID-
19 vaccines should also target other highly conserved structural and
non-structural SARS-CoV-2 antigens capable of inducing
protection by cross-reactive CD4" and CD8" T cells (30-33).

Previously, we mapped and characterized the antigenicity and
immunogenicity of genome-wide B cell, CD4" T cell, and CD8" T-
cell epitopes that are highly conserved (33). We hypothesize that
multi-epitope vaccine candidates that express these highly
conserved, antigenic, and immunogenic B- and T- cell epitopes
will provide broader global population coverage against multiple
SARS-CoV-2 VOCs. The present study (1) identified seven B- cell
epitopes, six CD4" T- cell epitopes, and 16 CD8" T- cell epitopes
that are highly conserved within (i) 8.7 million genome sequences of
SARS-CoV-2, (ii) all previous and current SARS-CoV-2 variants ,
(iii) SARS-CoV , (iv) MERS-CoV, (v) common cold coronaviruses
(HKU, OC1 ), and (vi) in animal CoV (i.e., bats, civet cats, pangolin,
and camels); (2) established that those epitopes were selectively
recognized by B cells, CD4" T cells, and CD8" T cells from
“naturally protected” asymptomatic COVID-19 patients; and (3)
demonstrated that a multi-epitope pan-variant SARS-CoV-2
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vaccine that includes the above B cell, CD4" T cell, and CD8" T- cell
epitopes generated cross-protection against all the five SARS-CoV-2
VOCs, ie., SARS-CoV-2 (USA-WA1/2020), Alpha (B.1.1.7), Beta
(B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529)
in a novel triple transgenic HLA-A*02:01/HLA-DR hACE-2 mouse
model of COVID-19.

Materials and methods
Viruses

SARS-CoV-2 viruses specific to six variants, namely, (i) SARS-
CoV-2-USA/WA/2020 (Batch Number: G2027B ), (ii) Alpha
(B.1.1.7) (isolate England/204820464/2020, Batch Number:
C2108K ), (iii) Beta (B.1.351) (isolate South Africa/KRISP-EC-
K005321/2020; Batch Number: C2108F), (iv) Gamma (P.1)
(isolate hCoV-19/Japan/TY7-503/2021; Batch Number: G2126A),
(v) Delta (B.1.617.2) (isolate h-CoV-19/USA/MA29189; Batch
number: G87167), and Omicron (BA.1.529) (isolate h-CoV-19/
USA/FL17829; Batch number: G76172) were procured from
Microbiologics (St. Cloud, MN). The initial batches of viral stocks
were propagated to generate high-titer virus stocks. Vero E6
(ATCC-CRL1586 ) cells were used for this purpose using an
earlier published protocol (34). Procedures were completed only
after appropriate safety training was obtained using an aseptic
technique under BSL-3 containment.

Triple transgenic mice immunization with
SARS-CoV-2 conserved peptides
and infection

The University of California—Irvine conformed to the Guide for
the Care and Use of Laboratory Animals published by the US National
Institute of Health (IACUC protocol No. AUP-22-086). Seven- to
eight-week-old triple transgenic HLA-A*02:01/HLA-DRB1%*01:01-
hACE-2 mice (n=60) were included in this experiment. Mice were
subcutaneously immunized with a pool of conserved Pan-Coronavirus
peptides. The peptide pool administered per mouse comprised 25 |g
each of the 9-mer long 16 CD8" T-cell peptides (ORFlaby,g 218
ORFlabsg3-3021, ORFlabyzgs_4291, ORFlabgr49_6757, ORF63_11,
ORF7bys 34, ORF8ay3 g1, ORF105 13, ORF105 13, Soss 966> S1000-1008
S1220-1228 E20-28 E26-345 Mis2_60, and Mgo_o7), 15-mer long 6 CD4" T-
cell epitopes (ORFla;350_1365, ORF615 26, ORF8by_y5, S1_13, My76-1905
and Nigg 403), and 9 B-cell peptides. The pool of peptides was then
mixed with 25 pg of CpG and 25 pg of alum to prepare the final
composition. Mice were immunized with the peptide pool on Day 0
and Day 14 of the experiment. On Day 28, 14 days following the
second immunization, mice were divided into six groups and
intranasally infected with 1 x 10°> pfu of SARS-CoV-2 (USA-WAL/
2020) (n=10), 6 x 10° pfu of SARS-CoV-2-Alpha (B.1.1.7) (n=10), 6 x
10° pfu of SARS-CoV-2-Beta (B.1.351) (n=10), 5 x 10* pfu of SARS-
CoV-2-Gamma (P.1) (n=10), 8 x 10’ pfu of SARS-CoV-2-Delta
(B.1.617.2) (n=10), and 6.9 x 10* pfu of SARS-CoV-2-Omicron
(B.1.1.529) (n=10). The viruses were diluted, and each mouse was
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administered intranasally with 20 ul volume. Mice were monitored
daily for weight loss and survival until Day 14 p.i. Throat swabs were
collected for viral titration on Days 2, 4, 6, 8, 10, and 14 post-infection.
The experiment was repeated twice to overcome data bias.

Before beginning the vaccine experiments, we performed a well-
curated LD50 experiment in triple transgenic HLA-A*02:01/HLA-
DRB1*01:01-hACE-2 mice, for each of the variants, namely, SARS-
CoV-2 WA/USA, Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1),
Delta (B.1.617.2), and Omicron (B.1.1.529) variant at 1 x 10° PFU, 8
x 10* PFU, 1 x 10* PFU, 5 x 10° PFU, and 5 x 10° PFU. Based on
the LD50 results obtained, the triple transgenic HLA-A*02:01/
HLA-DRB1*01:01-hACE-2 mice were challenged with 1 x 10°
pfu for SARS-CoV-2 (USA-WA1/2020), 6 x 10° pfu for SARS-
CoV-2-Alpha (B.1.1.7) and SARS-CoV-2-Beta (B.1.351), 5 x 10°
pfu for SARS-CoV-2-Gamma (P.1), 8 x 10° pfu for SARS-CoV-2-
Delta (B.1.617.2), and 6.9 x 10* pfu for SARS-CoV-2-Omicron
(B.1.1.529) variants.

Human study population cohort and
HLA genotyping

In this study, we have included 210 subjects from a pool of over
682 subjects. Written informed consent was obtained from
participants before inclusion. The subjects were categorized as
mild to severe COVID-19 groups and have undergone treatment
at the University of California Irvine Medical Center between July
2020 and July 2022 (Institutional Review Board protocol no. 2020-
5779). SARS-CoV-2 positivity was defined by a positive RT-PCR on
nasopharyngeal swab samples. All the subjects were genotyped by
PCR for class T HLA-A*02:01 and class Il HLA-DRB1*01:01 among
the 682 patients (and after excluding a few for which the given
amount of blood was insufficient —i.e., <6ml), we ended up with
210 that were genotyped for HLA-A*02:01" or/and HLA-
DRB1*01:01" (35, 36). Based on the severity of symptoms and
ICU admission/intubation status, the subjects were divided into five
broad severity categories, namely, Severity 5, patients who died
from COVID-19 complications; Severity 4, infected COVID-19
patients with severe disease that were admitted to the intensive
care unit (ICU) and required ventilation support; Severity 3,
infected COVID-19 patients with severe disease that required
enrollment in ICU, but without ventilation support; Severity 2,
infected COVID-19 patients with moderate symptoms that
involved a regular hospital admission; Severity 1, infected
COVID-19 patients with mild symptoms; and Severity 0, infected
individuals with no symptoms. Demographically, the 210 patients
included were from mixed ethnicities [Hispanic (34%), Hispanic
Latino (29%), Asian (19%), Caucasian (14%), Afro-American (3%),
and Native Hawaiian and Other Pacific Islander descent (1%)].

Sequence comparison among variants of
SARS-CoV-2 and animal CoV strains

We retrieved nearly 8.5 million human SARS-CoV-2 genome
sequences from the GISAID database representing countries from
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North America, South America, Central America, Europe, Asia,
Oceania, Australia, and Africa. All the sequences included in this
study were retrieved either from the NCBI GenBank
(www.ncbi.nlm.nih.gov/nuccore) or GISAID (www.gisaid.org).
Multiple sequence alignment was performed keeping SARS-CoV-
2-Wuhan-Hu-1 (MN908947.3) protein sequence as a reference
against all the SARS-CoV-2 VOCs, common cold, and animal
CoV strains. The sequences were aligned using the high
throughput alignment tool DIAMOND (37).This comprised of all
the VOCs and VBMs of SARS-CoV-2 (B.1.177, B.1.160, B.1.1.7,
B.1.351, P.1, B.1.427/B.1.429, B.1.258, B.1.221, B.1.367, B.1.1.277,
B.1.1.302, B.1.525, B.1.526, S:677H.Robinl, S:677P.Pelican,
B.1.617.1, B.1.617.2, and B,1,1,529) and common cold SARS-CoV
strains (SARS-CoV-2-Wuhan-Hu-1 (MN908947.3), SARS-CoV-
Urbani (AY278741.1), HKU1-Genotype B (AY884001), CoV-
0OC43 (KF923903), CoV-NL63 (NC_005831), CoV-229E
(KY983587), and MERS (NC_019843)). In addition, for
evaluating the evolutionary relationship among the SARS-CoV-2
variants and common cold CoV strains, we have included whole-
genome sequences from the bat (RATG13 (MN996532.2), ZXC21
(MG772934.1), YNO1 (EPI_ISL_412976), YNO2(EPL_ISL_412977),
WIV16 (KT444582.1), WIV1 (KF367457.1), YNLF_31C
(KP886808.1), and Rs672 (FJ588686.1)), pangolin (GX-P2V
(MT072864.1), GX-P5E (MT040336.1), GX-P5L (MT040335.1),
GX-P1E (MT040334.1), GX-P4L (MT040333.1), GX-P3B
(MT072865.1), MP789 (MT121216.1), and Guangdong-P2S
(EPI_ISL_410544)), camel (KT368891.1, MN514967.1,
KF917527.1, and NC_028752.1), and civet (Civet007, A022,
and B039)).

SARS-CoV-2 CD8* and CD4* T-cell
epitope prediction

Epitope prediction was performed considering the spike
glycoprotein (YP_009724390.1) for the reference SARS-CoV-2
isolate, Omicron BA.2. The reference spike protein sequence was
used to screen CD8" T cell and CD4" T- cell epitopes. The tools
used for CD8" T- cell-based epitope prediction were SYFPEITHI,
MHC-I binding predictions, and Class I Immunogenicity. Of these,
the latter two were hosted on the IEDB platform. We used multiple
databases and algorithms for the prediction of CD4" T- cell
epitopes, namely, SYFPEITHI, MHC-II Binding Predictions,
Tepitool, and TEPITOPEpan. For CD8" T cell epitope prediction,
we selected the 5 most frequent HLA-A class I alleles (HLA-
A*01:01, HLA-A*02:01, HLA-A*03:01, HLA-A*11:01, HLA-
A*23:01) with nearly 80% coverage of the world population,
regardless of race and ethnicity, using a phenotypic frequency
cutoff > 6%. Similarly, for CD4" T- cell epitope prediction, HLA-
DRB1*01:01, HLA-DRB1*11:01, HLA-DRB1*15:01, HLA-
DRB1*03:01, and HLA-DRB1%04:01 alleles with population
coverage of 60% were selected. Subsequently, using NetMHC, we
analyzed the SARS-CoV-2 protein sequence against all the MHC-I
and MHC-II alleles. Epitopes with 9-mer lengths for MHC-I and
15-mer lengths for MHC-II were predicted. Subsequently, the
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peptides were analyzed for binding stability to the respective HLA
allotype. Our stringent epitope selection criteria were based on
picking the top 1% epitopes focused on prediction percentile scores.
N and O glycosylation sites were screened using NetNGlyc 1.0 and
NetOGlyc 4.0 prediction servers, respectively.

Population-coverage- based T- cell
epitope selection

For a robust epitope screening, we evaluated the conservancy of
CD8" T cell, CD4" T cell, and B- cell epitopes within spike
glycoprotein of Human-SARS-CoV-2 genome sequences
representing North America, South America, Africa, Europe,
Asia, and Australia. As of 20 April 2022, the GISAID database
extrapolated 8,559,210 human-SARS-CoV-2 genome sequences
representing six continents. Population coverage calculation
(PPC) was carried out using the Population Coverage software
hosted on the IEDB platform. PPC was performed to evaluate the
distribution of screened CD8" and CD4" T- cell epitopes in the
world population at large in combination with HLA-I (HLA-
A*01:01, HLA-A*02:01, HLA-A*03:01, HLA-A*11:01, and HLA-
A*23:01) and HLA-II (HLA-DRB1*01:01, HLA-DRB1*11:01, HLA-
DRB1*15:01, HLA-DRB1*03:01, and HLA-DRB1%04:01) alleles.

T- cell epitopes screening, selection, and
peptide synthesis

Peptide-epitopes from 12 SARS-CoV-2 proteins, including 9-
mer long 16 CD8" T- cell epitopes (ORF1abyy19_5218, ORFlabsg;s-
3021, ORFlabysgs_a291, ORFlaberag_g757, ORF6;3.11, ORF7bsg 34,
ORF8az3 51, ORF105_11, ORF105_13, Soss-966: S1000-1008> S1220-12285
Es0_28 Ea6_340 Mi52_60> and Mgg_o7) and 15-mer long 6 CD4" T- cell
epitopes (ORFla;350_1365, ORF6;5 56, ORF8b;_y5, S1-13, Mi76-1905
and Nsgg_403) that we formerly identified were selected as described
previously (33). The Epitope Conservancy Analysis tool was used to
compute the degree of identity of CD8" T- cell and CD4" T- cell
epitopes within a given protein sequence of SARS-CoV-2 set at
100% identity level (33). Peptides were synthesized as previously
described (21st Century Biochemicals, Inc, Marlborough, MA). The
purity of peptides determined by both reversed-phase high-
performance liquid chromatography and mass spectroscopy was
over 95%. Peptides were first diluted in DMSO and later in PBS (1
mg/mL concentration). The helper T-lymphocyte (HTL) epitopes
for the selected SARS-CoV-2 proteins were predicted using the
MHC-II epitope prediction tool from the Immune Epitope
Database (IEDB, http://tools.iedb.org/mhcii/). Selected epitopes
had the lowest percentile rank and ICs, values. Additionally, the
selected epitopes were checked by the IFN epitope server (http://
crdd.osdd.net/raghava/ifnepitope/) for the capability to induce Thl
type immune response accompanied by IFN-Y production.
Cytotoxic T-lymphocyte (CTL) epitopes for the screened proteins
were predicted using the NetCTL1.2 server (http://www.cbs.dtu.dk/
services/NetCTL/).
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SARS-CoV-2 B- cell epitope prediction

Linear B- cell epitope predictions were carried out on the spike
glycoprotein (S), the primary target of B- cell immune responses for
SARS-CoV. We used the BepiPred 2.0 algorithm embedded in the
B- cell prediction analysis tool hosted on the IEDB platform. For
each protein, the epitope probability score for each amino acid and
the probability of exposure was retrieved. Potential B- cell epitopes
were predicted using a cutoff of 0.55 (corresponding to a specificity
>0.81 and sensitivity <0.3) and considering sequences having more
than five amino acid residues. This screening process resulted in
eight B-cell peptides. These epitopes represent all the major non-
synonymous mutations reported among the SARS-CoV-2 variants.
One B-cell epitope (S439_452) Was observed to possess the maximum
number of variant-specific mutations. Structure-based antibody
prediction was performed using Discotope 2.0, and a positivity
cutoff greater than —2.5 was applied (corresponding to specificity >
0.80 and sensitivity <0.39), using the SARS-CoV-2 spike
glycoprotein structure (PDB ID: 6M1D).

TagMan quantitative polymerase reaction
assay for the screening of SARS-CoV-2
variants in COVID-19 patients

We utilized a laboratory-developed modification of the CDC
SARS-CoV-2 RT-PCR assay, which received Emergency Use
Authorization by the FDA on April 17th 2020. (https://
www.fda.gov/media/137424/download [accessed 24 March 2021]).

Mutation screening assays

SARS-CoV-2-positive samples were screened by four multiplex
RT-PCR assays. Through the qRT-PCR, we screened for 11 variants
of SARS-CoV-2 in our patient cohort. The variants that were
screened included B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma),
and B.1.427/B.1.429 (Epsilon), B.1.525 (Eta), R.1, P.2 (Zeta), B.1.526
(ITota), B.1.2/501Y or B.1.1.165, B.1.1.529 (BA.1) (Omicron),
B.1.1.529 (BA.2) (Omicron), and B.1.617.2 (Delta). The sequences
for the detection of A69-70 were adapted from a multiplex real-time
RT-PCR assay for the detection of SARS-CoV-2 (38). The probe
overlaps with the sequences that contain amino acids 69 -70;
therefore, a negative result for this assay predicts the presence of
deletion S-A69-70 in the sample. Using a similar strategy, a primer/
probe set that targets the deletion S- A242-244 was designed and
was run in the same reaction with S-A69-70. In addition, three
separate assays were designed to detect spike mutations S-501Y, S-
484K, and S-452R, and wild-type positions S-501N, S-484E, and
S-452L.

Briefy, 5 ul of the total nucleic acid eluate was added to a 20- pl
total volume reaction mixture (1x TaqPath 1-Step RT-qPCR Master
Mix, CG [Thermo Fisher Scientific, Waltham, MA], with 0.9 mM
each primer and 0.2 mM each probe). The RT-PCR was carried out
using the ABI StepOnePlus thermocycler (Life Technologies, Grand
Island, NY). The S-N501Y, S-E484K, and S-L452R assays were
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carried out under the following running conditions: 25°C for 2 min,
then 50°C for 15 min, followed by 10 min at 95°C and 45 cycles of
95°C for 15 s and 65°C for 1 min. The A 69-70/A242-244 assays
were run under the following conditions: 25°C for 2 min, then 50°C
for 15 min, followed by 10 min at 95°C and 45 cycles of 95°C for 15 s
and 60°C for 1 min. Samples displaying typical amplification curves
above the threshold were considered positive. Samples that yielded a
negative result or results in the S-A69-70/A242-244 assays or were
positive for S-501Y P2, S-484K P2, and S-452R P2 were considered
screen positive and assigned to a VOC.

Neutralizing antibody assays for SARS-
CoV-2

Serially diluted heat-inactivated plasma (1:3) and 300 pfu of
SARS-CoV-2 variants are combined in Dulbecco’s modified Eagle’s
medium (DMEM) and incubated at 37°C 5% CO, for 30 min. After
neutralization, the antibody-virus inoculum was transferred onto
Vero E6 cells (ATCC C1008) and incubated at 34°C 5% CO, for 1 h.
The cells were then fixed with 10% neutral buffered formalin and
incubated at —20°C for 10 min followed by 20 min at room
temperature. Plates were developed with True Blue HRP substrate
and imaged on an ELISpot reader. The half maximum inhibitory
concentration (IC50) was calculated using normalized counted foci.

Histology of animal lungs

Mouse lungs were preserved in 10% neutral buffered formalin
for 48 h before transferring to 70% ethanol. The tissue sections were
then embedded in paraffin blocks and sectioned at 8-pm thickness.
Slides were deparaffinized and rehydrated before staining for
hematoxylin and eosin for routine immunopathology. THC was
performed on mice lung tissues probed with SARS/SARS-CoV-2
Coronavirus NP Monoclonal Antibody (B46F) (Product No. MA1-
7404) at a dilution of 1:100. The antibody showed significant
staining in lung tissues of non-immunized, SARS-CoV-2- infected
mice when compared to the tissues of the vaccinated group of mice.
This method was meant to demonstrate the relative expression of
the Nucleocapsid protein between non-immunized Mock and
immunized samples. Further CD8" T- cell and CD4" T- cell-
specific staining were performed to identify the T- cell infiltration
among the immunized and Mock groups.

Peripheral blood mononuclear cells
isolation and T cell stimulation

Peripheral blood mononuclear cells (PBMCs) from COVID-19
patients were isolated from the blood using Ficoll (GE Healthcare)
density gradient media and transferred into 96-well plates at a
concentration of 2.5 x 10° viable cells per ml in 200 pl (0.5 x 10°
cells per well) of RPMI-1640 media (Hyclone) supplemented with
10% (v/v) FBS (HyClone), sodium pyruvate (Lonza), L-glutamine,
non-essential amino acids, and antibiotics (Corning). A fraction of
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the blood was kept separated to perform HLA genotyping of the
patients and select only the HLA-A*02:01- and/or DRB1*01: 01-
positive individuals. Subsequently, cells were then stimulated with
10 pg/ml of each one of the 22 individual T- cell peptide epitopes
(16 CD8" T- cell peptides and 6 CD4" T- cell peptides) and
incubated in humidified 5% CO, at 37°C. Post-incubation, cells
were stained by flow cytometry analysis or transferred in IFN-y
ELISpot plates. The same isolation protocol was followed for
healthy donor (HD) samples obtained in 2018. PBMC samples
were kept frozen in liquid nitrogen in 10% FBS in DMSO. Upon
thawing, HD PBMCs were stimulated in the same manner for the
IFN-y ELISpot technique.

ELISpot assay

COVID-19 patients were first screened for their HLA status
(DRB1*01:01 positive 108, HLA-A*02:01 positive = 83,
DRB1*01:01 and HLA-A*02:01 positive = 19). PBMC samples
from the 108 DRB1*01:01 positive individuals were used to assess
the CD4" T-cell response against our SL-CoVs-conserved SARS-
CoV-2-derived class-II restricted epitopes by IFN-y ELISpot.
Subsequently, we assessed the CD8" T- cell response against our
SL-CoVs conserved SARS-CoV- 2-derived class-I restricted
epitopes in the PBMC sample of 83 HLA-A*02:01- positive
individuals representing different disease severity categories.

Furthermore, to evaluate the immunogenicity of conserved SARS-
CoV-2 CD8" and CD4" T- cell epitopes in triple transgenic HLA-
A*02:01/HLA-DRB1*01:01-hACE-2 mice, mononuclear cells from
lung tissues were collected 14 days post-infection. ELISpot assay
was performed as described previously (33, 39).

Flow cytometry analysis

After 72 h of stimulation with each SARS-CoV-2 class I or class
II restricted peptide, PBMCs (0.5 x 10° cells) from 147 patients were
stained for the detection of surface markers and subsequently
analyzed by flow cytometry. First, the cells were stained with a
live/dead fixable dye (Zombie Red dye, 1/800 dilution —BioLegend,
San Diego, CA) for 20 min at room temperature, to exclude dying/
apoptotic cells. Cells were stained for 45 min at room temperature
with five different HLA-A*02*01 restricted tetramers and/or five
HLA-DRB1*01:01 restricted tetramers (PE labeled) specific toward
the SARS-CoV-2 CD8" T- cell epitopes Orflab,,19_3215, Orflabyygs_
4291> S1220-1228» ORF103_;; and toward the CD4" T- cell epitopes
ORFla;350 1365 S1-13 Mi76-1000 ORF615 26, respectively. We have
optimized our tetramer staining according to the instructions
published by Dolton et al. (40) As a negative control aiming to
assess tetramer staining specificity, we stained HLA-A*02%01-HLA-
DRB1*01:01-negative patients with our four tetramers.
Subsequently, we used anti-human antibodies for surface marker
staining: anti-CD62L, anti-CD69, anti-CD4, anti-CD8, and anti-
IFN-g. mAbs against these various cell markers were added to the
cells in phosphate-buffered saline (PBS) containing 1% FBS and
0.1% sodium azide (fluorescence-activated cell sorter [FACS]
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buffer) and left for 30 min at 4°C. At the end of the incubation
period, the cells were washed twice with FACS buffer and fixed with
4% paraformaldehyde (PFA, Affymetrix, Santa Clara, CA). A total
of ~200,000 lymphocyte-gated PBMCs (140,000 alive CD45") were
acquired by Fortessa X20 (Becton Dickinson, Mountain View, CA)
and analyzed using FlowJo software (TreeStar, Ashland, OR).

Enzyme-linked immunosorbent assay

Serum antibodies specific for epitope peptides and SARS-CoV-2
proteins were detected by ELISA. The 96-well plates (Dynex
Technologies, Chantilly, VA) were coated with 0.5 g peptides
and 100 ng S or N protein per well at 4°C overnight, respectively,
and then washed three times with PBS and blocked with 3% BSA (in
0.1% PBST) for 2 h at 37°C. After blocking, the plates were
incubated with serial dilutions of the sera (100 pl/well, in twofold
dilution) for 2 h at 37°C. The bound serum antibodies were detected
with HRP-conjugated goat anti-mouse IgG and chromogenic
substrate TMB (Thermo Fisher, Waltham, MA). The cut-off for
seropositivity was set as the mean value plus three standard
deviations (3SD) in HBc-S control sera. The binding of the
epitopes to the sera of SARS-CoV-2- infected samples was
detected by ELISA using the same procedure; 96-well plates were
coated with 0.5 g peptides, and sera were diluted at 1:50. All ELISA
studies were performed at least twice.

Data and code availability

The human-specific SARS-CoV-2 complete genome sequences
were retrieved from the GISAID database, whereas the SARS-CoV-
2 sequences for pangolin (Manis javanica) and bat (Rhinolophus
affinis, Rhinolophus malayanus) were retrieved from NCBI.
Genome sequences of previous strains of SARS-CoV for humans,
bats, civet cats, and camels were retrieved from the NCBI GenBank.

Results

Highly conserved SARS-CoV-2 epitopes
are selectively recognized by CD8* and
CD4™" T cells from asymptomatic COVID-
19 patients irrespective of variants of
concern infection

To identify “universal” SARS-CoV-2 epitopes to be included in a
multi-epitope pan-coronavirus vaccine, we previously screened the
degree of conservancy for human CD8" T cell, CD4" T cell, and B-cell
epitopes that span the whole SARS-CoV-2 genome (33). CD8" T- cell
epitopes were screened for their conservancy against variants,
namely, h-CoV-2/Wuhan (MN908947.3), h-CoV-2/WA/USA2020
(0Q294668.1), h-CoV-2/Alpha(B1.1.7) (OL689430.1), h-CoV-2/
Beta(B 1.351) (MZ314998), h-CoV-2/Gamma(P.1) (MZ427312.1),
h-CoV-2/Delta(B.1.617.2) (OK091006.1), and h-CoV-2/Omicron
(B.1.1.529) (OM570283.1) (33). We observed 100% conservancy in
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all the SARS-CoV-2 variants of concern for 14 of our 16 predicted
CD8" T- cell epitopes (ORFlabssig_2215, ORFlabsois 3021,
ORFlabysgs 4201, ORFlabgrag 6757, ORF63_11, ORF7b,g_34, ORF105_
11 ORF105_13, Sosg_o66> S1000-1008 S1220-1228> E20-28) Mis2-60, ad Mgo_
97) (Supplementary Figure S1) and (33). The only exceptions were
epitopes E,s_34 and ORF8a;;_g;, which showed an 88.8% conservancy
against Beta (B.1.351) and Alpha (B.1.1.7) variants, respectively
(Supplementary Figure S1) and (33). All of the six highly
immunodominant “universal” CD4" T- cell epitopes (ORFla,3s0_
1365s ORF615 56, ORF8D;_15, S1_13, Mi76_190, and Nsgg 403) that we
previously reported (33) remained 100% conserved across all the
SARS-CoV-2 VOCs (Supplementary Figure S2).

Next, we determined whether the highly conserved “universal”
CD8" and CD4" T-cell epitopes were differentially recognized by T
cells from asymptomatic (ASYMP) versus symptomatic (SYMP)
COVID-19 patients. We recruited COVID-19 patients infected with
SARS-CoV-2 Beta (B.1.351) and SARS-CoV-2 Omicron (B.1.1.529)
spanning 2 years of the COVID-19 pandemic (Figure 1A).
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We compared the magnitude of CD8" and CD4" T- cell
responses specific to each of the conserved epitopes from among
38 ASYMP and 172 SYMP COVID-19 patients. Fresh PBMCs were
isolated from SYMP and ASYMP COVID-19 patients, on average,
within 4 days after reporting their first symptoms. PBMCs were
then stimulated in vitro for 72 h with each of the 16 CD8" T- cell
epitopes or each of the 6 CD4" T cell epitopes. Numbers of
responding IFN-y-producing CD8" and CD4" T cells (quantified
in ELISpot assay as the number of IFN-y-spot forming cells, or
“SECs”) were subsequently determined.

ASYMP COVID-19 patients showed significantly higher
frequencies of SARS-CoV-2 epitope-specific IFN-y-producing
CD8" T cells (mean SFCs > 25 per 1 x 10° pulmonary immune
cells), irrespective of infection with Beta (p < 0.5, Figure 1B, left
panel) or Omicron (p < 0., Figure 1B, right panel) variants. In
contrast, severely ill or hospitalized symptomatic COVID-19
patients showed significantly lower frequencies of SARS-CoV-2
epitope-specific IFN-y-producing CD8" T cells (p < 0.5,
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Screening of COVID-19 patients based on SARS-CoV-2 variants and subsequent evaluation of IFN-y CD8* and CD4" T- cell responses for conserved
CD8*, and CD4" T-cell epitopes in asymptomatic vs. symptomatic COVID-19 patients: (A) experimental plan showing screening process of COVID-
19 patients (n = 210) into asymptomatic and symptomatic categories based on clinical parameters. Blood and nasopharyngeal swabs were collected
from all the subjects, and a qRT-PCR assay was performed. Six novel nonsynonymous mutations (A69-70, A242-244, N501Y, E484K, L452R, and
T478K) were used to identify the haplotypes unique to different SARS-CoV-2 variants of concern (Omicron (B.1.1.529 (BA.1)), Omicron (B.1.1.529
(BA.2)), Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Epsilon (B.1.427/B.1.429)) and variants of interest (Eta (B.1.525), R.1, Zeta (P.2),
lota (B.1.526), and B.1.2/501Y or B.1.1.165). (B) ELISpot images and bar diagrams showing average frequencies of IFN-y- producing cell spots from
immune cells from PBMCs (1 x 10° cells per well) of COVID-19 infected with highly pathogenic SARS-CoV-2 variants of concern Beta (B.1.351) (left
panel) and Omicron (B.1.1.529) (right panel). Cells were stimulated for 48 h with 10 mM of 16 immunodominant CD8" T- cell peptides derived from
SARS-CoV-2 structural (Spike, Envelope, and Membrane) and non-structural (orflab, ORF6, ORF7b, ORF8a, and ORF10) proteins. (C) ELISpot images
and bar diagrams showing average frequencies of IFN-y- producing cell spots from immune cells from PBMCs (1 x 10° cells per well) of COVID-19
infected with SARS-CoV-2 variants of concern Alpha (B.1.1.7) (left panel) and Omicron (B.1.1.529) (right panel). Cells were stimulated for 48 h with 10
mM of six immunodominant CD4" T- cell peptides derived from SARS-CoV-2 structural (Spike, Membrane, and Nucleocapsid) and non-structural
(ORF1a, ORF6, and ORF8a) proteins. The bar diagrams show the average/mean numbers (+ SD) of IFN-y-spot forming cells (SFCs) after CD8" T- cell
peptide-stimulation PBMCs of asymptomatic and symptomatic COVID-19 patients. Dotted lines represent an arbitrary threshold set to evaluate the
relative magnitude of the response. A strong response is defined for mean SFCs > 25 per 1 x 10° stimulated PBMCs. Results were considered

statistically significant at p < 0.05.
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Figure 1B, left panel) or Omicron (p < 0., Figure 1B, right panel)
variants. This observation was consistent regardless of whether the
CD8" T- cell targeted epitopes were from structural or non-
structural SARS-CoV-2 protein antigens, suggesting that strong
CD8" T- cell responses specific to selected “universal” SARS-CoV-2
epitopes were commonly associated with better COVID-19
outcomes. In contrast, low SARS-CoV-2-specific CD8" T- cell
responses were more commonly associated with severe onset
of disease.

Similarly, higher frequencies of functional IFN-y-producing CD4"*
T cells ASYMP COVID-19 patients (mean SFCs > 25 per 1 x 10°
pulmonary immune cells) were detected, irrespective of infection with
Beta (p < 0.5, Figure 1C, left panel) or Omicron (p < 0., Figure 1C, right
panel) variants, whereas reduced frequencies of IFN-y-producing CD4*
T cells were detected in SYMP COVID-19 patients, irrespective of
infection with Beta (p < 0.5, Figure 1C, left panel) or Omicron (p < 0.,
Figure 1C, right panel) variants. This observation was consistent
regardless of whether the CD4" T- cell targeted epitopes were from
structural or non-structural SARS-CoV-2 protein antigens. Our results
suggest that strong CD4" T- cell responses specific to selected
“universal” SARS-CoV-2 epitopes were commonly associated with
better COVID-19 outcomes. In contrast, low SARS-CoV-2-specific
CD4" T- cell responses were more commonly associated with severe
disease onset.

Taken together, these results (1) demonstrate an important role
of SARS-CoV-2-specific CD4" and CD8" T cells directed against
highly conserved structural and non-structural SARS-CoV-2
epitopes in protection from severe COVID-19 symptoms, (2)
highlight the potential importance of these highly conserved
“asymptomatic” epitopes in mounting protected CD4" and CD8"
T cell responses against multiple SARS-CoV-2 VOCs, and (3)
support targeting these conserved epitopes with a vaccine.

A pan-variant SARS-CoV-2 vaccine
composed of a mixture of conserved
"asymptomatic” CD4" and CD8™ T cell
epitopes provides robust protection
against infection and disease caused by six
SARS-CoV-2 variants of concern

We next used a prototype pan-variant SARS-CoV-2 vaccine
composed of a mixture of 6 conserved “asymptomatic” CD4" T- cell
epitopes and 16 conserved “asymptomatic” CD4" and CD8" T- cell
epitopes that span the whole SARS-CoV-2 genome (33). We
focused mainly on CD4" and CD8" T- cell epitopes that show
immunodominance selectively in SYMP COVID-19 patients
infected with various SARS-CoV-2 VOCs.

A pool of peptides comprising 25 g each of 16 CD8" T- cell
peptides (ORFlab,s10-2215, ORFlabsg13-3021, ORFlabyygs_s201,
ORFlabgyso 6757, ORF6; 11, ORF7bys 34, ORF8a3 g1, ORF10; 1,
ORF105 13, Sos3-966> S1000-1008» S1220-1228> E20-28, 2634, Ms2_60, and
Mgo_97), 6 CD4™ T- cell epitopes (ORFla;s350_13¢5, ORF6;5 56,
ORF8b;_;5, S1_13> Mi76-190> and Nzgg 403), and 7 B-cell peptides
selected from the Spike protein were mixed with cpG1826 adjuvant
and administered subcutaneously on Day 0 and Day 14 to 7-8-
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week- old triple transgenic HLA-A*02:01/HLA-DR hACE-2 mice
(n = 30). The remaining group (mock-immunized) received vehicle
alone (n = 30) (Figure 2A). On day 28, 14 days after the second
immunization, mice were divided into six groups and intranasally
infected with 1 x 10> pfu of SARS-CoV-2 (USA-WA1/2020) (n =
10), 6 x 10° pfu of SARS-CoV-2-Alpha (B.1.1.7) (n = 10), 6 x 10°
pfu of SARS-CoV-2-Beta (B.1.351) (n = 10), 5 x 10 pfu of SARS-
CoV-2-Gamma (P.1) (n = 10), 8 x 10° pfu of SARS-CoV-2-Delta
(B.1.617.2) (n = 10), and 6.9 x 10* pfu of SARS-CoV-2-Omicron
(B.1.1.529) (n = 10) (Figure 2A).

Mice that received the pan-variant SARS-CoV-2 vaccine
showed significant protection from weight loss (Figure 2B) and
death (Figure 2C) following infection with each of the six SARS-
CoV-2 variants of concern. In contrast, mock-immunized mice
showed substantial mortality against infection with WA/USA2020
(60%), Alpha (B.1.1.7) (80%), Beta (B.1.351) (80%), Gamma (P.1)
(40%), and Delta (B.1.617.2) (40%) (Figure 2C). Mortality was not
observed for mock-immunized mice infected with the SARS-CoV-2
Omicron (B.1.1.529) variant (Figure 2C).

Throat swabs were collected from the vaccinated and mock-
vaccinated groups of mice on days 2, 4, 6, 8, 10, and 14 post-infection
(p.i.) and were processed to detect the viral RNA copy number by
qRT-PCR (Figure 2D). Compared to the viral RNA copy number
detected from the mock-vaccinated group of mice, we detected a
statistically significant decrease in the viral RNA copy number among
vaccinated groups of mice on day 4 p.. for SARS-CoV-2 WA/
USA2020 (p = 0.04), Delta (B.1.617.2) (p = 0.00009), and Omicron
(B.1.1.529) (p = 0.007); on day 6 p.i. for SARS-CoV-2 WA/USA2020
(p = 0.002), Alpha (B.1.1.7) (p = 0.002), Delta (B.1.617.2) (p = 0.001),
and Omicron (B.1.1.529) (p = 0.001); on day 8 p.i. for SARS-CoV-2
WA/USA2020 (p = 0.006), Alpha (B.1.1.7) (p = 0.0002), Beta
(B.1.351) (p = 0.002), Gamma (P.1) (p = 0.04), and Omicron
(B.1.1.529) (p = 0.0001); on day 10 p.i. for SARS-CoV-2 WA/
USA2020 (p = 0.005), Gamma (P.1) (p = 0.008); and on day 14 p.i.
for SARS-CoV-2 WA/USA2020 (p = 0.02) (Figure 2D). These results
demonstrate that the pan-variant SARS-CoV-2 vaccine conferred
significant protection from virus replication against SARS-CoV-2
variants and supports the hypothesis that a broad anti-viral effect
following immunization with asymptomatic B and CD4" and CD8"
T- cell epitopes carefully selected as being highly conserved from
multiple SARS-CoV-2 variants.

Immunization with the pan-variant SARS-
CoV-2 vaccine bearing conserved epitopes
reduced COVID-19-related lung pathology
and virus replication associated with
increased infiltration of CD8" and CD4* T
cells in the lungs

Hematoxylin and eosin staining of lung sections at day 14 p.i.
showed a significant reduction in COVID-19-related lung
pathology in the mice immunized with conserved pan-variant
SARS-CoV-2 vaccine compared to mock-vaccinated mice
(Figure 3A). This reduction in lung pathology was observed for
all six SARS-CoV-2 variants: USA-WA1/2020, Alpha (B.1.1.7), Beta
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FIGURE 2

Protection induced against six SARS-CoV-2 variants of concern in triple transgenic HLA-A*02:01/HLA-DRB1*01:01-hACE-2 mice following immunization
with a pan-variant SARS-CoV-2 vaccine incorporating conserved human B, CD4", and CD8" T- cell epitopes: (A) experimental scheme of vaccination
and challenge triple transgenic HLA-A*02:01/HLA-DRB1*01:01-hACE-2 mice. Triple transgenic HLA-A*02:01/HLA-DRB1*01:01-hACE-2 mice (7-8 weeks
old, n = 60) were immunized subcutaneously on Days 0 and 14 with a multi-epitope pan-variant SARS-CoV-2 vaccine consisting of a pool of conserved
B, CD4" T-cell, and CD8" T-cell human epitope peptides. The pool of peptides comprised 25 g of each of the 16 CD8" T- cell peptides, 6 CD4*

T- cell peptides, and 7 B-cell peptides. The final composition of peptides was mixed with 25 ug of CpG and 25 ug of Alum. Mock-vaccinated mice were
used as controls (Mock). Mice were intranasally challenged with each of the six different SARS-CoV-2 variants of concern (WA/USA2020, Alpha (B.1.1.7),

Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529)) 14 days following the second immunization. Vaccinated and mock-vaccinated
mice were followed 14 days post-challenge for COVID-like symptoms, weight loss, survival, and virus replication. (B) Percent weight change recorded
daily for 14 days p.i. in vaccinated and mock-vaccinated mice following the challenge with each of the six different SARS-CoV-2 variants. (C) Kaplan—
Meir survival plots for vaccinated and mock-vaccinated mice following the challenge with each of the six different SARS-CoV-2 variants. (D) Virus
replication in vaccinated and mock-vaccinated mice following the challenge with each of the six different SARS-CoV-2 variants detected in throat swabs
on Days 2, 4, 6, 8, 10, and 14, The indicated p-values are calculated using the unpaired t-test, comparing results obtained in vaccinated VERSUS mock-
vaccinated mice. Statistical significance was obtained when *: P < 0.05, **: P < 0.01, ***:P < 0.001, ****:P < 0.0001.

(B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529)
(Figure 3A). We further performed SARS-CoV-2 Nucleocapsid
Antibody- Based Immunohistochemistry (IHC) staining on lung
tissues obtained from vaccinated and mock-vaccinated groups of
mice infected with SARS-CoV-2 variants. We detected significantly
lower antibody staining in the lung tissues of the vaccinated
compared mock-vaccinated group of mice following infection
with each of the six SARS-CoV-2 variants of concern. This
indicated higher expression of the target viral proteins in the
lungs of the mock-vaccinated compared to the vaccinated group
of mice (Figure 3B). Furthermore, IHC staining was performed to
compare the infiltration CD8" and CD4" T cells into lung tissues of
vaccinated and mock-vaccinated mice infected with various SARS-
CoV-2 variants. We observed a significant increase in the
infiltration of both CD8" T cells (Figure 3C) and CD4" T cells
(Figure 3D) in the lungs of vaccinated mice compared to mock-
vaccinated mice 14 days following infection with each of the
six variants.
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Taken together, these results indicate that immunization with
the pan-variant SARS-CoV-2 vaccine bearing conserved epitopes
induced cross-protective CD8" and CD4" T cells that infiltrated the
lungs, faciltated clearance of virus, and reduced COVID-19-related
lung pathology following infection with various multiple SARS-
CoV-2 variants.

Increased frequencies of lung-resident
functional CD8" and CD4* Tgm and Trm
cells induced by the pan-variant SARS-
CoV-2 vaccine are associated with
protection against multiple SARS-CoV-
2 variants

To determine whether increased frequencies of lung-resident

functional CD8" and CD4" T cells induced by the pan-variant
SARS-CoV-2 vaccine are associated with protection against
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Histopathology and immunohistochemistry of the lungs from in triple transgenic HLA-A*02:01/HLA-DRB1*01:01-hACE-2 mice vaccinated and
mock-vaccinated mice. (A) Representative images of hematoxylin and eosin (H & E) staining of the lungs harvested on day 14 p.i. from vaccinated
(left panels) and mock-vaccinated (right panels) mice. (B) Representative immunohistochemistry (IHC) sections of the lungs were harvested on Day
14 p.i. from vaccinated (left panels) and mock-vaccinated (right panels) mice and stained with SARS-CoV-2 Nucleocapsid antibody. Black arrows
point to the antibody staining. Fluorescence microscopy images showing infiltration of CD8" T cells (C) and of CD4" T cells (D) in the lungs from
vaccinated (left panels) and mock-vaccinated (right panels) mice. Lung sections were co-stained using DAPI (blue) and mAb specific to CD8" T cells
(pink) (magnification, x20). The white arrows point to CD8" and CD4* T cells infiltrating the infected lungs.

multiple SARS-CoV-2 variants, we used flow cytometry to
compared the frequencies of IFN-y CD8" T cells and CD69 CD8"
T cells (Figure 4A), IFN-y CD4" T cells and CD69 CD4" T cells
(Figure 4B) in cell suspensions from the lungs of vaccinated versus
mock-vaccinated groups of mice.

Relatively higher frequencies of IFN-y CD8" T cells were detected
in the lungs of protected mice that received the pan-variant SARS-
CoV-2 vaccine compared to non-protected mock-vaccinated mice
following infections with various SARS-CoV-2 variants: USA-WA1/
2020 (Vaccinated = 17.4% vs. Mock = 12.2%, p = 0.5178), Alpha
(B.1.1.7) (Vaccinated = 9.2% vs. Mock = 4.4%, p = 0.0076), Beta
(B.1.351) (Vaccinated = 7.5% vs. Mock = 2.1%, p = 0.05), Gamma
(P.1) (Vaccinated = 12.9% vs. Mock = 8.1%, p = 0.14), Delta
(B.1.617.2) (Vaccinated = 8.3% vs. Mock = 2.23%, p < 0.0001), and
Omicron (B.1.1.529) (Vaccinated = 8.7% vs. Mock = 5.8%, p = 0.02)
(Figure 4A, top row). Similarly, increased frequencies for
CD8'CD69" T cells were detected in the lungs of protected mice
that received the pan-variant SARS-CoV-2 vaccine compared to non-
protected mock-vaccinated mice following infections with various
SARS-CoV-2 variants: Alpha (B.1.1.7) (Vaccinated = 6.9% vs. Mock
= 3.4%, p = 0.0033), Beta (B.1.351) (Vaccinated = 7.4% vs. Mock =
2.9%, p = 0.05), Gamma (P.1) (Vaccinated = 12.3% vs. Mock = 10.4%,
p =0.95), Delta (B.1.617.2) (Vaccinated = 8.1% vs. Mock = 2.5%, p <
0.0001), and Omicron (B.1.1.529) (Vaccinated = 9.8% vs. Mock =
5.6%, p = 0.01) (Figure 4A, bottom row).

Moreover, higher frequencies of IFN-y CD4" T cells were
detected in the lungs of protected mice that received the pan-
variant SARS-CoV-2 vaccine compared to non-protected mock-
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vaccinated mice following infections with some of the SARS-CoV-2
variants: USA-WA1/2020 (Vaccinated = 21.4% vs. Mock = 10.1%,
P =0.5696), Alpha (B.1.1.7) (Vaccinated = 5.6% vs. Mock = 4%, p =
0.35), Beta (B.1.351) (Vaccinated = 4.5% vs. Mock = 1.4%, p = 0.01),
Gamma (P.1) (Vaccinated = 8.8% vs. Mock = 3%, p = 0.02), Delta
(B.1.617.2) (Vaccinated = 3.7% vs. Mock = 1.2%, p = 0.0002), and
Omicron (B.1.1.529) (Vaccinated = 4.5% vs. Mock = 2.4%, p = 0.01)
(Figure 4B, top row). Similarly, increased frequencies for
CD4"CD69" T cells were detected in the lungs of protected mice
that received the pan-variant SARS-CoV-2 vaccine compared to
non-protected mock-vaccinated mice following infections with
various SARS-CoV-2 variants: Alpha (B.1.1.7) (Vaccinated = 5.3%
vs. Mock = 4.2%, p = 0.1748), Beta (B.1.351) (Vaccinated = 9.5% vs.
Mock = 4%, p = 0.009), Gamma (P.1) (Vaccinated = 14.9% vs. Mock
=12.2%, p =0.7155), Delta (B.1.617.2) (Vaccinated = 8.5% vs. Mock
=3.3%, p < 0.0001), and Omicron (B.1.1.529) (Vaccinated = 10.4%
vs. Mock = 5%, p = 0.003) (Figure 4B, bottom row).
FACS-based immunophenotyping, confirmed higher
frequencies of the memory CD8" Tgy (CD44"CD62L ) cell
subset in immunized mice with a pool of pan- coronavirus
peptides and subjected to infection against USA-WA1/2020
(Vaccinated = 12.2% vs. Mock = 5%, p < 0.0001), Alpha (B.1.1.7)
(Vaccinated = 6.5% vs. Mock = 3.7%, p = 0.0017), Beta (B.1.351)
(Vaccinated = 7.2% vs. Mock = 3.4%, p = 0.0253), and Omicron
(B.1.1.529) (Vaccinated = 5.9% vs. Mock = 3%, p = 0.9765)
(Figure 4C). Similarly, when the frequencies of the memory CD8"
Trm (CD69"CD1037) cell subset was evaluated, we found generally
higher CD8" Tpy; cell subset frequencies for immunized mice
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FIGURE 4

The effect of pan-coronavirus immunization on CD8" and CD4" T- cell function and memory response: FACS plots and bar graphs showing the (A)
expression of CD8" T- cell function markers, (B) CD4* T- cell function associated markers, (C) CD8" T effector memory response (CD44*CD62L"),
and CD8" T resident memory (CD103*CD69%) response, and (D) CD4" T effector memory response (CD44*CD62L 7), and CD4* resident memory
(CD103*CD69*) response in the lung of vaccinated and mock-vaccinated groups of mice infected with multiple SARS-CoV-2 variants. Mononuclear
cells from lung tissue were collected 14 days post-infection. Bars represent means + SEM. Data were analyzed by Student’s t-test. Results were

considered statistically significant at p < 0.05.

infected with USA-WA1/2020 (Vaccinated = 3.4% vs. Mock = 3.1%,
p =0.4004), Alpha (B.1.1.7) (Vaccinated = 5.4% vs. Mock = 2.5%, p
=0.0160), Beta (B.1.351) (Vaccinated = 6.6% vs. Mock = 2.1%, p =
0.0420), Gamma (P.1) (Vaccinated = 11.1% vs. Mock = 9.2%, p =
0.9961), Delta (B.1.617.2) (Vaccinated = 7.1% vs. Mock = 1.5%, p <
0.0001), and Omicron (B.1.1.529) (Vaccinated = 8.5% vs. Mock =
5%, p = 0.0139) (Figure 4C).

Moreover, in context to memory CD4" Tgy; (CD44"CD62L 7)
cell subset, relatively higher frequencies were observed for immunized
mice subjected to infection with SARS-CoV-2 variants USA-WA1/
2020 (Vaccinated = 154% vs. Mock = 8.3%, p = 0.0001), Alpha
(B.1.1.7) (Vaccinated = 12.3% vs. Mock = 8.7%, p < 0.0001), and Beta
(B.1.351) (Vaccinated = 6.8% vs. Mock = 6%, p < 0.0004) (Figure 4D).
Generally higher frequencies of the CD4" Tgy (CD697CD103") cell
subset were found in immunized mice infected with SARS-CoV-2
variants Alpha (B.1.1.7) (Vaccinated = 5.2% vs. Mock = 4%, p =
0.0828), Beta (B.1.351) (Vaccinated = 10% vs. Mock = 4%, p = 0.005),
Gamma (P.1) (Vaccinated = 15.4% vs. Mock = 13.1%, p = 0.7860),
Delta (B.1.617.2) (Vaccinated = 8.9% vs. Mock = 3.5%, p < 0.0001),
and Omicron (B.1.1.529) (Vaccinated = 10.3% vs. Mock = 5.1%, p =
0.0021) (Figure 4D).

These findings suggest that immunization with the pan-variant
SARS-CoV-2 vaccine bearing conserved epitopes induced high
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frequencies of functional CD8" and CD4" Tgy; and Try cells that
infiltrated the lungs, and were associated with a significant decrease
in virus replication and reduction in COVID-19-related lung
pathology following infection with various multiple SARS-CoV-
2 variants.

Increased SARS-CoV-2 epitopes-specific
IFN-y-producing CD8 T cells in the lungs
of vaccinated mice in comparison to
mock-vaccinated mice

To determine whether the functional lung-resident CD8" T
cells are specific to SARS-CoV-2, we stimulated lung-cell
suspension from vaccinated and mock-vaccinated mice with each
of the 14 “universal” human CD8" T- cell epitopes (ORFlab,,q_
22180 ORFlabsg13_3021, ORFlabysg3 4201, ORFlabgr49_6757, ORF63_
115 ORF7byg 34, ORF105 13, ORF105_13, Sos 966> S1000-1008> S1220-
1228 E20-28 Mis2_60, and Mgg_o7) and quantified the number of IFN-
y-producing CD8" T cells using ELISpot, as detailed in Materials
and methods (Figure 5). To determine whether cross-reactive IFN-
y-producing CD8" T- cell responses will be detected regardless of
SARS-CoC-2 variant, the number IFN-y-producing CD8" T cells
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were determined in the lung tissues of vaccinated and mock-
vaccinated mice after challenge with each of six different SARS-
CoV-2 variants of concern.

Overall, a significant increase in the number of IFN-y-
producing CD8" T cells was detected in the lungs of protected
mice that received the pan-variant SARS-CoV-2 vaccine compared
to non-protected mock-vaccinated mice (mean SFCs > 25 per 0.5 X
10° pulmonary immune cells), irrespective of the SARS-CoV-2
variants of concern: WA/USA2020 (Figure 5A), Alpha (B.1.1.7)
(Figure 5B), Beta (B.1.351) (Figure 5C), Gamma (P.1) (Figure 5D),
Delta (B.1.617.2) (Figure 5E), or Omicron (B.1.1.529) (Figure 5F).
All the comparisons among vaccinated and mock-vaccinated
groups of mice, irrespective of SARS-CoV-2 variants of concern,
were found to be statistically significant regardless of whether CD8"
T-cell targeted epitopes were from structural (Spike, Envelope, and
Membrane) or non-structural (ORFlab, ORF6, ORF7b, and
ORF10) SARS-CoV-2 protein antigens (p < 0.5).

Taken together, these results (1) confirm that immunization
with the pan-variant SARS-CoV-2 vaccine bearing conserved
epitopes induced high frequencies of functional CD8" T cells that
infiltrated the lungs and were associated with cross-protection
against multiple SARS-CoV-2 variants; (2) demonstrate that
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increased SARS-CoV-2 epitope-specific IFN-y-producing CD8" T
cells in the lungs of vaccinated triple transgenic HLA-A*02:01/
HLA-DRB1*01:01-hACE-2 mice were associated with protection
from multiple variants of concern. In contrast, low frequencies of
lung-resident SARS-CoV-2-specific IFN-y-producing CD8" T cells
were associated with severe disease onset in mock-vaccinated triple
transgenic HLA-A*02:01/HLA-DRB1*01:01-hACE-2 mice. In this
report, we suggest an important role for functional lung-resident
SARS-CoV-2-specific CD8" T cells specific to highly conserved
“universal” epitopes from structural and non-structural antigens in
cross-protection against SARS-CoV-2 VOCs.

Increased SARS-CoV-2 epitopes-specific
IFN-y-producing CD4™ T cells in the lungs
of vaccinated mice in comparison to
mock-vaccinated mice

We stimulated lung-cell suspension from vaccinated and mock-
vaccinated groups of mice with each of the six “universal” human
CD4" T- cell epitopes (ORF1a;350_1365, ORF6,5 56, ORF8b;_;5, S;_
13> Mi76_190> and Nsgg 403) and quantified the number of IFN-y-
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Immunogenicity of conserved SARS-CoV-2 CD8" T- cell epitopes in triple transgenic HLA-A*02:01/HLA-DRB1*01:01-hACE-2 mice: ELISpot images
and bar diagrams showing average frequencies of IFN-y- producing cell spots from mononuclear cells from lung tissue (1 x 10° cells per well) of
vaccinated and mock-vaccinated mice challenged with (A) WA/USA2020, (B) Alpha (B.1.1.7), (C) Beta (B.1.351), (D) Gamma (P.1), (E) Delta (B.1.617.2),
and (F) Omicron (B.1.1.529). Mononuclear cells from lung tissue were collected 14 days post- infection. The cells were stimulated for 48 h with 10
mM of 16 immunodominant CD8" T- cell peptides. The bar diagrams show the average/mean numbers (+ SD) of IFN-y-spot forming cells (SFCs)
after CD8™ T- cell peptide stimulation in lung tissues of vaccinated and mock-vaccinated mice. Dotted lines represent an arbitrary threshold set to
evaluate the relative magnitude of the response. A strong response is defined for mean SFCs > 25 per 1 X 10° stimulated PBMCs. Results were

considered statistically significant at p < 0.05.
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producing CD4" T cells using ELISpot, to determine whether the
functional lung-resident CD4" T cells are specific to SARS-CoV-
2 (Figure 6).

Overall, we detected a significant increase in the number of IFN-
y-producing CD4" T cells in the lungs of protected mice that received
the pan-variant SARS-CoV-2 vaccine compared to non-protected
mock-vaccinated mice (mean SFCs > 25 per 0.5 x 10° pulmonary
immune cells), irrespective of the SARS-CoV-2 VOCs: WA/USA2020
(Figure 6A), Alpha (B.1.1.7) (Figure 6B), Beta (B.1.351) (Figure 6C),
Gamma (P.1) (Figure 6D), Delta (B.1.617.2) (Figure 6E), or Omicron
(B.1.1.529) (Figure 6F). All the comparisons among vaccinated and
mock-vaccinated groups of mice, irrespective of SARS-CoV-2 VOCs,
were statistically significant regardless of whether CD4" T-cell
targeted epitopes were from structural or non-structural SARS-
CoV-2 protein antigens (p < 0.5).

Taken together, our findings demonstrate that increased SARS-
CoV-2 epitopes-specific IFN-y-producing CD4" T cells in the lungs
of vaccinated triple transgenic HLA-A*02:01/HLA-DRB1*01:01-
hACE-2 mice were associated with protection against multiple
variants of concern. In contrast, low frequencies of lung-resident
SARS-CoV-2-specific IFN-y-producing CD4" T cells were
associated with severe disease onset in mock-vaccinated triple
transgenic HLA-A*02:01/HLA-DRB1*01:01-hACE-2 mice. The
findings suggest an important role of functional lung-resident
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SARS-CoV-2-specific CD4" T cells specific to highly conserved
“universal” epitopes from structural and non-structural antigens in
cross-protection against SARS-CoV-2 VOCs.

Universal B- cell epitopes from SARS-CoV-
2 Spike protein showed a high degree of
immunogenicity across SARS-CoV-2
variants based on antibody response in
COVID-19 patients and triple transgenic
HLA-A*02:01/HLA-DRB1*01:01-hACE-2

We next determined whether the antibody responses were
associated with protection, since the prototype pan-variant SARS-
CoV-2 vaccine used herein also contains nine conserved B- cell
epitopes selected from the Spike glycoprotein of SARS-CoV-2. The
nine B-cell epitopes were screened for their conservancy against
variants, namely, h-CoV-2/Wuhan (MN908947.3), h-CoV-2/WA/
USA2020 (0Q294668.1), h-CoV-2/Alpha (B1.1.7) (OL689430.1),
h-CoV-2/Beta (B 1.351) (MZ314998), h-CoV-2/Gamma (P.1)
(MZ427312.1), h-CoV-2/Delta (B.1.617.2) (OK091006.1), and h-
CoV-2/Omicron (B.1.1.529) (OM570283.1). We observed 100%
conservancy in three of our earlier predicted B- cell epitopes,
namely, Syg7_ 317, Ss24-558, and Sses_s505 (Supplementary Figure S3).

-

P=00002

Bota (B 1.351)

P=00002

Omicron (B.1.1.529)

P<00001 P=00002

P=00002

The magnitude of the IFN-y CD4* T- cell responses for six conserved SARS-CoV-2 CD4"* T- cell epitopes in triple transgenic HLA-A*02:01/HLA-
DRB1*01:01-hACE-2 mice: ELISpot images and bar diagrams showing average frequencies of IFN-y producing cell spots from mononuclear cells
from lung tissue (1 x 10° cells per well) of vaccinated and mock-vaccinated mice challenged with (A) WA/USA2020, (B) Alpha (B.1.1.7), (C) Beta
(B.1.351), (D) Gamma (P.1), (E) Delta (B.1.617.2), and (F) Omicron (B.1.1.529). Mononuclear cells from lung tissue were collected 14 days post-
infection. Cells were stimulated for 48 h with 10 mM of six immunodominant CD4" T- cell peptides derived from SARS-CoV-2 structural (Spike,
Envelope, and Membrane) and non-structural (orflab, ORF6, ORF7b, ORF8a, and ORF10) proteins. The bar diagrams show the average/mean
numbers (+ SD) of IFN-y-spot forming cells (SFCs) after CD8™ T- cell peptide stimulation in lung tissues of vaccinated and mock-vaccinated mice.
The dotted lines represent an arbitrary threshold set to evaluate the relative magnitude of the response. A strong response is defined for mean SFCs
> 25 per 1 x 10° stimulated PBMCs. Results were considered statistically significant at p < 0.05.
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The antibody titer specific to each of the nine “universal” B-cell
epitopes was determined by ELISA in COVID-19 patients infected
with multiple SARS-CoV-2 variants of concern (Supplementary
Figure S4, left panel) and in vaccinated and mock-vaccinated triple
transgenic HLA-A*02:01/HLA-DRB1*01:01-hACE-2 mice
challenged with same SARS-CoV-2 VOCs (Supplementary
Figure S4, right panel). The peptide binding IgG level was
significantly higher for all nine “universal” B cell epitopes in
COVID-19 patients (Supplementary Figure S4, left panel) and in
vaccinated triple transgenic mice (Supplementary Figure S4, right
panel), irrespective of SARS-CoV-2 variant. Reduced peptide
binding IgG level was observed for severely ill COVID-19 patients
(Supplementary Figure S4, left panel) and in mock-vaccinated triple
transgenic HLA-A*02:01/HLA-DRB1*01:01-hACE-2 mice
(Supplementary Figure S4, right panel).

Altogether, these results indicate that immunization with the
pan-variant SARS-CoV-2 vaccine bearing conserved “universal” B-
and T- cell epitope induced cross-protective antibodies, CD8" and
CD4" T cells that infiltrated the lungs, facilitate virus clearance, and
reduced COVID-19-related lung pathology following infection with
various multiple SARS-CoV-2 VOCs.

Discussion

COVID-19 remains a serious threat with continued high rates
of morbidity and mortality worldwide. The ongoing emergence of
SARS-CoV-2 variants and sub-variants of concern, including the
recent heavily mutated and highly transmissible Omicron sub-
variants, has led to vaccine breakthroughs that have contributed
to prolonging the COVID-19 pandemic. Current Spike-based
COVID-19 vaccines have made a substantial impact on the
severity of the pandemic. Neutralizing antibody titers induced by
current Spike-based vaccines are less effective against recent
variants and sub-variants (41, 42), pointing to the urgent need to
develop a next-generation B- and T-cell-based pan-variant SAS-
CoV-2 vaccine-coronavirus vaccine that would be based not only
on Spike protein but also on less-mutated non-Spike structural and
non-structural antigens and epitopes. Such a universal CoV vaccine
could induce broader and more durable protective immunity
against infections and diseases caused by multiple emerging
SARS-CoV-2 variants and sub-variants.

Much of the data on the efficacy of the current modified
messenger RNA (mRNA) vaccines has shown that these vaccines
elicited lower levels of neutralizing antibodies against newer SARS-
CoV-2 variants than against the older variants (41). In the present
report, we have identified “universal” CD8" and CD4" T- and B-cell
epitopes conserved among all known SARS-CoV-2 variants, previous
SARS and MERS coronavirus strains, and strains specific to different
species that were reported to be hosts for SARS/MERS (bat, civet cat,
pangolin, and camel). We used a combination of these highly
conserved CD8+ and CD4+ T- and B- cell epitopes to design a
multi-epitope pan-variant SARS-CoV-2 vaccine. The T- cell epitopes
that constitute this pan-variant SARS-CoV-2 vaccine represent
structural (Spike, Envelope, Membrane, and Nucleocapsid) and
non-structural (orflab, ORF6, ORF7, ORFS8, and ORF10) proteins.
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We demonstrated that immunization of triple transgenic h-
ACE-2-HLA-A2/DR mice with a pool of “universal” CD8" T-cell,
CD4" T- cell, and B- cell peptides conferred protection against
Washington, Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta
(B.1.617.2), and Omicron (B.1.1.529) variants of SARS-CoV-2. The
pan-variant SARS-CoV-2 vaccine was found to be safe, as no local
or systemic side effects were observed in the vaccinated mice.
Moreover, we found that the protection correlated with high
frequencies of IFN-y CD4" T cells, CD69 CD4" T cells, IFN-y
CD8+ T cells, and CD69 CD8+ T cells infuriating the lungs. We also
found higher frequencies for the CD8" Tgy; (CD44"CD62L 7) cell
population in the lungs of protected mice. High levels of peptide-
specific IgG were also detected in protected animals, suggesting the
contribution of Spike-specific antibodies in protection. A marked
difference in the level of neutralizing viral titer was also observed
between the vaccinated and mock-vaccinated groups of mice for all
the studied variants. We observed no mortality in the vaccinated
mice, irrespective of the SARS-CoV-2 variant. In contrast, high
mortality was observed in the mock-vaccinated mice when
challenged with six SARS-CoV-2 variants. The weight loss and
survival shown in this study agree with previous reports in the
context to Omicron B.1.1.529 infection in the mouse models (43).
Limited weight loss and less virus replication were reported for
Omicron B.1.1.529 in 129, C57BL/6, BALB/c, and K18-hACE2
transgenic mice models in comparison to other SARS-CoV-2
variants of concern, such as Alpha (B.1.1.7), Beta (B.1.351), and
Delta (B.1.617.2) (43). Moreover, like mouse models, in both wild-
type and hACE2 hamsters, a similar trend of milder lung infection,
clinical disease, and pathology was observed using the B.1.1.519
variant of Omicron (43). Liu et al. have compared T- cell responses
in subjects who received either mRNA or adenovirus-vectored
vaccine (44). Both vaccines induced substantial spike-specific
IFN-y-producing CD8" and CD4" T cells, which showed similar
reactivity against Wuhan, Delta, and Omicron variants (44). In
addition, their findings showed that central and effector memory T-
cell subsets cross-reacted with Delta and Omicron variants (44).
Similarly, in the present study, we showed a significant increase in
the frequency of IFN-y-producing CD8" and CD4" T cells detected
in the lungs of protected mice that received the pan-variant SARS-
CoV-2 vaccine compared to non-protected mock-vaccinated mice.
Overall, the vaccine was safe and immunogenic and provided cross-
protection against multiple SARS-CoV-2 VOCs.

Interestingly, several earlier studies have performed epitope
profiling in the existing COVID-19 mRNA vaccines (45, 46). One
such study has mapped immunogenic amino acid motifs and linear
epitopes of primary sequence of SARS-CoV-2 spike protein that
induce IgG in recipients of PfizerBioNTech COVID-19 mRNA
vaccine (45). The obtained data identified various distinctive amino
acid motifs recognized by vaccine-elicited IgG, a subset of those
recognized by IgG from natural infection (hospitalized COVID-19
patients), which can mimic three-dimensional conformation
(mimotopes). The identified dominant linear epitopes in the C-
terminal region of the spike protein are identical with those of
SARS-CoV, bat coronavirus, and epitopes that trigger IgG during
natural infection, but have limited homology to spike protein of
non-pathogenic human coronavirus (45). In another study, high-
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resolution linear epitope profiling of recipients of Pfizer-BioNTech
COVID-19 mRNA vaccine and COVID-19 patients was performed
and found that vaccine-induced antibodies targeting viral spike
RBD have a broader distribution across RBD than natural infection-
induced antibodies (46). Moreover, mutation panel assays targeting
the viral variants of concern demonstrated that the epitope variety
induced by mRNA vaccine is rich in breadth, thus can grant
resistance against viral evolutionary escapes in the future, which
represents an advantage of vaccine-induced immunity (46). The
identified epitopes in COVID-19 mRNA vaccine may form the
basis for further research of immune escape, viral variants, and
design of vaccine and therapy.

The SARS-CoV-2 virus shares homology to some degree at the
level of its sequence, structure, and function with that of SARS-CoV
and MERS-CoV (47). Studies revealed that anti SARS-CoV spike
antibodies possessed the ability to inhibit the binding of SARS-
CoV-2 to ACE2 (48). Furthermore, unique features of the spike,
including crucial functions in host receptor binding, conserved
sequences, good immunogenicity for neutralizing antibody
induction, and effective target for T- cell responses, promote the
priority of the spike for COVID-19 vaccine development. As per the
WHO, among the existing clinical COVID-19 vaccine candidates,
32% (55/172) were recombinant protein vaccines. RNA vaccines,
viral vectored vaccines, and inactivated virus vaccines accounted for
23% (40/172), 13% (23/172), and 13% (22/172), respectively. Except
for the inactivated vaccine, most vaccine candidates are constituted
by variations in antigen fragments from the spike. In brief, the
antigen fragments may contain full length spike, different lengths of
RBD, or even synthesized peptides as engineered multiepitope to
induce high neutralizing antibodies to neutralize viruses (49, 50).
Therefore, mutations in the spike of several SARS-CoV-2 variants
impaired the protective efficacy of COVID-19 vaccines that were
developed based on the spike.

Several COVID-19 vaccines have been approved for use and
exert adequate protection when wild- type SARS-CoV-2 was still
prevalent. NVX-CoV2373 from Novavax is a protein subunit
vaccine showing 89.3% efficacy against SARS-CoV-2 in a phase
III trial operated in United Kingdom (51). BNT162b2 from Pfizer-
BioNTech and mRNA-1273 from Moderna are messenger RNA
(mRNA) vaccines, showing 95% and 93.2% efficacy in preventing
COVID-19 (28, 52). The adenovirus vector vaccine ChAdOx1
(AZD1222) also shows 90% efficacy if vaccinated at a low dose
followed by a standard dose (53). In addition, the viral vectored and
inactivated virus vaccines also exhibited effective protection against
COVID-19 (53-55). However, these vaccine candidates are
designed based on wild- type SARS-CoV-2, and the vaccine
effectiveness against SARS-CoV-2 variants is of particular concern.

The effectiveness of the COVID-19 vaccine against Delta and
Omicron variant transmission is a great concern. The effectiveness
of BNT162b2 or mRNA-1273 vaccines in preventing contact
transmission of Delta is reportedly between 9% and 38%. Even if
fully vaccinated, the effectiveness is 27%-65% (56). The
effectiveness of the ChAdOx1 vaccine against Delta transmission
is 36%-42% (57). Notably, the protection of full vaccination against
Omicron infection of close contacts was significantly reduced
compared to that of Delta. The effectiveness of vaccination with
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COVID-19 mRNA vaccines against contact transmission decreased
to 22.5% (58). These results indicate that physical protection, such
as wearing a mask, is still necessary.

While looking at the effectiveness of currently authorized
COVID-19 vaccines against symptomatic infection,
hospitalization, and death induced by SARS-CoV-2 Alpha, Beta,
Gamma, Delta, and Omicron variants, a decline in vaccine
effectiveness was observed. The vaccine efficacy decreased to a
different degree for each COVID-19 vaccine, even after full
vaccination, especially for the protection of documented infection
(59-63). The protective efficacy of the Novavax NVX-CoV2373
subunit vaccine declined from 89.3% to 49.4% in the clinical studies
carried out in South Africa, where the Beta variant is prevalent (64).
The effectiveness of the inactivated vaccine CoronaVac produced by
Sinovac decreased to approximately 50% against symptomatic
infection with the Gamma variant (65). BNT162b2 was reported
with 95% efficacy against wild type in the clinical trial. However, in
Qatar, the effectiveness of the BNT162b2 vaccine was reduced by
approximately 20% against the Beta variant as detected 14 days after
the second dose of vaccination (66). This is consistent with the
speculation that the E484K mutation affects the efficacy of the
BNT162b2 vaccine (67). Similarly, the efficacy of the ChAdOx1
chimpanzee adenoviral vector vaccine decreased to 10.4% against
Beta variant (68). Other studies reported that the efficacy of one
dose of the BNT162b2 vaccine was 33.5% and 51.1% against the
Delta and Alpha variants, respectively (69). The ChAdOx1 vaccine
also showed significant differences after one- or two-dose
vaccinations against the Delta and Alpha variants. After the
second dose, the efficacy elevated from 51.4% to 66.1% against
the Alpha variant, while the protective efficacy increased from
32.9% to 59.8% against the Delta variant (70). In case of the
Omicron variant, a marked reduction in the efficacy of most
approved vaccines was observed. The antibody- neutralizing titers
against Omicron in the serum collected from individuals with two
doses of BNT162b2 were decreased more than 22- fold compared
with that of the ancestor (71, 72). In addition, the sera from
individuals fully vaccinated with ChAdOx1 vaccines could barely
neutralize the Omicron variant (71). Later, several Omicron spike-
specific vaccines were constructed. The results showed that boosting
with mRNA-1273 had higher neutralizing antibody titers against
Omicron than boosting with mRNA-Omicron (73).

Meanwhile, the Omicron S1 recombinant protein vaccine
elicited a significantly weaker T-cell response compared to the
prototype Sl-based recombinant protein vaccine candidate (74),
which indicates that the Omicron S1 subunit may not be an
appropriate selection for developing specific vaccines against
Omicron- included SARS-CoV-2 variants. Some other studies
found that mRNA vaccines containing several pivotal mutations
of the Omicron and Delta spike could elicit high neutralizing
antibodies against the Omicron variant (75), suggesting the
consideration of the essential mutations of SARS-CoV-2 virus
spike, not limited to the currently prevalent VOCs. Taken
together, the ongoing pandemic of SARS-CoV-2 variants calls for
continuous surveillance of vaccine efficacy against emerging
mutations, which is an extremely important factor for
vaccine optimization.
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In this context, universal pan-variant vaccines generating T-
and B- cell-mediated immunity like that of ours will be of crucial
help. Such vaccines could induce strong humoral and cellular
immunity against several viruses. On the one hand, B cells are
activated upon recognizing antigens with B- cell receptors (BCRs)
and further differentiate into memory B cells or plasma cells that
can produce antigen-specific antibodies. Th2 cells help in B- cell
activation by secreting cytokines such as IL 4 and IL-5. The induced
neutralizing antibodies can block viral infection at the initial stage.
On the other hand, antigens from the combined vaccine are taken
up, processed, and presented to CD4" and CD8" T cells by antigen-
presenting cells (APCs) through MHCII and MHCI antigen
complexes, respectively. Then, CD4" T cells are activated and can
differentiate toward Th1, Th2, and memory CD4" T cells. Thl cells
also promote the activation of CD8" T cells by generating cytokines
such as IFN-y, IFN-B, and IL-2. Activated CD8" T cells can
differentiate into effector and memory CD8" T cells. The effector
CD8" T cells could kill and lyse infected cells by releasing cytokines,
including IFN-y.

Furthermore, the cross-reactive SARS-CoV-2-specific memory
CD4" and CD8" T cells are present in up to 50% of unexposed, pre-
pandemic, healthy individuals (UPPHI). However, the characteristics
of cross-reactive memory CD4" and CD8" T cells associated with
subsequent protection of asymptomatic COVID-19 patients (i.e.,
unvaccinated individuals who never develop any COVID-19
symptoms despite being infected with SARS-CoV-2) remains to be
fully elucidated. Studies from our group and others have detected cross-
reactive CD4" and CD8" T cells, directed toward specific sets of
conserved SARS-CoV-2 epitopes, not only from unvaccinated
COVID-19 patients but also from a significant proportion of
unexposed pre-pandemic healthy individuals (UPPHI) who were
never exposed to SARS-CoV-2 (33, 50, 76, 77). Cross-reactive SARS-
CoV-2-specific memory CD4" and CD8" T cells are not only present in
COVID-19 patients but also in up to 50% of UPPHI (50, 77-83).
Moreover, pre-existing common cold coronavirus (CCCs)/SARS-CoV-
2 cross-reactive memory CD4" and CD8" T cells are present in
unvaccinated UPPHI who were never exposed to SARS-CoV-2 (33,
50, 76, 77, 84-89). These data suggest the presence of clones of memory
CD4" and CD8" T cells in UPPHI induced following previous
exposures with seasonal CCCs that cross-recognize conserved SARS-
CoV-2 and CCCs epitopes (77, 90, 91). However, it is not yet known
whether these cross-reactive memory CD4" and CD8" T cells: (i)
preferentially cross-recognize the alpha CCCs (i.e., 0-CCC-229E and
0-CCC-NL63) or the beta CCCs (i.e, B-CCC-HKU1 and B-CCC-
OC43); and (ii) the antigen-specificity, frequency, phenotype, and
function of the cross-reactive memory CD4" and CD8" T cells
associated with protection against COVID-19 severity in
unvaccinated asymptomatic patients. Compared with unvaccinated
severely ill COVID-19 patients and unvaccinated patients with fatal
COVID-19 outcomes, unvaccinated asymptomatic COVID-19 patients
displayed significantly (i) higher rate of the o-CCC strain 229E (o
CCC-229E); (ii) higher frequencies of functional memory
CD134'CD137'CD4" and CD134'CD137'CD8" T cells directed
toward cross-reactive 0.-CCCs/SARS-CoV-2 epitopes from structural,
non-structural, and regulatory proteins; and (iii) lower frequencies of
cross-reactive exhausted PD-1"TIM3 " TIGIT*CTLA4"CD4" and PD-
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I"TIM3"TIGIT'CTLA4"CD8" T cells. These findings (i) support a
crucial role of functional, poly-antigenic 0.-CCCs/SARS-CoV-2 cross-
reactive memory CD4" and CD8" T cells, induced following previous
exposures to 0-CCC strains, in protection against subsequent severe
disease caused by SARS-CoV-2 infection; and (ii) provides a strong
rationale for the development of broadly protective, T-cell-based,
multi-antigen universal pan- coronavirus vaccines.

Since the B- and T- cell epitopes used in this study are highly
conserved between SARS-CoV-1 and MERS-CoV, it is likely that
protection will be observed against these strains as well. However,
providing direct evidence of protection induced by our multi-
epitope vaccine against SARS-CoV-1 and MERS-CoV would
require (i) generating a new DPP4/HLA-DRO0101/HLA-A*0201
triple transgenic mouse model that needs backcrossing the DPP4
transgenic mice with our HLA-DR0101/HLA-A*0201 double
transgenic mice, a process that is time consumable, as it will take
several months to establish; and (ii) extensive in vivo and in vitro
studies. Hence, demonstration of the breadth of protection induced
by our multi-epitope vaccine against SARS-CoV-1 and MERS-CoV
will be the subject of future independent reports in continuation to
the existing study.

In conclusion, we report that a CoV vaccine targeting conserved
B- and T- cell epitopes was safe, immunogenic, and provided cross-
protection against six SARS-CoV-2 variants of concern, supporting
the next-generation vaccine strategy.
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A SARS-CoV-2 RBD vaccine
fused to the chemokine MIP-3u
elicits sustained murine antibody
responses over 12 months and
enhanced lung T-cell responses

James Tristan Gordy", Yinan Hui", Courtney Schill®,

Tianyin Wang®, Fengyixin Chen?, Kaitlyn Fessler®, Jacob Meza®,
Yangchen Li?, Alannah D. Taylor*, Rowan E. Bates",

Petros C. Karakousis'?, Andrew Pekosz’,

Jaiprasath Sachithanandham?, Maggie Li*, Styliani Karanika®
and Richard B. Markham™

W. Harry Feinstone Department of Molecular Microbiology and Immunology, Bloomberg School of
Public Health, Johns Hopkins University, Baltimore, MD, United States, ?Division of Infectious
Diseases, Department of Medicine, Johns Hopkins School of Medicine, Baltimore, MD, United States

Background: Previous studies have demonstrated enhanced efficacy of vaccine
formulations that incorporate the chemokine macrophage inflammatory protein
3o (MIP-3a) to direct vaccine antigens to immature dendritic cells. To address the
reduction in vaccine efficacy associated with a mutation in severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) mutants, we have examined
the ability of receptor-binding domain vaccines incorporating MIP-3a. to sustain
higher concentrations of antibody when administered intramuscularly (IM) and to
more effectively elicit lung T-cell responses when administered intranasally (IN).

Methods: BALB/c mice aged 6-8 weeks were immunized intramuscularly or
intranasally with DNA vaccine constructs consisting of the SARS-CoV-2
receptor-binding domain alone or fused to the chemokine MIP-3a.. In a small-
scale (n = 3/group) experiment, mice immunized IM with electroporation were
followed up for serum antibody concentrations over a period of 1 year and for
bronchoalveolar antibody levels at the termination of the study. Following IN
immunization with unencapsulated plasmid DNA (n = 6/group), mice were
evaluated at 11 weeks for serum antibody concentrations, quantities of T cells
in the lungs, and IFN-y- and TNF-a-expressing antigen-specific T cells in the
lungs and spleen.

Results: At 12 months postprimary vaccination, recipients of the IM vaccine
incorporating MIP-3o. had significantly, approximately threefold, higher serum
antibody concentrations than recipients of the vaccine not incorporating MIP-
3o0. The area-under-the-curve analyses of the 12-month observation interval
demonstrated significantly greater antibody concentrations over time in
recipients of the MIP-3oa vaccine formulation. At 12 months postprimary
immunization, only recipients of the fusion vaccine had concentrations of
serum-neutralizing activity deemed to be effective. After intranasal
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immunization, only recipients of the MIP-3a vaccine formulations developed T-
cellresponses in the lungs significantly above those of PBS controls. Low levels of
serum antibody responses were obtained following IN immunization.

Conclusion: Although requiring separate IM and IN immunizations for optimal
immunization, incorporating MIP-3a in a SARS-CoV-2 vaccine construct
demonstrated the potential of a stable and easily produced vaccine
formulation to provide the extended antibody and T-cell responses that may
be required for protection in the setting of emerging SARS-CoV-2 variants.
Without electroporation, simple, uncoated plasmid DNA incorporating MIP-3o
administered intranasally elicited lung T-cell responses.

KEYWORDS

SARS-CoV-2, vaccine, dendritic cell, MIP-30, intranasal (IN), T-cell response, antibody,
neutralizing antibody

Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemic has provided yet one more example of how the
mutability of RNA viruses hinders efforts to develop effective
immunoprophylactic strategies. Emerging variants have been
uniformly less susceptible to neutralizing antibodies elicited by
exposure to earlier vaccines or prior infection (1-9). Resistance of
new variants to pre-existing neutralizing antibodies is not absolute
but varies with both the extent of mutation in vaccine-targeted
proteins and the concentration of neutralizing antibodies targeting
previous viral variants (4-6, 10). While repeated immunization
targeting variants of the SARS-CoV-2 has proceeded as a strategy
for addressing waning protective immunity, there has been
sustained resistance to repeated immunization, as evidenced by
surveys of current attitudes toward vaccination (11) and the small
proportion of Americans who received the most recent vaccine
booster (12).

Although declining antibody concentrations increase the risk of
acquiring SARS-CoV-2 infection, evidence from clinical and non-
human primate studies has indicated that the currently available
vaccines may elicit T-cell-mediated immune responses that are less
susceptible than neutralizing antibody responses to the immune
escape associated with SARS-CoV-2 variants (12-15). These T-cell
responses may at least partially explain how vaccines that elicit
relatively short-lived neutralizing antibodies can still attenuate
disease severity without preventing infection (16).

These findings indicate that vaccine development efforts to
counter the ongoing emergence of variants should include the
development of vaccines that elicit both more sustained antibody
concentrations and T-cell responses with activity at the site of
infection. Unlike the situation for circulating neutralizing
antibodies elicited by immunization or previous infection that are
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readily accessible at the time of pathogen exposure, T-cell immunity
is most effective if pathogen-specific T cells pre-exist within the
targeted organ (16-19). To counter respiratory pathogens, multiple
studies have indicated that intranasal (IN) immunization is more
effective than systemic immunization at eliciting T-cell responses in
the lungs (20-22).

In murine vaccine model systems analyzing protective or
therapeutic efficacy against malaria, tuberculosis, and melanoma,
we have studied the impact of fusing vaccine antigen to the
chemokine macrophage inflammatory protein 3o. (MIP-301), also
known as chemokine (C-C motif) ligand 20 (CCL20). Both human
and mouse MIP-3a are able to bind mouse (23) C-C motif
chemokine receptor 6 (CCR6), a member of the G protein-
coupled receptor family found on immature but not mature
dendritic cells (DC). Targeting immature DC (iDC) distinguishes
this vaccine construct from other dendritic cell-targeting vaccines,
which engage receptors expressed by more differentiated DC (24—
29) to enhance vaccine efficacy. Employment of this vaccine
platform has generated greater and, in some model systems, more
sustained responses than those observed when the vaccine antigen
is not fused to the chemokine (22, 23, 30-32). While MIP-3a serves
as a chemoattractant for iDC (33-38), previous studies have
demonstrated the requirement of fusing the vaccine antigen to
chemokine to achieve maximum efficacy. In our recent study in a
mouse challenge model using a therapeutic vaccine targeting the
Mycobacterium tuberculosis stringent response, we found that IN
immunization elicited significantly greater antibacterial activity
than intramuscular (IM) immunization, and that IN vaccination
with the MIP-30.-fused vaccine was also significantly more effective
than immunization with vaccine antigen alone (22). Optimal
immune responses were observed with a DNA vaccine construct
that required no encapsulation of the DNA or use of adjuvant to
achieve the observed therapeutic efficacy.
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In the current study, we have examined in a mouse model the
comparative immunogenicity of a DNA vaccine incorporating the
receptor-binding domain (RBD) of the SARS-CoV-2 spike protein
with or without fusion to human MIP-30.. Our results indicate that,
over a year of observation, the fusion vaccine elicited and sustained
significantly higher antibody concentrations compared to the
vaccine incorporating RBD alone. Of particular note was the
persistence in the recipients of the fusion vaccine of neutralizing
antibody responses for at least 4 months after they were no longer
detectable in the recipients of the vaccine only encoding RBD.
Furthermore, we found that IN immunization yielded significantly
greater T-cell responses in the lung than those elicited by IM
immunization, but only when RBD was fused to MIP-30..

Methods

Vaccine plasmid construction
and verification

pUC57 plasmid containing DNA encoding codon-optimized RBD
(spike amino acids 319-545 of Wuhan-Hu-1 isolate) was purchased
from GenScript (Piscataway, NJ, USA). DNA was extracted and ligated
into a previously generated pSecTag2b plasmid by HindIIl and BamHI
to generate RBD alone and also by Kasl and BamHI to generate MIP-
30-RBD (restriction enzymes from Thermo Fisher, Waltham, MA,
USA) (22). Proper insertion was confirmed by agarose gel
electrophoresis and sequencing, and the expression of target genes
was confirmed by immunoblots probed by anti-C-myc (BioLegend,
San Diego, CA, USA) of cell lysates and supernatants following
transfection of HEK293T cells (American Type Culture Collection,
Manassas, VA, USA) utilizing the Trans-IT 293 transfection system
(Mirus Bio, Madison, W1, USA) (Supplementary Figure S1). In brief,
lysates were prepped using 10x Cell Lysis Buffer (Cell Signaling Tech.,
Danvers, MA, USA) according to manufacturer protocol, protein
amount was normalized utilizing Bradford Assay (Oz Biosciences,
San Diego, CA, USA), separated on precast TGX Gels (Bio-Rad,
Hercules, CA, USA), transferred to nitrocellulose membranes (Bio-
Rad), blocked with milk solution, probed with anti-C-myc for 2 h to
overnight at 1:1,000 dilution, washed, probed with AP-conjugated goat
antimouse antibody (Jackson ImmunoResearch Laboratories, Inc.,
West Grove, PA, USA) at 1:1,000 dilution for 1 h, washed, and
visualized with NBT-BCIP reagent (Sigma Aldrich, St. Louis, MO,
USA). Vaccination plasmids were selected with ampicillin (100 mg/
mL), and Qiagen® Endo-Free® Plasmid Series kits were used to extract
the ligation product from DH5-ou Escherichia coli (InvitrogenTM,
Thermo Fisher Scientific, Waltham, MA, USA). Plasmid DNA was
diluted with endotoxin-free 1x PBS. Nanodrop spectrophotometry,
agarose gel electrophoresis, and insert sequencing (JHSSF) were used to
test the concentration, purity, and correctness of the extracted DNA.

Mice

BALB/c mice aged 6 to 8 weeks old were purchased from Charles
River Laboratories Inc., Wilmington, MA, USA. The long-term
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experiment utilized all female mice. The intranasal experiment
utilized a parallel distribution of male and female mice. All mice
were kept in a pathogen-free micro-isolation facility at Johns Hopkins
in accordance with the National Institutes of Health guidelines for the
humane use of laboratory animals. All experimental procedures
involving mice were approved by the Institutional Animal Care
and Use Committee of Johns Hopkins University under protocol
MO23H131. Johns Hopkins University has received Public Health
Service-Approved Animal Welfare Assurance (No. D16-00173) from
the National Institutes of Health Office of Laboratory Animal
Welfare. Johns Hopkins University is also accredited by the
Association for Assessment and Accreditation of Laboratory
Animal Care International. Additionally, each mouse was
monitored for at least 5 min after administration to ensure a lack
of acute toxicity. Supplementary Figure S2 shows no change in weight
gain over time across groups for either vaccine modality.

Intramuscular vaccination

For IM vaccination (Figure 1), the DNA vaccine construct was
diluted in 1x endotoxin-free PBS, and each mouse received a
volume of 50-70 pL by injection into the right gastrocnemius
muscle. Immediately following injection, the muscle was pulsed
using an ECM 830 Electro Square Porator with 2-Needle Array
Electrode (BTX Harvard Apparatus, Holliston, MA, USA) under
the following parameters: 106 V, 20 ms pulse length, 200 ms pulse
interval, and eight total pulses. CpG type B (ODN1826) (InvivoGen,
San Diego, CA, USA) was used as the adjuvant for IM
immunization and was diluted in 1x endotoxin-free PBS at 1 mg/
mL. The adjuvant was injected IM into the right gastrocnemius
muscle at a volume of 50 L. Three doses of the vaccine were given,
each 2 weeks apart, and the adjuvant was given 1 day after every
vaccination to allow for the expression of protein from the DNA
vaccine. The long-term study utilized a 10-ug dose. The IM
immunization used for comparison purposes in the IN
immunization studies employed a dose of 50 g (30).

Intranasal vaccination

The DNA vaccine construct was diluted in 1x endotoxin-free
PBS to a concentration of 2 ug/uL for all groups. Mice were
anesthetized before vaccination by inhalation of vaporized
isoflurane. For each IN dose, 100 pg of vaccine was administered
in each nostril in a volume of 50 uL. The IN vaccine was administered
four times at 3-week intervals. IN adjuvant (CpG 25 pg in 50 puL of
PBS in each nostril) was administered 1 day after the vaccine and only
after the fourth IN vaccination. Each mouse was monitored in an
upright position until complete recovery from anesthesia and vaccine
absorption was confirmed by lack of nasal discharge.

Lymphocyte isolation

Under sterile conditions, mouse spleens and lungs were
harvested and placed in 1x PBS on ice. Lungs were transferred to
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FIGURE 1

Effect of vaccine formulation on concentration of a specific antibody maintained over 12 months. (A) Vaccination and serum-sampling schedule for BALB/c
mice, with primary vaccination initiated at 6—-8 weeks of age. Mice were immunized IM with 10 pg of plasmid DNA encoding either MipRBD orRBD or with
PBS. Immediately following vaccination, each mouse received electroporation, as described in Methods. At 24 h after immunization, each mouse received 50
ug of CpG at the immunization site. Tail vein bleeds were obtained at the indicated time points after the initial immunization. (B) Reciprocal antibody titers,
determined by ELISA, indicate the highest dilution of serum at which the absorbance was twice the average value of the negative control wells (average of
no serum, no secondary antibody, and no substrate wells in duplicate). The antibody titer was log;o transformed, and area under the curve (AUC) was
conducted to compare differences and significance across the curves’ entireties by nonoverlapping 95% confidence intervals (Cl). Symbols represent group
means nontransformed. Error bars represent the standard error of the mean (SEM). For AUC, 95% CI were PBS (33), RBD (56.40-58.87), and MipRBD (60.57—
63.92). Comparison of MipRBD vs. RBD reciprocal antibody titers at individual time points using multiple unpaired t-tests demonstrated a significant
difference at the 12-month time point (p < 0.05). (C) Reciprocal antibody titers in BAL fluid 12 months after the primary immunization, with significance
determined by one-way ANOVA. Symbols represent individual mice. (D) Reciprocal titers of neutralizing antibodies at different points over the 12 months
postprimary immunization. Symbols represent the group means. The significance of differences at individual time points was determined using the Kruskal—
Wallis test to compare areas under the curve of the antibody titer dilutions. At the 12-month time point, the RBD and MipRBD differed significantly. Three

female mice per group. *p = 0.05; **p < 0.01; ***p < 0.001.

wells containing 1 mL of digestion buffer (RPMI media, 167 pg/mL
of Liberase, and 100 pug/mL of DNase), minced with scissors, and
incubated at 37° for 30 min. Lungs and spleens were ground gently
with a pestle over a 70-uM mesh filter into 50-mL conical tubes and
immediately centrifuged at 300xg for 10 min at 4°. The supernatant
was removed, and the pellet was then fully resuspended using 1 mL
of ACK lysis buffer (Quality Biological, Gaithersburg, MD, USA)
and incubated at room temperature (RT) for 3-4 min. To stop cell
lysis, cells were diluted with 20-30 mL of cold 1x PBS and were then
pelleted at 300xg for 10 min at 4°. After another resuspension in 10
mL of cold 1x PBS and centrifugation under the same conditions,
the supernatant was removed and the pellet was resuspended in 1
mL (lungs) or 4 mL (spleens) freezing medium (90% FBS, 10%
DMSO) and aliquoted into two (lungs) and four (spleens) tubes for
cryostorage using isopropanol cooling containers (Mr. Frosty,
ThermoFisher Scientific, Waltham, MA, USA) at —80° for at least
4 h and then moved to —150°.

Enzyme-linked immunosorbent assay

At the indicated time points postvaccination (Figure 1A),
approximately 100 pL of mouse blood was collected in either
heparin-coated (plasma) or heparin-uncoated (serum) 1.5 mL
microcentrifuge tubes by tail vein nicking. Serum samples were
allowed to coagulate at room temperature for 0.5-1 h and then spun
at 2,200xg for 10 min at 4°C. For plasma, samples were spun at
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300xg for 5 min at 4°C, the supernatant was transferred to a new
tube, and the samples were spun at 1,500xg for 15 min at 4°C. The
serum or plasma supernatant was frozen and stored at —20° until
used. Humoral immune responses to RBD protein were measured
using enzyme-linked immunosorbent assay (ELISA). The ELISA
plates were coated overnight at 4° with 0.2 ug/microwell of S-RBD
His-tag recombinant protein (Invitrogen, Rockford, IL, USA)
diluted in 100 pL of sterile 1x PBS (2 ng/uL). Each well of the
plate was washed three times using 250 UL of washing solution
(0.05% Tween 20 diluted in 1x PBS). Plates were emptied, and the
residual liquid was discarded before blocking each well with 250 pL
of blocking solution (1% BSA in 1x PBS) for 30 min at RT.
Following the addition of 100 UL of mouse serum samples serially
diluted in triplicate in blocking solution to each well, the plate was
incubated at RT for 2 h. After washing the plates six times with 250
uL/well of washing solution, 100 uL of 1:1,000 diluted HRP goat
antimouse IgG (H+L) secondary antibody (Biotium, Fremont, CA,
USA) was added to each well and incubated at RT for 1 h. The plates
were washed six times using the same amount of washing solution
again after the secondary antibody incubation, and 100 UL of KPL
ABTS® Peroxidase Substrate (SeraCare Life Sciences Inc., Milford,
MA, USA) was then added into each well, and the plates were
incubated at RT in the dark for 1 h. Data were collected using the
Synergy HT at O.D.405 nm (BioTek Instruments Inc., Winooski,
VT, USA). Serum samples were diluted across the plate. Antibody
titers were calculated as the highest serum dilution that registered
absorbance values above (=) the background threshold. The
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threshold was defined as twice the average value of control wells.
Control wells included in duplicate are (1) all but serum (2), all but
secondary antibody, and (3) all but substrate.

SARS-CoV-2 virus and neutralization assay

SARS-CoV-2 infectious virus titers were determined via a 50%
tissue culture infectious dose, as previously described (39). An early
SARS-CoV-2 isolate containing the spike D614G mutation was
used for all neutralization assays, as previously described (40, 41).
All sera were diluted twofold (final dilutions of plasma ranging from
1:20 to 1:2,560), and infectious virus was added at a final
concentration of 1 x 10° TCIDso/mL to the serial dilutions, and
incubated for 1 h at room temperature. A 100 UL mixture of virus—
serum (containing 100 TCID50 units) was transferred to a 96-well
plate of VeroE6-TMPRSS2 cells in sextuplets and then incubated
until a cytopathic effect was observed in the controls and the highest
sera dilutions. The cells were fixed and stained, and the
neutralization titers (NTs) were calculated as the highest serum
dilutions that eliminated the cytopathic effect in 50% of the wells
(NT50). A positive threshold was defined as NT > 20. An area-
under-the-curve analysis then converted the endpoint titer to a
continuous variable, and the significance of differences at the
different time points was determined using the Kruskal-Wallis test.

Bronchoalveolar lavage

Wash fluid {Ix PBS, 100 uM EDTA from 0.5 M at pH 8 liquid
stock (Corning, Glendale, AZ), protease inhibitors (1x PMSF from
200x stock, Cell Signaling Technology, Danvers, MA)} was prepared
the day before bronchoalveolar lavage (BAL) and stored at 4°C.
Following mouse euthanasia and cardiac puncture, the trachea was
exposed, and a mouse endotracheal tube (20 Gx 1 in., Kent Scientific
Corp., Torrington, CT, USA) was inserted into the trachea to a point
just above the carina. The guide needle was removed, and a syringe was
attached to the endotracheal tube, which was manually held in place
during syringe attachment. Next, 0.5 mL of the wash fluid was slowly
injected into the lungs with visual confirmation that the lobes were
inflated and that there was no leaking. The injected liquid was
aspirated with mild pressure applied to the inflated lobes, as
necessary. The aspirated fluid was transferred to a 1.5-mL vial on
ice and then transferred to a new tube for centrifugation at 400xg
for 7 min at 4°C. The supernatant was stored at either 20°C or
—-80°C, depending on subsequent plans for use.

Flow cytometry

Cryopreserved cells were recovered by thawing briefly in a water
bath at 37° and diluted slowly to 10 mL with warm complete media
(RPMI, 10% FBS, 1x antibiotics, 20 mM HEPES, 1% sodium
pyruvate, 1% nonessential amino acids, and 1% r-glutamine).
Cells were spun for 7 min at 250xg at RT and then resuspended
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in a smaller volume of warm media to obtain a final concentration
of 5 x 10°-1 x 10° viable cells/well in 200 uL of complete media. The
cells were then rested in a 5%CO, incubator at 37° for 2-3 h prior to
stimulation with 1 pg of SARS-CoV-2 S protein RBD (Invitrogen,
Rockford, IL, USA) at 37° for 16 h. During the final four hours, the
cells were incubated with Brefeldin-A at 1x dilution (5 ug/mL; 1 pg
in the well) and costimulatory antibodies anti-CD28 and anti-
CD49d at 1 ug each per well (BioLegend Cat. No. 420601, No.
102116, and No. 103629). Full-Minus-One (FMO) and positive
control wells were stimulated for 4 h with Cell Activation Cocktail
(with Brefeldin A) according to manufacturer protocol (BioLegend
Cat. No. 423303). After stimulation, 20 UL of EDTA (20 mM of
EDTA diluted in 1x PBS at pH 7.4) was added to each well to ensure
cells were in suspension and then transferred to a 96-well V-bottom
plate. After centrifugation at 300xg for 5 min at RT, cells were
washed with 150 UL of FACS buffer (0.5% bovine serum albumin
(Sigma-Aldrich, St. Louis, MO, USA) in 1x sterile PBS) and pelleted
again. Cells were stained with 100 uL/well of live/dead (L/D) stain
(1:1,000 dilution in 1x sterile PBS) for 30 min at RT in the dark
(LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit, Thermo Fisher
Scientific). Cells were pelleted and resuspended in 150 UL of FACS
buffer and washed. Following the L/D stain, 50 UL of 2% Fc block
(TruStain FcX, BioLegend Cat. No. 101320) was added to each well
and incubated in the dark for 15 min on ice. After centrifugation,
cells were stained in the dark for 20 min with an antimouse
monoclonal-antibody (mAb) cocktail (50 pL per well, diluted in
FACS buffer), including 1:500 FITC-conjugated anti-CD4
(BioLegend Cat. No. 100405), 1:200 PercPCy5.5-conjugated anti-
CD3 (BioLegend Cat. No. 100217), and 1:200 Alexa Fluor 700-
conjugated anti-CD8 (BioLegend Cat. No. 155022). After
centrifugation and resuspension in 50 pL of Fixation buffer
(Cyto-Fast Fix/Perm Buffer Set, BioLegend Cat No. 426803), cells
were then incubated in the dark either at RT for 30 min or at
4° overnight.

For intracellular cytokine staining, an intracellular antimouse
mADb cocktail (50 UL per well, diluted in 1x Cyto-Fast Perm buffer)
was used to stain the cells in the dark at RT for 20 min. The cocktail
includes 1:500 PECy7-conjugated anti-TNF-o. (BioLegend Cat. No.
506323) and 1:100 APC-conjugated anti-IFN-y (BioLegend Cat. No.
505809). Each well received 100 UL of Cyto-Fast Perm buffer for
centrifugation at 400xg at RT for 5 min. Cells were then washed and
resuspended with 150 UL of FACS buffer and read on the Attune
NxT flow cytometer (Thermo Fisher Scientific, Waltham, MA,
USA). Flow data were analyzed using Flow Jo software (FlowJo
10.8.1, LLC, Ashland, OR, USA). FMO control stains utilizing
positive control stimulations were used to guide the gating
structure. Supplementary Figures S3, S4 provides the gating
structure utilized for analyses as well as representative plots of the
data presented in the Results section.

Statistics

Antibody titers were log transformed for graphical purposes.
All statistics were performed on raw, nontransformed data. One-
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way analysis of variance with Tukey correction was used for
comparisons of multiple groups for flow analyses and BAL
antibody titers, and multiple unpaired f-tests and area-under-the-
curve analyses were used to test for the significance of differences in
the long-term antibody studies. For neutralizing antibody studies,
the areas under the curves of serum dilutions at a given time point
were compared using the Kruskal-Wallis test. All experiments
shown contained three to six mice per group, as noted. Females
are represented by solid color symbols, and males are represented
by open symbols. In longitudinal studies, each symbol represents
the group mean, and in all other graphs, each symbol represents one
mouse. All error bars represent the estimation of the standard error
of the mean (SEM). For all tests, p < 0.05 was considered to be
significant. Prism Graphpad 9 and 10 (San Diego, CA, USA) were
used for all statistical analyses and figure generation.

Results

Effect of fusion of vaccine antigen with
MIP-3a on sustaining IgG and neutralizing
antibody concentrations

To evaluate the maintenance of antibody concentrations
following vaccination, 6-8-week-old BALB/c mice were
vaccinated IM three times at 2-week intervals with saline or with
10 ug of plasmid DNA encoding either codon-optimized MIP-3ct-
RBD or codon-optimized RBD using the electroporation procedure
described in Methods. One day following plasmid inoculation, 50
ug of the adjuvant CpG was injected into the immunization site.
Blood for serum IgG or neutralizing antibody concentrations was
obtained before each vaccination, 2 weeks after the final
vaccination, at monthly intervals through 6 months
postvaccination, and at bimonthly intervals thereafter through 12
months (Figure 1A). Antibody titers at all time points evaluated
were greater in recipients of the fusion vaccine compared to
recipients of vaccine encoding only RBD (mean difference =
2.77 + 0.9-fold), with the difference assuming significance at the
later time points postvaccination (p = 0.07 at 10 months, p = 0.007
at 12 months, Figure 1B). The area-under-the-curve-analysis of the
antibody concentrations over time for the two vaccination protocols
also showed nonoverlapping 95% confidence intervals for RBD
(57.64; 56.40-58.87) and for MIP-30.-RBD (62.25; 60.57-63.92).
Compared to IM immunization with the RBD construct alone, IM
immunization with the MIP-3ai-RBD vaccine construct yielded
significantly higher IgG concentrations in BAL 12 months after
the initiation of vaccination (Figure 1C, p < 0.001). The higher
serum IgG antibody concentrations observed at the later time
points assumed particular importance, as this resulted in the
maintenance at the 12-month time point of neutralizing antibody
titers at a critical efficacy threshold (42) (Figure 1D). The area-
under-the-curve analysis of the antibody titer curves at the 12-
month time point indicated a significant difference between
recipients of the MIP-30.-RBD vaccine compared to those
receiving the vaccine encoding RBD alone (p = 0.05).
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Impact of the IN vaccination route and use
of the fusion vaccine on the recruitment of
T cells to the lungs

Because of the potentially important role of T-cell responses in
attenuating the severity of SARS-CoV-2 disease, we examined the
impact of the route of administration, as well as the role of MIP-3a.
fusion, in eliciting lung T-cell responses as well as serum antibody
responses. These studies evaluated immunogenicity within a shorter
time frame and did not analyze the duration of the observed
immune responses (Figure 2A). The IN vaccination regimen
employed was identical to that successfully employed in our
previously described TB vaccine formulation (22), in which
higher DNA plasmid doses were used to compensate for the lack
of electroporation. Mice were immunized on four occasions at 3-
week intervals and received either IN immunization with 200 ug of
vaccine (100 pg in each nostril in 50 uL of PBS) or IM
immunization with 50 pg of vaccine administered with
electroporation and use of the CpG adjuvant, as described. For
the first three IN immunizations, the plasmid DNA vaccine was
administered without adjuvant or electroporation. Because interim
antibody analyses indicated no serum antibody response after three
IN immunizations, a fourth round of immunizations was
undertaken, using the CpG adjuvant (25 pg in 50 uL of PBS in
each nostril) for IN, as well as for IM, vaccination. The addition of
CpG to the IN vaccine failed to elicit a significant serum antibody
response (Figure 2B). As indicated (Figure 2B), despite receiving
four immunizations, serum IgG concentrations remained
significantly below those observed with a temporally identical IM
immunization protocol (p < 0.0001). The MIP-3a. fusion vaccine
offered no advantage in eliciting systemic antibody responses
following IN immunization. Similarly, IN immunization failed to
elicit serum IgA antibody responses (data not shown).

The inclusion of MIP-30 in the vaccine formulation did,
however, have a highly significant effect on the ability of IN
immunization to recruit T cells to the lung (Figure 3A). At 12
weeks after initial vaccine administration (3 weeks after final
vaccination), recipients of the MIP-3a fusion vaccine had an
approximately fourfold increase in the number of CD4" T cells
(Figure 3B) and CD8" T cells (Figure 3C) in the lungs compared
to recipients of saline, RBD-only vaccine, or, importantly, IM
immunization with the MIP-3o-fusion vaccine followed by
electroporation and use of the CpG adjuvant. In fact, IM
immunization or IN immunization with the RBD alone
construct did not elicit T-cell responses in the lung that
exceeded those of control mice receiving only PBS.

To examine antigen-specific T-cell responses elicited in the
spleen (Figure 4) and lungs (Figure 5) after IM or IN
immunization, we evaluated by flow cytometry at the 12-week time
point the CD4" and CD8" T-cell expression patterns of activation
cytokines IFN-y and TNF-o. following ex vivo stimulation with RBD.
In the spleen, we see that IM administration of MIP-30.-RBD
provides significant IFN-y expression in CD4" T cells and trending
levels in CD8* T cells. Meanwhile, the IN administration of MIP-30i-
RBD showed trends of increased IFN-y and TNF-o in CD4" T cells.
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Effect of route of administration and vaccine formulation on serum antibody concentrations. (A) Vaccination and serum or tissue sampling schedule
for 6-8-week-old BALB/c mice immunized with 50 pg of MipRBD IM followed by electroporation and CpG administration, as described in Figure 1B,
or IN with 100 pg of plasmid DNA encoding either MipRBD or RBD in a volume of 50 pL of PBS in each nostril. In each nostril, 50 uL of PBS alone
was used as a control IN immunization. Electroporation was not employed for IN immunization, and 50 pg of CpG (25 ug in each nostril in 50 uL of
PBS) was administered once 1 day after the final immunization. (B) Serum antibody titers were determined by ELISA, as described in Figure 1B. The
significance of differences in titer was determined using one-way ANOVA. Six mice per group, three males (open) and three females (filled), with

each symbol representing one mouse. ****p < 0.0001.

At this sample size, RBD without fusion administered IN did not
show statistical significance or trends in the spleen. TNF-o levels in
CD8" T-cells were too low to provide robust data. Lung stimulation
data showed a different picture than the spleen. In a pattern similar to
that observed with T-cell recruitment to the lungs, only the MIP-3c
fusion vaccine elicited a significantly increased number of IFN-y- and
TNF-o-expressing CD4" T cells post-RBD stimulation in the lungs
compared to all other groups (Figure 5). The levels of CD8" T cells in
the lungs were too low to provide robust data. Overall, the MIP-3c-
RBD given IN provides relatively equivalent immunogenicity in the
spleen compared to IM but superior immunogenicity in the lungs.

Discussion

The current preliminary studies have demonstrated that,
compared to a DNA vaccine encoding only the SARS-CoV-2
RBD antigen, fusion of the chemokine MIP-3a. gene to the RBD
antigen gene in the vaccine construct resulted in persistently higher
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FIGURE 3

antibody concentrations in serum over a 12-month observation
period (Figures 1B, D). One limitation of the long-term IM study is
the small sample size of three mice per group. Despite this,
statistical significance was consistently observed with several
parameters over time. Therefore, we hypothesize the results of
this preliminary long-term study to be valid. An area-under-the-
curve analysis over that time frame indicated that the difference
between the total IgG antibody responses to the two vaccine
constructs was significant. At the final time point, 12 months
following the initiation of vaccination, the concentrations of total
IgG antibodies maintained were also significantly different between
the two vaccine formulations, indicating the potential for a more
extended period of protection against viral infection or severe
disease provided by the fusion construct. This extended
protection capability was further supported by the finding at the
12-month time point that the concentration of neutralizing
antibodies was also significantly higher among recipients of the
fusion vaccine, with only the fusion vaccine readily exceeding the
threshold considered to be protective (42). Importantly,
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Effect of route of administration and vaccine formulation on T-cell recruitment to the lungs. The vaccination and tissue-harvesting schedule is
described in Figure 2A. Three weeks after the final vaccination, the recruitment of T-cell subpopulations to the lungs elicited by the different
immunization protocols was determined by flow cytometric analysis, as described in Methods. (A) All CD3" cells, as well as (B) CD3"CD8* and (C)
CD3*CD4" cells, were analyzed by normalized cell counts. Differences between groups were analyzed using one-way ANOVA. Six mice per group,
three males (open) and three females (filled), with each symbol representing one mouse. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Effect of route of administration and vaccine formulation on IFN-y and TNF-o responses by T cells in the spleen. The vaccination and tissue-harvesting
schedule is described in Figure 2A. Harvested lymphocytes were incubated in vitro with 1 pg of RBD protein for 16 h, with the final 4 h accumulating
intracellular cytokines. Flow cytometric analysis was then performed to evaluate T-cell IFN-y and TNF-o expression associated with different immunization
regimens in (A) %CD3*CD4" T cells expressing IFN-v; (B) %CD3*CD4" T cells expressing TNF-o; and (C) %CD3"CD8" T cells expressing IFN-y. Six mice per
group, three males (open) and three females (filled), with each symbol representing one mouse. *p < 0.05. Trends of p < 0.1 were noted on the graph.

significantly higher antibody concentrations among recipients of
the MIP-3o fusion construct were also observed in BAL at the 12-
month time point.

The results also indicate that the fusion of vaccine antigen with
chemokine was critical to the recruitment of T cells to the lungs
following IN immunization. Upon in vitro stimulation with the
RBD protein, only mice immunized IN with the MIP-3o. fusion
vaccine construct elicited IFN-y" and TNF-o. T-cell responses that
were significantly above control levels observed in unimmunized
mice. IM immunization with the fusion vaccine construct failed to
elicit a similar T-cell response in the lungs. The IN immunization
experiment contained three mice of each sex per group. However, at
this sample size, there were no clear trends of immunological
differences between male and female mice.

Previous studies have indicated that, when the species-
appropriate MIP-30. fusion product is used, no immune response
is generated to the autologous MIP-30. component, even while
markedly elevated responses are observed to the targeted antigen
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(32). While fusing vaccine antigens to DC-targeting ligands is not
novel per se, studies using that approach have typically employed
ligands for receptors found only on mature DC (25-28, 43),
forgoing the opportunity to enhance antigen uptake in iDC and
modify antigen processing during the earliest stages of the adaptive
immune response.

Particularly relevant to the current work, studies by others
examining IN immunization determined that MIP-30. played a
unique role in eliciting immune responses at that site (44-46). Qin
et al. demonstrated that MIP-3o drove DC recruitment to the nasal
mucosa and further promoted the development of transepithelial
dendrites in these cells. This effect resulted in enhanced antigen
uptake and the rapid migration of DC into the draining cervical
lymph nodes (46).

Our studies indicate that both the inclusion of MIP-3c. in the
vaccine construct and IN immunization were critical in the current
model system for eliciting effector T-cell responses in the lungs.
Multiple studies in the clinical setting have indicated that currently
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Effect of route of administration and vaccine formulation on IFN-y and TNF-a responses by T cells in the lung. The vaccination and tissue-harvesting
schedule is described in Figure 2A. Harvested lymphocytes were incubated in vitro with 1 ug of RBD protein for 16 h, with the final 4 h accumulating
intracellular cytokines. Flow cytometric analysis was then performed to evaluate T-cell IFN-y and TNF-a expression associated with different
immunization regimens in (A) CD3*CD4" T cells expressing IFN-y as a percent of all cells and (B) CD3*CD4" T cells expressing TNF-a. as a percent
of all cells. Six mice per group, three males (open) and three females (filled), with each symbol representing one mouse. *p < 0.05; **p < 0.01.
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employed IM immunization regimens have not been effective in
reducing nasal shedding of viruses in the setting of breakthrough
infections [reviewed by Brussow (47)], and studies in nonhuman
primates have indicated the importance of T-cell immunity in
preventing nasal shedding (13). Le Nouen et al. (48)
demonstrated in nonhuman primates the ability of intratracheal/
IN immunization with a parainfluenza virus-vectored prefusion
stabilized spike protein vaccine to elicit protective T-cell and
antibody responses that included prevention of viral shedding in
the upper and lower airways. They noted the dependence on T-cell
immunity for the prevention of viral shedding. Lei et al. (49)
demonstrated the ability of IN immunization with an
experimental polyethyleneimine-adjuvanted SARS-CoV-2 spike
protein to sustain systemic and BAL antibody levels, as well as
lung T-cell responses. Potential disadvantages of these approaches
are the reduced likelihood that a viral-vectored vaccine could be
used for booster immunizations, the production issues associated
with protein vaccines, and the untested clinical safety and efficacy
associated with polyethyleneimine used as a vaccine adjuvant.

The current studies identify a novel approach for potentially
eliciting both more durable antibody-mediated protection as well as
enhancing T-cell responses within the lungs. Both of these
outcomes offer the potential for more effective protection against
emerging viral variants and for a reduction in viral shedding by
vaccinated individuals with breakthrough infections. The results
also provide an experimental system in which the individual
protective contributions of humoral and cell-mediated immunity
can be studied. While the current vaccine was studied as an easily
constructed DNA formulation, the conclusions on the role of MIP-
300 on the observed responses should be applicable across
formulations that avoid issues around the use of viral-vectored or
protein vaccines. Future studies can confirm that updated forms of
this fusion vaccine will have similar efficacy to new SARS-CoV-2
variants of concern. The speed at which the vaccine could be
updated is a strength in the constantly changing viral landscape.
Our results suggest that a dual vaccination approach for this
construct, IN and IM, would be most effective in providing
optimal protection, warranting further study. While DNA
vaccines have historically elicited poor responses in human
studies, recent clinical studies demonstrating the efficacy of a
DNA-formulated SARS-CoV-2 vaccine indicate the potential
utility of stable, properly formulated DNA vaccines in the clinical
setting (50, 51). These studies represent a preliminary analysis of an
approach that will require currently planned future studies that
define the duration of IN immunization-elicited T-cell-mediated
protection, the roles of different T-cell subsets, the efficacy of this
vaccine construct in murine and nonhuman primate challenge
models, and the ability of mRNA formulations of this vaccine
construct to elicit similar immune responses.
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Immune responses to both SARS-CoV-2 infection and its associated vaccines
have been highly variable within the general population. The increasing evidence
of long-lasting symptoms after resolution of infection, called post-acute
sequelae of COVID-19 (PASC) or “Long COVID," suggests that immune-
mediated mechanisms are at play. Closely related endemic common human
coronaviruses (hCoV) can induce pre-existing and potentially cross-reactive
immunity, which can then affect primary SARS-CoV-2 infection, as well as
vaccination responses. The influence of pre-existing immunity from these
hCoVs, as well as responses generated from original CoV2 strains or vaccines
on the development of new high-affinity responses to CoV2 antigenic viral
variants, needs to be better understood given the need for continuous vaccine
adaptation and application in the population. Due in part to thymic involution,
normal aging is associated with reduced naive T cell compartments and impaired
primary antigen responsiveness, resulting in a reliance on the pre-existing cross-
reactive memory cell pool which may be of lower affinity, restricted in diversity,
or of shorter duration. These effects can also be mediated by the presence of
down-regulatory anti-idiotype responses which also increase in aging. Given the
tremendous heterogeneity of clinical data, utilization of preclinical models offers
the greatest ability to assess immune responses under a controlled setting. These
models should now involve prior antigen/viral exposure combined with
incorporation of modifying factors such as age on immune responses and
effects. This will also allow for mechanistic dissection and understanding of the
different immune pathways involved in both SARS-CoV-2 pathogen and
potential vaccine responses over time and how pre-existing memory
responses, including potential anti-idiotype responses, can affect efficacy as
well as potential off-target effects in different tissues as well as modeling PASC.
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Introduction: the diverse immunology
underlying SARS-CoV-2 and
vaccine responses

The ongoing SARS-CoV-2 (CoV2) pandemic, with its
devastating health and economic effects, has generated an urgent
need to gain more in-depth understanding of the complex and
interdependent immune mechanisms at work in response to both
the virus and to the vaccines that have been developed to combat it.
This has been particularly important given the continual emergence
of new viral variants which increase in their immune evasive
properties, resulting in the need for further vaccine optimization
and periodic application. This need has also been highlighted by the
extreme diversity of immunological effects observed within the
population after CoV2 infection (and reinfection) or vaccination.
At one end of the spectrum, some infected patients can have over-
reactive immune responses resulting in a life-threatening pro-
inflammatory cytokine storm, necessitating the need for immune
suppression (1). Aging and obesity appear be risk modifying factors
on pathogenesis and outcome. Conversely, many younger
individuals can present with relatively asymptomatic infections
with rapid viral clearance and spontaneous resolution (1, 2).
Similarly, immediate adverse immune reactions to the various
vaccines in otherwise healthy adults, while rarer, are also diverse,
with some developing rapid allergic reactions and some, even less
frequently, with potentially serious off-target effects such as
myocarditis and thrombotic events (3). It is still unclear as to
what effects are due to vaccine application versus possible past or
concurrent CoV2 exposure, especially given recent data indicating
that both CoV2 and S protein can be detected in some patients long
after viral infection resolution (4, 5). Finally, a growing body of data
accrued from patients has shown that various symptoms can persist
for many months after infection, called post-acute sequelae of
COVID-19 (PASC) or, more colloquially, “Long COVID,”
indicate that immune-mediated pathways are involved.

Regarding the potential of vaccine-mediated effects, some of
these immune-mediated events may be intrinsic for the type and
construct of vaccine applied (mnRNA, adenovirus, inactivated virus,
protein or protein fragment, use of carriers like polyethylene glycol,
etc.), as well potential effects of the antigen targeted (i.e., the spike
(S) protein in CoV2 which can have direct proinflammatory effects
(6)). The immune responses induced to both the virus and vaccines
likely play a driving role as well. The occurrence rate of these
adverse effects are also notable and being increasingly appreciated
as more data are generated. A recent report detailing that 70.79% of
those that who were vaccinated and participated in a questionnaire
had experienced side effects after the second dose of vaccine, while
46.76% of participants that had already experienced infection had
adverse effects after the first injection (7). Another study observed
that elderly patients experienced adverse events at a higher rate than
other groups, with tachycardia, hypertension, and hypotension
being commonly reported, though more serious events, like acute
myocardial infarction and cardiac arrest, were also reported (8).
Long-term effects of CoV2 infection have also been reported, with
men being at an increased risk for cardiovascular complications
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after CoV2 infection (9, 10). Others have also reported similarly
increased occurrence rates of adverse events, at elevated intensity, in
the elderly population with repeated vaccination, with those having
infection prior to vaccination typically having elevated rates of
occurance (11). In comparison to adverse occurrence rates in the
elderly with other common vaccinations (influenza, Td, Hepatitis B,
etc.), adverse events have been reported to be lower than that
observed with SARS-CoV-2 vaccination, though a direct
comparison study has not yet been performed (12, 13). In
addition, others have reported that mRNA SARS-CoV-2 vaccines
have been associated with a higher occurrence of adverse events in
comparison to adenoviral vector and inactivated virus vaccines
(14, 15).

The diverse array of long-term and diverse effects defining
PASC implicate multiple organ systems (cardiovascular,
pulmonary, neurologic) being affected, similar to those reported
with primary CoV2 infection itself (16). Data supporting the
implication of the immune system mediating, at least in part, the
development of PASC, is compelling, even considering the
heterogeneity of immune responses reported. Primary infection
has been demonstrated to cause apoptosis to hippocampal cells, as
well as alteration of the neuronal landscape and cognitive
impairment (17, 18), with preclinical studies also indicating
neuronal inflammation even after clearance of the virus (19).
Spike protein has been reported several months post-infection as
well (5), with data demonstrating that the S protein has the ability to
cross the blood brain barrier and cause inflammation through TLR
triggering and inflammasome activation (20-22). While reports of
possible long-term effects following vaccination have been shown
(23), attributing these solely due to the vaccines is extremely
problematic, given the reliance on clinical data and history. The
presence of concurrent viral infections, such as asymptomatic
CoV2, or common latent infections like Epstein-Barr virus (EBV)
and cytomegalovirus (CMV), or continuous exposure to endemic
hCoVs, can all be affecting immune responses and the symptoms
reported. Additionally, the frequent emergence of CoV2 variants
continuously alters immunologic epitopes targeted, which has
further complicated the picture newer vaccine formulations are
produced to combat them. Some of the initial data suggesting that
pre-existing immune responses may affect CoV2 immunity
revolved around the reported relatively rapid waning of protective
antibody responses (within months), as well as reported reinfection
rates (24, 25). More recent data has also demonstrated with both
viral infection and vaccination that class switching of antibodies to
IgG4 from 1gG3 and IgG1 occurs, with IgG4 being a lower affinity
subclass of IgG, compounding the issue of total antibody levels
waning (26-28).

Given the tremendous heterogeneity of immune responses,
pleiotropic pathologies reported, and the emergence of PASC,
how can true mechanistic studies be performed to delineate not
only causation but also treatment options? Unfortunately, most
data regarding both CoV2 infection and vaccines have relied on
imprecise measures of human immune function (primarily serum
antibody levels or cytokines), variables known to be influenced by a
number of clinical factors including underlying medical conditions,
and to reflect in vivo immune function imperfectly as well as being
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highly variable and affected by numerous factors. It is only through
the use of preclinical studies that controlled situations and
experimental conditions can occur that delineate these
different questions.

Preclinical insights gained through
SARS-CoV and SARS-CoV-2 virus and
vaccine modeling

Mus musculus (Mouse)

Preclinical modeling has already provided significant insights
into the mechanisms of SARS-CoV-2 infection and vaccination.
Understanding the advantages and limitations of the different
animal models is critical for determining relevance to the human
condition, especially given species differences in not only immune
biology, but also CoV2 susceptibility.

The inbred laboratory mouse continues to be the bedrock for
biomedical research, particularly immune-based studies, due to
cost, reagent availability, and extensive immune and genetic
characterization that already exists. Mice do, however, have
significant immune differences between strains that need to be
taken into consideration before extrapolating to humans (29, 30).
Laboratory mice are also housed under specific pathogen free
conditions which severely restricts pathogen exposure and results
in, for the most part, a naive immune repertoire even as they age
(31). Mice are inherently resistant to CoV2 infection due to
differences between mouse vs human angiotensin converting
enzyme 2 (ACE2) (mACE2 and hACE2, respectively) (32, 33).
This has led to the generation and use of transgenic hACE2 and
Cre-Lox induced mouse models, as well as mouse-adapted strains of
CoV2 which produce robust and severe infection pathologies (34).

While mice are resistant to CoV2, they can be infected with
SARS-CoV (CoV) which, while similarly utilizing a S protein that
also binds ACE2, has the capacity to bind mACE2 due to differences
in binding domains (35). Earlier studies with CoV showed that wild
type (WT) young mice, such as BALB/c and C57BL/6, have
minimal pathology following infection. However, it has been
demonstrated that aged BALB/c mice experience pathology
similar to that observed in severe human infection, such as
pneumonia, pulmonary fibrosis, and large inflammatory cytokine
responses, indicating the importance of involving age in preclinical
modeling (36, 37). Vaccine efficacy, using mRNA-based vaccines to
the CoV S protein, also was demonstrated in mice (38-40), with
protective anti-viral antibody responses being produced. However,
the mouse strain used appeared to be critical, as BALB/c mice
following vaccination and then CoV viral challenge exhibited
eosinophilia, lung pathology, and elevated inflammatory
cytokines, events not observed in C57BL/6 (B6) mice (39, 41, 42).
Another recent report supports this, as a group demonstrated that
CoV2 mRNA vaccination of BALB/c mice induced significant
weight loss and elevated inflammatory cytokines 1-2 days post
injection, with histopathology revealing that myocarditis, as
evidenced by apoptosis and necrosis, was observable as far as two
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weeks after initial infection, with further boosting amplifying
myocarditis pathology (43). BALB/c strain mice are skewed
towards producing Th2-mediated immune responses which likely
contributes to these allergic-type effects, while B6 mice are more
skewed towards Thl-mediated responses (44). The vaccine
adjuvant was also shown to play a role, as TLR-triggering
adjuvants skewing to Thl-type cytokines could ameliorate these
allergic effects in the vaccinated mice, while some Th2 promoting
adjuvants have been shown to promote such effects (39). A mouse
adapted CoV2 has also been recently demonstrated these effects in
BALB/c mice mirroring the CoV studies (45). Given that allergic
reactions have been reported after vaccine administration in some
people, with some only experiencing severe adverse events after
boosting (46), this suggests that it is important to use multiple
mouse strains to develop a more complete immunologic picture of
both vaccine and infection effects to be reflective of an
outbred population.

Keratin 18 (K18) hACE2 transgenic mice have the hACE2 gene
put on the cytokeratin 18 promoter, allowing expression of hACE2
(47). K18 mice were originally utilized to study CoV, being used to
study severe pathology that wasn’t producible in young mice. K18
mice infected with CoV and CoV2 experience pathology similar to
humans, such as elevated proinflammatory cytokines and cytokine
storm with severe infection, innate immune infiltrates in the lungs,
and lung and systemic tissue pathology (47-51). Neuropathology
typical of CoV infection is also observable in K18 mice, with
neuroinvasion via the nasal and central nervous system (CNS)
occurring, followed by neuronal death and activation of immune
cells such as microglia and T cells, consistent with human infection
responses as well (52-55). While discussed at greater detail later,
K18 mice have severe pathology that limits modeling of mild or
asymptomatic infection.

Commonly used mRNA vaccines targeting the CoV2 S protein
have been shown to be efficacious in K18 mice by generating robust
antibody responses (56-60). Similarly, IgM (61-65), IgG (26-28,
66-69), and IgA (66, 70-72) mouse antibody kinetics mirroring
those observed in humans have been demonstrated. While the vast
majority of these vaccine studies have centered on antibody
responses, T cell responses have also been characterized (72-74).
While most preclinical studies have focused on vaccine efficacy,
others have demonstrated adverse effects from mRNA and SI
protein vaccination. These adverse effects include weight loss, a
proinflammatory response, acute lung injury, and presence of
immune infiltrates (75, 76) suggesting these models may be
appropriate in delineating immune-mediated effects due solely by
the vaccine.

An issue in using transgenic K18 mice concerns the
overexpression hACE2 due to use of the cytokeratin 18 promoter,
which is present on all epithelial tissues, and can produce pathology
not typical of humans (18, 77). Overexpression of hACE2 in the
nasal passages and neuroepithelium has been shown to allow for
aggressive SARS-CoV-2 neuroinvasion not observed with human
infection (55), while neuropathology, such as neuronal death and
immune infiltrates, has been shown by others to be more severe
than typically seen in humans (52-54). This overexpression also can
lead to more severe organ pathology in what would be considered
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non-critical SARS-CoV-2 targets, such as the spleen and liver (47—
51). These limitations should also be thought of when interpreting
the adverse events that have been demonstrated in K18 SARS-CoV-
2 vaccine models. It should also be noted that K18 mice still
maintain expression of mACE2, which could further alter viral
and vaccine kinetics, as well as the immune response to these
challenges. While K18 mice have shown a dose dependent response
to SARS-CoV-2 (78), studies are still limited and capturing nuances
of human infection may prove to be a challenge in the future due to
the severity of infection. While Cre-Lox and adenovirus hACE2
mouse models, which can be induced to express hACE2 on target
tissues like the lungs unlike K18 mice, may be able to overcome
some of the disadvantages of the K18 mouse model, these also limit
mirroring of the systemic effects of CoV2 infection on tissues
outside the lung (79-81).

Mouse adapted SARS-CoV and SARS-CoV-2 strains have been
generated through reverse genetic engineering (82) and serial
passaging in BALB/c mice (82-86). These compatible strains,
such as MA10, HRB26M, MASCp6, and others, allow for the
infection of young mice, particularly those of a C57BL/6
background, and tend to generate a Thl skewed immune
response with pathology similar to that seen in humans, with
acute respiratory distress, lung tissue damage, pneumonia, and
lung infiltrates being reported (84, 86). Both non-severe and
severe infections can be modeled in a dose dependent manner,
while mouse age has been shown to exacerbate pathology. Vaccine
efficacy, in the form of antibody responses and resistance to the
mouse adapted strains, has also been shown, using different vaccine
formulations (84, 87, 88). Due to the novelty of these mouse
adapted viruses, limitations have not been as extensively
characterized, though it has been observed that they have a
different tropism than that observed in humans, and that serially
passaging induced mutations could alter viral pathology and the
resulting altered immune responses (84). Further studies need to
performed to establish the exact pathogenesis and immunobiology
of this mouse adapted viruses, with hACE2 mouse models still
primarily being used for vaccine assessment efficacy.

Other small animal SARS-CoV-2
models — Mesocricetus auratus and
Mustela putorius (Syrian hamsters
and ferrets)

While most preclinical small animal CoV2 models use mice,
others have had success using Syrian hamsters and ferrets due to
inherent CoV2 susceptibility. Syrian hamsters offer several
advantages over WT and transgenic hACE2 mouse models, with
hamsters having a structurally similar ACE2 amino acid sequence
and S1 protein binding site to humans (89), allowing for natural
susceptibility to CoV and CoV?2 infection (90-92). Because of these
structural similarities, and because Syrian hamsters express ACE2
in the same tissues as humans, viral pathology is fairly similar, with
the virus targeting the respiratory tract and lungs for replication,
while still generating a systemic immune response (93). Viral
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pathology severity is dose dependent, allowing for both lethal and
non-lethal SARS-CoV-2 infection, while other variables that
correlate with disease severity in humans, such as age (91) and
sex (94), have been observed to have similar effects on hamster
outcomes following infection.

Reports on neuropathology have been conflicting, with some
reporting neuronal invasion and pathology, while other have
reported a lack of viral mRNA in the CNS, although neuronal
immune activation and tissue damage have been consistently
reported (19, 91, 95, 96). This neuropathology is more
representative of human infection than what has been observed in
K18 mice, and given similar viral clearance patterns to humans,
hamsters have been used to model PASC (19, 96, 97). A recent
report detailed structural and transcriptional changes to the lungs,
kidneys, olfactory bulb, and olfactory epithelium following CoV2
infection in Syrian hamsters, with an elevated inflammatory
transcriptional profile being observed in the hamsters’ brains 31
days after initial infection (19). This was accompanied by behavioral
and cognitive changes. While not yet extensively performed, these
models may be of particular use to also model PASC pathobiology.

While viral pathology in Syrian hamsters may more resemble
humans, significant immune differences exist, although precise
characterization of these differences has been hampered by
limitations in validated reagents needed to delineate the complex
immune responses occurring. The innate immune response is similar,
with multiple groups reporting an increase in inflammatory cytokines
such as TNF, IL-6, and IL-1B, as well as increase macrophage
presence and activation in the lungs within the first 2-5 days of
infection (91-93, 98). Adaptive immune characterization has been
more difficult, however, due to limitations in hamster specific
antibodies and reagents. While a robust virus specific T and B cell
response has been observed, delineation and characterization of these
adaptive immune responses beyond this has been limited (98).
Infection also generates an antibody response similar to humans
(98, 99). However, there has been acknowledgement on the
limitations of hamsters in modeling human vaccine responses.
Merkuleva, et al. demonstrated with a RBD-based vaccine that
hamsters had a much smaller production of neutralizing antibodies
in comparison to mice, rabbits, and ferrets when given the same
vaccine formulation (100). Another group also demonstrated lower
antibody titers in comparison to other animal models used (101),
offering a potential explanation in Th2 skewing that could exist in
hamsters, although this cannot be determined at this time due to the
aforementioned lack of hamster specific antibodies for in-depth
immune phenotyping.

Ferrets have also been extensively used in respiratory viral
models, due to having a similar respiratory system to humans, as
well as having similar clinical symptoms, such as coughing and
sneezing (102). Ferret ACE2 is structurally similar to humans, and
is also bound by the S1 protein, but actual disease severity has been
shown to be mild, though severity has been shown to increase with
age (not enough to be lethal however) (103-106). Neuropathology
is also observable in ferrets, with viral RNA being detectable in the
olfactory bulb and occipital lobe, though studies have been limited
in regards to the neurological component of infection (107). PASC
pathobiology has not been characterized in ferrets, and there are

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1345499
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Collins et al.

contrasting opinions on whether they are suitable for modeling due
to the lack of disease severity (108, 109).

Studies on ferret immune responses to SARS-CoV-2 infection
are limited, as, similarly to hamsters, immune-specific reagents that
are ferret specific are limited. Current studies have shown the
development of virus specific antibodies, with one study showing
a similar response between mice and ferrets (91, 100, 110). Another
group showed that with infection, a lung transcriptome profile
indicating strong enrichment of genes related type 1 interferons, T
cell activation, and M1 macrophage polarization, was observable,
which was further elevated with age (91). Another group similarly
demonstrated type 1 and type 2 interferon gene upregulation with
infection, noting that this response was delayed in male
ferrets (111).

Non-human primates

Non-human primate (NPH) large animal models offer
significant advantages over mouse models, being closer to
humans on a genetic, physiological, immune, and even behavioral
level. NHPs have similar ACE2 to humans, only differing by a few
amino acids, though the amino acids that do differ are those that
would be used in S1 protein binding. The major disadvantages of
NHP models, in general, is the expensiveness per animal, which
severely limits the numbers of animals that can be used in studies.
This can also make reproducibility of data and statistics difficult due
to limited animal numbers.

NHPs have pathology resembling mild human infection when
inoculated with SARS-CoV-2, with clinical scoring of pneumonia,
weight loss, malaise, and fever being comparable but the reduced
severity of infection is problematic (112, 113). While viral
replication occurs, less efficient S1 protein binding limits
infectivity and pathology. One study did observed coagulation
abnormalities in Chlorocebus aethiops (African Green Monkeys)
that would be associated with more severe human infection, but this
did not seem to impact long-term overall health (114). Vaccine
efficacy has also been demonstrated in NHPs through antibody,
immune, and antiviral responses, although studies are limited and
often of a short duration, and thus adverse events have not been well
documented or even assessed (115-117).

Effects of cross-reactive secondary
viral memory responses on
CoV2 responses

Although the CoV2 pathogen itself may be new to our species,
other human coronaviruses (hCoVs) are not and provide critical
common immunological links. Seven hCoVs exist, all of which use a
spike (S) protein for cellular entry. CoV2 has been linked with the
original CoV due to similarities in virulence, origin, and a high
molecular/genetic homology (76%) in their S-proteins (118-120).
Four other hCoVs (hCoV-229E, hCoV-NL63, hCoV-HKU1, and
hCoV-OC43) are endemic within the population and responsible
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for common seasonal minor respiratory tract infections worldwide,
with the entire population generating immune responses from an
early age (121-123). Significant similarities exist between CoV2 and
these other hCoVs, suggesting potential cross-reactive immune
responses. As with SARS-CoV and CoV2, NL63 also targets the
ACE2 receptor via its S- protein. Furthermore, even stronger
homologies of CoV2 exist with HKU1 and OC43, which are also
beta-coronaviruses, with cross-reactive immune responses having
been reported with both antibody and T cell responses (124-126).
Others have already demonstrated that in addition to having similar
sequence homologies, conservation of epitopes exists between
SARS-CoV-2 and a few of these seasonal coronaviruses (127-
129), while others have shown the potential of cross reactivity
through antibody responses (124, 130, 131), which, taken together
with other epidemiological evidence of cross-protective immunity
(132), illustrates the potential of cross-reactive mechanisms.
Immunological cross-reactivity exists not only among the hCoVs
but even with coronaviruses from other species, as antibodies
capable of neutralizing both human and mouse CoVs have
demonstrated (133). These point to the tremendous potential of
pre-existing cross-reactive secondary responses which can then
affect not only resistance but also primary antigen-specific
response capabilities (119). Furthermore, the endemic nature of
these hCoVs indicates that continuous antigen exposure regularly
occurs, further amplifying this reshaping of immune repertoire.
The tendency of the immune system to preferentially use
immunologic memory from a previous infection when
encountering a different version of the original stimulus has been
referred to as the “Original Antigenic Sin.” This may represent a
means to generate rapidly activated memory responses, even if not
of high affinity, during acute infection, and provides a means to
compensate in situations where optimal primary response
induction is impaired. While not extensively characterized yet, the
concept of original antigenic sin has been implicated in SARS-CoV-
2 immunity, with recent publications supporting the impact this
phenomenon could have on vaccine efficacy and disease outcome
(134, 135). Other viruses, such as influenza, which have been
published on more extensively in the context of antigenic sin, can
potentially offer insight when extrapolated to CoV2. While cross-
reactive antibody (xAb1) and T cell responses in CoV2 have been
characterized, data on their overall role in efficacy of protection,
either positive or negative, have been conflicting. However, many
studies also illustrate the difficulty of relying on one readout
especially with clinical data: use of antibody levels versus cell-
mediated antigen- specific responses by T cells including an
effector arm with CD8+ T cells and a helper arm with CD4+ T
cells as surrogate predictors in ascertaining protection efficacy. The
endemic nature of the hCoVs, with exposure occurring from a
young age, combined with the presence of latent viral infections,
such as CMV and EBV, add to T cell memory inflation over time,
though the exact contribution of hCoVs to this memory inflation
has not been well chracterized (136-139) (Figure 1). Preferential
activation of these cross-reactive responses, even if of a lower
affinity, is due to the tremendous speed advantage that memory
responses have over generation of primary responses from naive T
cells. A critical question revolves around the effects of these cross-
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Aging Predisposes to Pre-existing Memory Responses. During aging, there is marked shift towards long-lived memory T cells due to both the
massive reduction of naive T cell output from thymic involution and constant antigenic exposure throughout life. Some viral pathogens are endemic
and continuous (hCoVs), while others (CMV, EBV) are latent and a also continual source of antigen exposure. The resulting in contraction of the T
cell repertoire due to naive T cell loss and predominance of memory T populations results in an increasingly impaired ability to mount primary
immune responses with age. Some of these pre-existing memory cells can also be cross-reactive to new viral pathogens such as SARS-CoV-2
depending on extent of antigen similarities and affinity of original response., These cross-reactive responses can then be both of lower affinity and
duration. A similar propensity for pre-existing memory B cell responses also occurs with aging, working in concert with long-lived memory CD4+ T

cell help.

reactive pre-existing memory cells on overall efficacy towards the
new pathogen, with the “net” effect highly contingent on host
variables and degree of cross-reactivity. At one end, rapidly
induced cross-reactive secondary immune responses, even though
of lower affinity, may rapidly generate critically needed initial
protection for the host and allow time for more specific primary
responses to be generated, as has been suggested in CoV2 to be
correlated with less severe disease (140), with a report that even
prior responses to other vaccines such as to diphtheria, tetanus and
pertussis (DPT), to be potential sources of protective cross-reactive
responses to CoV2 (141). Another recent study demonstrated that
CoV2 vaccination could induce long-lasting cross-reactive CD4" T
cell responses, suggesting overall better immune effects (142).
Conversely, recent reports examining antibody response data
from patients and mouse models demonstrated these lower
affinity cross-reactive secondary responses to other hCoVs are not
only less efficacious, but actually compete and inhibit primary
response generation (143, 144), with suggestions that these pre-
existing cross-reactive responses are deleterious in protection (145-
148). These cross-reactive responses also could have a significant
effect on the therapeutic application of convalescent plasma as a
source of protective antibodies, which by themselves are
immunogenic and also affected by anti-idiotype responses (131).
How can one reconcile these potentially opposing effects
being observed?

Aging and immune responses: the
increasing role of memory and cross-
reactive secondary responses to
overall immunity

Normal aging has been well-documented to result in
significantly impaired primary antigen-specific immune
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responses, in part due to massive changes in the naive T-cell pool
caused by thymic involution (149, 150), as well as other alterations
that contribute to immunosenescence (151). Aging and obesity are
also associated with a persistent pro-inflammatory state that
contributes to increased naive to memory T cell conversion (152-
154). Combined with continuous pathogen exposure throughout
life, this results in a marked skewing towards long-lived tissue
resident memory T-cell numbers from prior antigen responses
(Figure 1). Accordingly, the overall TCR repertoire of the aging
host markedly contracts in part due to continuous expansion of
long-lived memory T cells directed towards common latent viral
infections such as CMV and EBV, further impacting the ability of
the immune system to respond to acute viral infections (154-156).
These memory T cells markedly outcompete the ever-reduced
numbers of naive T cells due to their ability to rapidly respond to
antigen recall, even if of lower affinity. Aging therefore increases
reliance on pre-existing memory T-cell responses by the host when
encountering a new pathogen. This reduced ability to mount new
primary antigen-specific CD4" T-cell responses would then also
impair the T-cell “help” needed for the generation of high-affinity B
cell and antibody generation, also favoring pre-existing cross-
reactive memory B-cell responses (157-159) (Figure 1). Thus, at
both the B and T cell levels, activated cross-reactive memory
responses can potentially suppress the primary CoV2 response in
both specificity and duration while at the same time initially
resulting in faster responses resulting in protective effects.
However, even if activated, not all of these competitive cross-
reactive responses may be efficacious, given a recent report of
increased production of non-protective hCoV antibodies
following CoV2 infection (160). Similarly, cross-reactive hCoV-
specific T cells were observed in unexposed patients (125, 126), but
it was observed that after infection, the CD4" T cells were weaker in
response and detectable for shorter time periods (161, 162),
indicative of lower functional avidity. Several of the studies also
correlated the presence of these cross-reactive antibody responses
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with increased disease severity, suggesting a net negative effect on
protection (143, 144, 163).

While notable differences in antibody responses have been
noted to occur in vaccinated vs naturally infected elderly patients,
age as a factor has not been rigorously assessed in studies, although
there was a report assessing T cell recall responses to OC43 and
NL63, which showed an absence of T cell recall responses in elderly,
but not younger individuals (164), with a caveat that one cannot
rule out impaired function associated with aged T cell responses.
Additionally, while reports on antibody responses and cross-
reactive immune responses have centered on patients following
CoV2 infection (165, 166), assessment of the potential effects of
vaccines on cross-reactive activation have been lacking, although
one study observed no effects of a vaccine on cross-reactive
antibodies versus the virus itself (167). In contrast, activation of
cross-reactive S-protein-specific CD4" T-cell responses following
vaccination was observed, which notably did not occur in the CD8"
T cell population (142), but the delineation of avidity and duration
of these cells versus primed naive T cell responses was assessed.
More studies are needed to determine the effects of these, and
potentially other, cross-reactive immune responses following
different vaccination regimens. Outside of cross-reactive T
memory or antibody responses directly competing with the
induction of primary responses, these pre-existing immune
responses can also potentially mediate effects through activation
of cross-reactive anti-idiotype responses. Understanding immune
system dynamics and regulation in the context of aging could be
highly revealing, especially given the potential of therapeutics
already being investigated for restoring immune function and
attenuating dysregulated immune responses in the elderly (168).

Revisiting the network hypothesis:
immunoregulatory effects of anti-
idiotype and cross-reactive anti-
idiotype responses and the role
of aging

Both immunoglobulin and T-cell receptor (TCR) gene
rearrangement results in the appearance of new antigenic
determinants or idiotypes (Abl for antibody) to which the
immune system has not been tolerized, which can then also
induce immune responses. These anti-idiotype or Ab2 responses
were postulated by Niels Jerne in the Network Theory as a means of
immune-mediated regulation (169). This has been robustly
demonstrated using inbred mouse models to defined antigens and
monoclonal antibodies, with the bulk of research being performed
in the 1980’s and 1990’s (170-173). The difficulty in demonstrating
physiologically relevant Ab2 responses in humans partly stems
from the tremendous heterogeneity of antigen responses in an
outbred population and reliance on clinical data. Nonetheless,
demonstration of anti-idiotype antibodies have been
demonstrated validating the concept. The immunoregulatory
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effects of anti-idiotype response is due to the ability of Ab2 to
bind Abl and neutralize it directly, or to act on the Abl-producing
B cells resulting in clearance or suppression (174-176). The cascade
does not stop there however, as the Ab2 also induce down-
regulatory “anti-anti-idiotype” or Ab3 responses (177). Some of
the Ab3 are similar with the Abl idiotype response being also
capable of binding the original antigen and possibly protective
(178). Ab2 antibodies have even been explored to be surrogates to
the original antigen as a vaccine approach. Furthermore, this
Ab1>ADb2>Ab3 cascade would then allow for continuation of
immune responses long after the antigen itself has disappeared
which may also explain for long-lasting off-target effects of either
infection or vaccination depending on the nature of the original
antigen targeted.

Outside of directly affecting primary Ab1 efficacy, anti-idiotype
(Ab2) responses could also potentially exert immune-mediated
effects on the host which may account for longer-lasting
pathologies following infection and possibly vaccination. A
unique type of molecular mimicry attributed to Ab2 can mediate
agonistic effects of the primary immunogen. It is important to note
that Abl responses are polyclonal in nature, and not all Abl will
induce the same Ab2 (which are also polyclonal), though some
clones may predominate (Figure 2). The paratope or binding region
of some, but not all, Ab2 can also represent a mirror image of the
original antigenic epitope itself and as such, have the capability of
binding to the cellular ligand targeted by the original antigen target.
Diversity in the anti-idiotypic cascade may also partly explain the
tremendous diversity of immune responses within the general
population to both CoV2 infection and vaccines (179). Attempts
to exploit this antigen-mimicry have included using Ab2 as
surrogates for the antigen (180, 181). In the case of CoV2 or
vaccines, the ACE2 receptor may be bound by Ab2 in a manner
same as the CoV2 S protein (182). Detection of antibodies towards
ACE2 following CoV2 infection in some patients supports this
hypothesis (183). These Ab2 potentially could then mediate various
off-target effects given the diverse expression of ACE2 in many
tissues and cell-types, which, depending on the strength of Ab2
response, could possibly result in pathology (Figure 2) (182).
Another receptor targeted by the CoV2 S protein, neuropilin-1
(NRP1), which is expressed in astrocytes and neurons, should also
be considered in the context of Ab2 antibodies, especially given its
roles in axon guidance and VEGF-A modulation. Studies have
demonstrated that knockout of NRP1 can have detrimental effects,
such as sympathetic nervous system dysregulated sinus bradycardia
and neuronal abnormalities, such as poorly condensed ganglia and
extended neurons (184). It has not yet been established if antibodies
develop against NRP1 during CoV2 infection, however. Because of
this, this review will focus on Ab2 responses in the context of ACE2,
while noting that NRP1 should also be investigated as well.

The kinetics of Ab2 responses to both T-dependent and T-
independent antigens have been extensively studied in mice,
although rats and non-human primates also have been used.
Initial responses to antigen demonstrated delayed Ab2 kinetics of
lower magnitude (185). However, when boosting was applied,
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Anti-idiotype Response and the Network Cascade. The induction of antigen-specific antibody responses results in polyclonal antibodies (Abl). The
immunogenic nature of the paratope (antigen-binding region) of Abl then can result in polyclonal anti-idiotype (Ab2) antibodies capable of binding
and inhibiting Ab1 by forming complexes resulting in Abl clearance. The paratope of some of these Ab2 antibodies may be a “mirror” to the original
antigen and then induce anti-anti-idiotype antibody responses (Ab3) which can then regulate the down-regulatory Ab2 but also some of which may
have similar binding as the Abl to the original antigen and be protective. This cascade and effects may be contingent on the extent of immunization
or antigen exposure as repeated immunizations can result in greater Ab2 responses as well as effects on aging where cross-reactive Ab2 may also

affect initial Abl responses.

robust and rapid Ab2 responses were observed, even comparable to
Abl, while also resulting in lessening Abl (185). This network
would then have a major effect on Ab1 efficacy and duration upon
repeated stimulation. Importantly, higher Ab2 responses were also
observed in older mice suggesting aging predisposes to Ab2
suppression (186). Similarly, T cells from aged mice were
observed to play major role in the increased production of Ab2 at
the expense of Abl (187). These data would suggest that cross-
reactive secondary responses are induced after pathogen exposure.
It is possible that cross-reactive secondary anti-idiotype (xAb2)
responses may also be induced following CoV2 infection or
vaccination, although this needs to be definitively shown.

Just as cross-reactive idiotype antibodies (xAb1) or T cells can
potentially directly interfere with primary immune response
generation and efficacy, triggered secondary xAb2 responses,
along with induced specific Ab2, could augment this down-
regulatory cascade causing reduction of Abl responses. This may
also account for the rapid waning of protective CoV2 immunity
following infection or vaccination. Furthermore, repeated antigenic
challenge (either by re-infection, vaccine boosting, or even
continuous exposure to the original hCoV) may further amplify
these inhibitory pathways (182). Aging may exacerbate these as well
due to impaired primary immune response capabilities. It was
reported that elderly patients following CoV2 infection had no
detectable Cov2 antibodies despite having antigen-specific memory
B cells, pointing to potential effects of Ab2-mediated clearance
being higher in this population (188). It is also worth considering
that autoantibodies to ACE2 have been previously reported in
patients with connective tissue diseases (189). Antigen mimicry
effects by Ab2 could also be affected by cross-reactive memory xAb2
responses based on the recognition of shared epitopes. Pre-existing
xAb2 from prior NL63 infections could then also bind the ACE2
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receptor and contribute to Ab2 effects. Furthermore, the continuous
exposure to endemic CoVs as well as repeated administration of
CoV2 vaccines could further stimulate and preferentially expand
cross-reactive memory (both xAbl and xAb2) responses,
particularly with aging (Figure 3), possibly resulting in long-term
effects that may contribute to PASC symptoms given the
perpetuating cascades (Abl, Ab2, Ab3) involved in the Network
Theory. Studies are needed to ascertain if similar anti-idiotype
responses are also induced after vaccinations as well as induction of
comparable xAb2, which could contribute to effects given the
continuous antigenic exposure to these endemic hCoVs.
Determining whether increased Ab2 capable of binding ACE2 are
induced following vaccination given the restricted antigen exposure
versus actual CoV2 infection are also needed.

What are the implications of the anti-idiotype (either induced
by Ab1 or cross-reactive) on viral protection and treatment? Other
than contributing to loss of durability or down-regulation of the
primary responses, they should be considered in immune-based
therapies. As mentioned, therapeutic application of convalescent
sera may be impacted. However, anti-idiotypic responses may have
an even more profound down-regulatory effect when using
monoclonal antibody-based therapeutics given the monoclonal
nature of the therapeutic versus polyclonal Abl responses.
Another issue centers on the vaccine formulation and schedule
depending on the individual’s ability to mount primary immune
responses. This also can be important when using vaccines targeting
the original CoV2 S protein due to the continuous emergence of
viral variants which result in increasing selection and loss of
antigenic determinants. This extensive mutation rate of the CoV2
resulting in dominance of viral variants (Delta, Omicron, as well as
the continuing emergence of new variants/subvariants), particularly
within the S-protein, poses another challenge. The continuous loss
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Molecular Mimicry and Potential Anti-Idiotype (Ab2)-Mediated Effects. Ab2 effects can be diverse and not limited to regulation of Abl responses. Ab2
are directed towards the Abl paratope or antigen- binding region and some can have their paratope be a mirror of the original antigen that is
recognized. As such, these Ab2 can bind the same ligands the antigen which, in the case of SARS-CoV-2 infection or vaccination involving the Spike
protein, can include the ACE2 receptor, resulting in multiple outcomes. If the Ab2 are antagonistic, they can competitively block ACE2 ligands from
binding and inhibit function. The Ab2 upon binding can cause internalization thereby also being inhibitory. Some Ab2 could be agonistic and thereby
stimulate ACE2 function. Finally, Ab2 binding ACE2+ cells can be targeted for attack by innate immune system due to ADCC (antibody-directed cell
or complement-mediated cytotoxicity). A similar paradigm could exist with T cells, although this is much less characterized. Both inhibition and/or
dysregulation of ACE2 function could result in potential pathology given critical role of ACE2 on multiple tissues/cells and in inflammation.

of antigenic epitopes in the S-protein to which immune responses
were initially generated and then expanded with current vaccine
boosting could further limit efficacy due more reliance on the
increasingly lower affinity cross-reactive responses. Continuous
exposure to endemic hCoVs further complicates the picture by
restimulating these memory responses. This has been viewed as a
potential issue given the failure to generate a successful vaccine to
the endemic hCoV viruses over time.

These effects may be even more pronounced in the aged
population with an already impaired priming capability. One group
that focused on PASC in the context of the elderly showed that an
approximated 30% of patients over the age of 65 developed it (190),
while another study showed that Long COVID symptoms were more
severe in elderly patients (191), supporting data gathered by the US
Census Bureau, though it should be noted that the elderly do not have
the highest reported incidence rate of post-COVID symptoms
following infection (192). Within the context of vaccination alone,
the development of Long COVID has not been extensively addressed,
though neuropathic symptoms have been reported, albeit at a lesser
occurrence rate than primary infection without vaccination (193-
195). While evidence suggests that those vaccinated before infection
have protection against Long COVID (196), symptom development
after vaccination alone is a phenomenon that is not understood and
warrants preclinical investigation, particularly in the context of the
elderly. Thus, understanding the immunology of aging in pathogen
resistance is a critical parameter that needs to be incorporated into
not only clinical studies but more importantly, preclinical studies,
given the susceptibility of this population to not only CoV2, but other
viral pathogens as well.
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Understanding the potential roles of
cross-reactive secondary responses
and idiotypic regulation: the
importance of preclinical modeling

Fortunately, many of the issues raised are very testable
hypotheses which can be mechanistically addressed using
appropriate preclinical modeling. Preclinical modeling is essential
for delineating the complex immunological pathways that arise
following infection or vaccination at a mechanistic level, as well as
ascertaining potential off-target effects over time under controlled
settings. Cross-reactive immune responses, including anti-idiotype
responses, on Cov2 and vaccine immunity need to be incorporated
into preclinical modeling (119). It is crucial that these studies
incorporate important variables such as aging, sex, obesity, and
pregnancy, common conditions which all result in significant
immune alterations (197-201). Immunological data involving
preclinical models on CoV2 have been minimal, especially
regarding long-term assessment or dissection of immune
pathways under those different conditions. It is important to also
recognize that while these models will provide answers, they also
have significant limitations since most of these mice are housed
under specific-pathogen free conditions and lack significant
pathogen exposure, resulting in immature immune phenotypes.
In addition, insights on off-target immune-mediated effects can also
be gleaned, but choosing the appropriate model is pivotal.Long-
term studies as well as effects of repeated vaccination are needed,
particularly in aged mice where anti-idiotype responses may be
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more dominant. It will also be important to use models in the
context of prior immunization involving other hCoV viral antigens
and repeated stimulation or with viral challenge to allow for
accumulation of memory cells. These memory cells could
potentially have cross-reactive responses, impacting the ability to
later mount successful primary CoV2 antigen responses, which
would require a monitoring of immunoregulatory anti-idiotype
responses. As anti-idiotype responses are detected after CoV2
infection directed towards ACE2 and long-term effects associated
with PASC can result, it is also important to understand the
potential effects these antibodies can exert in such preclinical
models. Publications have already shown that the spike protein
itself can cross the blood brain barrier and cause acute pathology
(202-204), particularly through activation of TLR-4 and NLRP3
inflammasome associated inflammatory pathways and mechanisms
(21, 205). Direct administration of S protein to the hippocampus in
mice has also been shown to induce cognitive defects, behavioral
abnormalities, and neuronal death, acting primarily through glial
activation and the upregulation of inflammatory cytokines like IL-
1B (206). While publications investigating long term pathology in
preclinical models have been limited, a recent preclinical model
publication demonstrated that S protein administration
intracranially produced long term synaptic damage and memory
impairment, accompanied by upregulation of inflammatory
cytokines, such as TNF and IL-6, complement proteins, most
notably Clq, and increased microgliosis, which was also
previously published on in relation to spike protein activation of
the NLRP3 inflammasome (21, 22). Notably, this altered
neurological landscape was associated with impaired cognitive
and memory function, symptoms commonly associated with
PASC (22). While elucidative, other potential immune
mechanisms that could be related to PASC pathology must also
be assessed preclinically.

ACE2 knock-out mice have been reported to develop cardiac
dysfunction and pathology as they age, with predominantly male
mice being affected (207), correlating to recent reports of increased
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susceptibility to cardiac disease in male patients recovering from
CoV2 infection (10). Some tissues from ACE2 knock-out mice also
can display increased inflammatory responses during certain
stimuli (208) indicating that preclinical assessments should
involve various immunostimulatory challenges in CoV2 models,
although confounding issues may arise due to inappropriate
expression of hACE2 in the tissues of these mice (209), as well as
competition with mouse ACE2. Preclinical modeling using multiple
approaches and conditions are needed, and it is crucial to take into
consideration the limitations of each model before attempting to
extrapolate results to the general population.

Preclinical studies on CoV2 responses are urgently needed to
answer questions about potential effects of prior cross-reactive
immunity on primary response generation and duration, tracking
not only anti-idiotype responses but also other immunoregulatory
pathways over time, as well as effects of heterologous and repeated
vaccinations (Figure 4). It would also be pertinent to investigate
these mechanisms in the context of viral infection as well, which is
especially relevant given high reinfection rates reported with SARS-
CoV-2. Such experiments would also allow for assessment of
potential short- and long-term immune-mediated off-target effects
on different tissues, a particularly pressing need given the complex
biology and effects of ACE2 and other molecules by which the CoV2
S-protein can bind. The use of antibodies to ACE2 in mice as well as
more complete characterization of the role of ACE2 on physiologic
functions in various tissues may shed some light on issues
surrounding PASC which is especially important given increased
cardiac risks associated with infection after resolution.

Therefore, increasing basic science investigation on the
potential effects of pre-existing immune responses underlying
prior viral infections and their potential impact on CoV2, as well
as vaccine immune responses in the context of aging, are critical
next steps in the continuing fight against the current, and possibly
future, viral pandemics. Moving forward, given the significant gaps
in knowledge on the effects of both the virus and associated vaccines
on immune responses and effects, preclinical studies should
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Choosing the Relevant Preclinical Models for CoV2: “Bench to Bedside Back to Bench”. Using young, inbred laboratory mice under SPF conditions
fails to mirror the human landscape. Use of aged and obese mice, different strains, pregnant mice, mice that are prone to various autoimmune and
disease states, and mice that have been exposed to various pathogens (including HCoV antigens) can all provide important insights. Studies in which
repeated vaccinations, including heterologous, are applied and dissection of immune responses, including in different tissues, are assessed. These
preclinical studies can then be linked with large animal models, such as non-human primate (NHP) using similar parameters as aging and obesity,
which more faithfully represent human immune dynamics. The data can then be linked and validated with clinical results which then can drive
questions using the various preclinical models on immune response efficacy and maintenance.
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emphasize human modifying variables such as obesity and aging
combined with repeated stimulation on immune responses and
possible off-target effects. It is only in preclinical models that control
for exposure to the stimulus (virus or antigen) and incorporating
these different variables can result in definitive data. The data
observed with the original SARS-CoV vaccines and infection also
point to potentially immunopathologic responses which were
augmented in aged mice and in some cases, strain-dependent.
Thus, it is perhaps not surprising that similar effects may occur
with CoV2 and vaccines which need to be further delineated. The
models should also be developed to better model PASC and the
potential role of immune responses or the virus and associated
antigens in perpetuating it these long-term effects. As the CoV2
virus continually changes, so do the vaccine formulations to combat
it, and thus these variables also need to be incorporated in the
preclinical models. Basic studies are still needed delineating the
amount of protein being transcribed, by what cells and for how long
as well as what variables affect it. The different components of the
vaccine product need to also be more stringently studies regarding
immune effects. In the case of the mRNA CoV2 vaccines, this
involves understanding the immunogenicity of the NLP carrier, the
mRNA itself, and finally the S protein made, both individually and
as a composite on immune responses. Regarding anti-idiotype
responses, studies in which transfer of anti-S antibodies to mice
and assessing both longevity and generation of anti-idiotype
responses will be revealing. This includes not only effects on
adaptive (T and B cell) but also innate immune components.
Finally, different dosing regimens need to be better assessed in
determining boosting strategies also keeping in mind critical aspects
such as age given the significant differences in immune status of
young, adult, and advanced aged recipients towards any pathogen
or antigenic challenge.
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Glossary

Idiotype: The antigenic part of the specific antigen-binding domain within the
variable region of an immunoglobulin (Ab1) or TCR. With most antigens, these
are polyclonal responses consisting of multiple idiotypes of different affinities.

Paratope: The region of an antibody that binds a specific antigen or epitope.

Anti-idiotype: Antibody or T-cell responses directed to idiotypes due to
immunogenicity by being novel proteins arising from gene rearrangements of
immunoglobulin or TCR. Anti-idiotype (Ab2) responses are also polyclonal and
may not be induced to all Abl or to the same extent. Some Ab2 paratope regions
may resemble the original antigen as a form of molecular mimicry and are
capable of inducing immune responses similar to the antigen itself. Some of these
AD2 are therefore also of binding the ligand of the original antigen.

Anti-anti-idiotype: Immune responses (Ab3) targeting the idiotype of anti-
idiotype (Ab2). Ab3 may resemble the Abl in specificity due to some Ab2
paratopes mirroring the original antigen.

hCoV: Human coronaviruses known for their characteristic spike (S) protein
which facilitates entry into the target cell. There are seven hCoVs: hCoV-229E,
hCoV-NL63, hCoV-OC43, hCoV-HKU1, MERS-CoV, SARS-CoV, and SARS-
CoV-2 of which 229E, NL63, OC43, and HKU1 are endemic.

Original antigenic Sin: A phrase used to describe a phenomenon in which prior
immune responses to other antigens/epitopes can cross-react (xAbl) and bind to
a new antigen and possibly interfere with primary immune responses (Ab1) to
the new antigen. These can also involve anti-idiotype (xAb2) responses.

Network hypothesis: A theory proposed by N Jerne to explain
immunoregulatory pathways governing antigen-specific B and T cell responses
over time in which immune responses are generated to initial adaptive immune
cell products as a form of down-regulation.

Outstanding questions
Are cross-reactive memory responses beneficial or deleterious in CoV2

protection and does age or obesity influence these effects?

What are the differences between CoV2 infection versus vaccine application on
activation of cross- reactive and anti-idiotype responses?

Do cross-reactive anti-idiotype responses occur after infection or vaccination and
are anti-idiotype responses increased in aging playing a role in the diminution of
protective responses or off-target or long-term pathology?

What preclinical model conditions can best mirror the human scenario and be
used to assess potential roles of cross-reactive memory responses and anti-
idiotype effects?

What vaccine regimens and types are needed in different clinical populations
(age, obesity, comorbid illness as cofactors) to increase immune efficacy and
maintain duration considering the CoV2 variants the arise?

Significance: Cross-reactive memory idiotype and anti-idiotype responses from
prior pathogens may contribute and possibly interfere with the generation of
primary antigen-specific responses to both SARS-CoV-2 infections and
associated vaccines. Due to the predominance of memory T-cell and potentially
anti-idiotypic responses, these effects may be heightened in aging and may also
contribute to off-target effects. Preclinical modeling incorporating these variables
are needed to follow immune responses over time and determine optimal
regimens for vaccine application as well as potential therapeutic strategies to
increase immune efficacy and durability.
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At the beginning of the COVID-19 pandemic those with underlying chronic lung
conditions, including tuberculosis (TB), were hypothesized to be at higher risk of
severe COVID-19 disease. However, there is inconclusive clinical and preclinical
data to confirm the specific risk SARS-CoV-2 poses for the millions of individuals
infected with Mycobacterium tuberculosis (M.tb). We and others have found that
compared to singly infected mice, mice co-infected with M.tb and SARS-CoV-2
leads to reduced SARS-CoV-2 severity compared to mice infected with SARS-
CoV-2 alone. Consequently, there is a large interest in identifying the molecular
mechanisms responsible for the reduced SARS-CoV-2 infection severity
observed in M.tb and SARS-CoV-2 co-infection. To address this, we
conducted a comprehensive characterization of a co-infection model and
performed mechanistic in vitro modeling to dynamically assess how the innate
immune response induced by M.tb restricts viral replication. Our study has
successfully identified several cytokines that induce the upregulation of anti-
viral genes in lung epithelial cells, thereby providing protection prior to challenge
with SARS-CoV-2. In conclusion, our study offers a comprehensive
understanding of the key pathways induced by an existing bacterial infection
that effectively restricts SARS-CoV-2 activity and identifies candidate therapeutic
targets for SARS-CoV-2 infection.
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Introduction

The coronavirus disease 2019 (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has
resulted in a global pandemic that has claimed over 6.8 million
lives as of March 2024 (1). Initially, individuals with underlying
chronic lung conditions, including tuberculosis (TB), were thought
to be at higher risk of severe COVID-19 and acute respiratory
distress syndrome (ARDS) (2). This was a great concern for the 10
million individuals diagnosed with TB in 2019 (3). To speak to its
detriment, TB was the long-standing number one infectious disease
killer until the start of the COVID-19 pandemic (3). Although the
prevalence of COVID-19 and TB co-infection has not been officially
confirmed, a recent meta-analysis of 18 studies estimated that the
prevalence of TB among COVID-19 positive patients was 1.1% in
America, 1.5% in Asia and 3.6% in Africa (4). While TB was later
removed as a significant risk factor, conclusive data on the specific
risk SARS-CoV-2 poses for the millions infected with
Mycobacterium tuberculosis (M.tb) remains elusive. Early clinical
reports presented conflicting findings with some noting that TB was
not a major determinant of mortality (2, 5, 6) and others suggesting
co-infection led to worsened outcomes of COVID-19 (7, 8).
Additionally, a longitudinal global cohort study which found
survival was lower among co-infected individuals discovered
certain risk factors, such as age, HIV co-infection, male sex, and
invasive ventilation, influenced adverse TB and COVID-19
outcomes (9). Therefore, highlighting multiple factors that may
contribute to an individual’s response to SARS-CoV-2 and M.tb
infection. While the characterization of the immune response
within co-infected individuals has also been limited, studies have
reported both overlapping and distinct immune responses (10-12).
A clinical study characterizing plasma immune profiles of
individuals with TB and COVID-19 versus singular TB or
COVID-19 discovered an immune signature composed of TNF-a,
MIP-18, and IL-9 that discriminated co-infection from COVID-19
alone (11). In addition, a signature of TNF-a, IL-1f, IL-17A, IL-5,
fibroblast growth factor-basic, and granulocyte macrophage colony-
stimulating factor (GM-CSF), has discerned co-infected individuals
from those with TB only (11). Indeed, there seems to be a nuanced
relationship between M.tb infection and SARS-CoV-2 and multiple
demographic and clinical factors may alter the immune response to
both infections (2). Understanding how these two pulmonary
pathogens interact starts with examining their individual induced
innate immune responses, as these responses represent the first line
of defense against pathogens.

Primary infection of angiotensin converting enzyme-2 (ACE2)-
expressing airway and alveolar epithelial cells by SARS-CoV-2
initiates viral replication, pyroptosis of host cells, and activation
of innate immune pathways (13). The innate immune response
when properly activated is crucial in providing protection against
early SARS-CoV-2 infection. Several pattern recognition receptors
(PRRs) detect SARS-CoV-2 and initiate innate responses, including
endosomal toll-like receptor 3 (TLR3) and toll-like receptor 7
(TLR?7) signaling pathways, as well as cytoplasmic RNA sensor,
melanoma differentiation-associated protein 5 (MDAS5) (14-16).
The cytoplasmic RNA sensor, retinoic acid-inducible gene I (RIG-
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I), acts more as a restriction factor in which RIG-I detection of the
SARS-CoV-2 genome hinders the virus’s first step of replication.
Furthermore, knock out of RIG-I was shown to enhance viral
activity and virus restriction was rescued with upregulation of
RIG-I expression (17). Upon activation of the PRRs, downstream
signaling results in the production of antiviral interferons (IFNs),
and cytokines and chemokines which create an anti-viral
environment and recruits innate cells to the site of infection (18).
Type L 11, and III IFNs have been heavily focused on due to their
ability to inhibit SARS-CoV-2 replication (19-23). IFN antiviral
activity is driven by the upregulation of interferon-stimulated genes
(ISGs), which have multiple mechanisms in restricting viral activity
(24-26). Multiple ISGs which broadly act against SARS-CoV-2 by
inhibiting viral entry, viral RNA synthesis, and virion assembly,
have also been identified (26).

However, SARS-CoV-2 has evolved multiple strategies to evade
initial innate immune responses, including blocking recognition by
host sensors such as RIG-I, MDAS5, and TLRs and inhibiting IFN
signaling, thus promoting viral replication (27-29). This immune
evasion is thought to delay immune responses, leading to
unchecked viral replication, high viral load, and a subsequent
dysregulated immune response. The resulting disproportionate
response to SARS-CoV-2 infection is characterized by a robust
release of proinflammatory cytokines and dysfunctional myeloid
responses, including elevated levels of IL-2, IL-6, IL-7, IL-10, IL-12,
and IL-1f, TNF-0, MCP-1a, IP-10, lymphopenia, and high lung
infiltration of monocytes and T cells (13, 30-32).

In contrast to the acute hyperinflammatory profile associated
with SARS-CoV-2, chronic M.tb infection is known to elicit a
diverse array of proinflammatory and regulatory responses (33).
Following initial infection, alveolar macrophages engulf M.tb bacilli,
migrate to the lung parenchyma, and orchestrate the recruitment of
various innate immune cells and effector T cells. While some
infections resolve, others go on to result in granuloma formation,
an attempt at prolonged containment by the host and persistent but
quiescent latent infection (34-37). Major cell types involved in the
control of M.tb are pro-inflammatory T helper 1 (Thl) and Th17
CD4+ T cells which are largely recruited to form a lymphocytic cuff
around a core granuloma structure containing macrophages and
bacteria. Th1 and Th17 CD4+ T cells express IL-2, IFN-y, and TNF-
a, or IL-17A, IL-21, and IL-23, respectively, which play critical roles
in driving immune activation and inflammatory responses designed
to control M.tb (33, 38). However certain hallmark stages of
granuloma formation and persistent infection include the
expression of anti-inflammatory cytokines IL-10, IL-27 and TGF-
B to regulate T cell pro-inflammatory activity (33, 39). This balance
of immune responses enables local containment of M.tb bacilli
without more systemic inflammatory damage.

Further insights can be gleaned from other bacterial and viral
co-infection studies. For instance, administering a live-attenuated
mycobacteria, bacille Calmette-Guérin (BCG), intravenously, but
not subcutaneously, significantly protected mice from SARS-CoV-2
challenge, characterized by reduced lung inflammation and viral
burden (40). Similarly, aerosolized exposure to nontypeable
Haemophilus influenzae (NTHi) bacterial lysate before influenza
A infection conferred protection, as evidenced by heightened
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inflammatory cytokines, decreased viral loads, and increased
survival rates in treated mice (41). Notably, while both bacterial
exposures provided protection against secondary viral infections,
they triggered distinct immune responses, likely influenced by the
route of administration, bacterial species and specific PRR pathways
induced. These findings collectively underscore the role of
nonspecific immune responses in defending against subsequent
heterologous infections (42).

Given the global impact of the pandemic, delay of vaccine
deployment in many TB endemic low- and middle-income
countries (LMICs), and continuous emergence of hyper-
transmissible variants, it is unknown how long the pandemic and
its ramifications will last. This highlights the need to study co-
infections to identify disease burdens, mechanisms of
immunopathology, and heterologous protection to better inform
susceptibility and population risk. With our work, we tested our
hypothesis that acute M.tb infection induces a diffuse innate
immune response within the lungs leading to a primed lung
epithelium that limits viral replication, provides non-specific
protection against SARS-CoV-2-induced lung viral burden, and
host morbidity in a co-infection mouse model.

Recent M.tb and SARS-CoV-2 mouse co-infection studies (43—
45) have similarly observed reduced SARS-CoV-2 infection severity
in co-infected animals compared to those infected with SARS-CoV-
2 alone. While these studies have offered model insights, the
underlying mechanism(s) behind the protective phenotype in co-
infected settings remains incompletely understood. In this study, by
characterizing a discrete co-infection model using virulent M.tb and
variant of high importance and incorporating in vitro studies we
aimed to uncover the mechanism that could be leading to the
observed protection.

Materials and methods
Preclinical animal model

Female and Male K18-hACE2 mice [strain: 2B6.Cg-Tg(K18-
ACE2)2Prlmn/]], 6-8 weeks of age were purchased from Jackson
Laboratory (Bar Harbor, ME). Mice were housed under pathogen-
free conditions at Seattle Children’s Research Institute (SCRI)
biosafety level 3 animal facility and were handled in accordance
with the specific guidelines of SCRI’s Institutional Animal Care and
Use Committee (IACUC). Mice were infected with a low dose (50—
100 bacteria) aerosol (LDA) of M.tb HN878 using a Glas-Col whole-
body exposure chamber (Glas-Col, Terre Haute, IN). Twenty-four
hours post challenge the lungs of three mice were homogenized and
plated on Mitchison 7H11 agar (Thermo Fisher Scientific, Waltham,
MA) to confirm delivery of 50-100 CFU per mouse. For SARS-CoV-
2 infection mice were first put under anesthesia with intraperitoneal
(i.p.) administration of Ketamine (Patterson Veterinary, Loveland,
CO) and Xylazine (Patterson Veterinary). SARS-CoV-2 clinical
isolates were administered at 200 PFU via intranasal installation of
40pL per nare. Following SARS-CoV-2 infection mice were weighed
daily. Animals that reached 20% weight loss and/or exhibited
physical signs of morbidity were humanely euthanized.

Frontiers in Immunology

10.3389/fimmu.2024.1424374

Cells and pathogens

Vero TMPRSS2 (National Institute for Biological Standards and
Control (NIBSC), Hertfordshire, England), Vero E6 (ATCC,
Manassas, VA), and Calu-3 epithelial cells (ATCC) were
maintained at 37°C + 5% CO, in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 2mM L-glutamine, and 1% penicillin/streptomycin
(cDMEM). Cells were tested regularly for mycoplasma with
Mycoplasma PCR detection kit (MilliporeSigma, Burlington, MA).

SARS-CoV-2 Beta (hCoV-19/SouthAfrica/KRISP-EC-
K005321/2020) was obtained from BEI Resources and housed
under standard BSL-3 laboratory conditions. SARS-CoV-2 virus
was propagated and titered by plaque assay in Vero E6 cells.
Cultured cells were infected with the original stock at a MOI of
0.1 and incubated at 37°C + 5% CO, for 72 h. Supernatants were
harvested, centrifuged to remove debris, aliquoted and frozen at
—-80°C.

Bacterial counts

At the indicated time points harvested organs were
homogenized in DMEM using gentleMACS Octo Tissue
Dissociator (Miltenyi, Bergisch Gladbach, Germany). Serial
dilutions of organ homogenates were made in PBS with 0.05%
Tween80, and aliquots of dilutions were plated on Middlebrook
7H10 agar tri-plates (Molecular Toxicology, Boone, NC), as
previously described (46, 47). After 3-4 weeks of incubation at
37°C + 5% CO,, colony counts were recorded. Bacterial burden, in
colony forming units (CFU) per organ, was calculated, and
expressed as Logl10.

Viral load measurements

Viral burden was measured with the plaque forming assay
(PFA) using similar techniques described previously (48). Vero
TMPRSS?2 cells were plated in 6-well plates one day prior to titers at
4.8x10° cells/mL in 2mL of cDMEM per well. Harvested organs
were homogenized in DMEM containing 1% FBS (D1 media) using
the gentleMACs Octo Dissociator. Organ homogenates were
serially diluted ten-fold using D1 media and added dropwise to
the plated Vero cells. Plates were incubated at 37 *C + 5% CO, for
60 minutes, with 15-minute intervals of rocking plates in all
directions. After 60 minutes, 2mL of overlay media comprised of
D1 media and 0.2% agarose was added to each well and incubated at
37°C + 5% CO, for 48 hours. Cells were then fixed with 2 mL of 10%
Formaldehyde solution and incubated at room temperature for 30
minutes. The overlay was removed, and cells stained with 1mL of
Crystal Violet (BD Biosciences, Franklin Lakes, NJ) per well for 20
minutes. Lastly, each well was washed with 1mL of PBS and the
number of plaques in each well were recorded.

PFU/ _ # of plaques
mL = (dilution factor x sample added)
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Histology

At the indicated time points, three whole lung and accessory
lobes were collected per group and fixed in 10% Neutral Buffer
Formalin (NBF) for 24 hours. The fixed lung samples were
embedded in paraffin and sectioned by the University of
Washington histology core. Blinded slides were sent to Colorado
State University and stained with hematoxylin and eosin (H&E)
then analyzed by veterinary pathologist Dr. Brendan Podell as
previously published (46, 47). H&E stained sections were scanned
at 20X magnification using an Olympus VS120 microscope,
Hamamatsu ORCA-R2 camera, and Olympus VS-ASW 2.9
software. Visiopharm software was used for image analysis. For
each tissue section, a region of interest (ROI) was generated at a low
magnification with a custom tissue detecting algorithm using
decision forest training and classification to differentiate tissue
versus background based on color and area. Lesions were
identified within tissue ROIs at a high magnification with an
additional custom-made algorithm using decision forest training
and classification based on staining intensity, color normalization
and deconvolution, area, and morphological features. Percent lesion
calculations were integrated into the same algorithm and calculated
from tissue area and lesion area as designated by the ROI and
lesions detected. Lesion identification and quantification were then
reviewed by Dr. Podell (46, 47).

Flow cytometry

Cell populations within the lung were measured kinetically
utilizing methods previously published (47). Briefly, lung
homogenates were incubated in RBC lysis buffer (eBioscience/
Thermo Fischer Scientific), washed and resuspended in RPMI
1640 + 10% FBS, and then evenly dispensed into 96-well round
bottom plates. Cells were stained for surface markers with
fluorochrome-conjugated monoclonal antibodies against mouse
Ly6G (FITC, clone 1A8, Biolegend), Ly6C (PerCP-Cy5.5, clone
HK1.4, eBioscience), MHCII I-A/I-E (eF450, clone M5/114.15.2,
Invitrogen), CD11c (Bv510, clone N418, Biolegend), CD3 (Bv650,
clone 17A2, Biolegend), CD19 (APC, clone 6D5, Biolegend), CD11b
(Alexa700, clone M1/70, eBioscience), NK1.1 (PE, clone PK136,
eBioscience), CD64 (PE-Cy7, clone X54-5/7.1, Biolegend) and 1
ug/mL of Fc receptor block anti-CD16/CD32 (clone 93,
eBioscience) in PBS with 1% bovine serum albumin (BSA) for 15
minutes at room temperature. Samples were washed and before
removing samples from the BSL3, samples were incubated in 4%
paraformaldehyde for 30 minutes. After wash and resuspension in
PBS + 1% BSA, cells were acquired on a BD Bioscience LSRII flow
cytometer (BD Bioscience) and analyzed using FlowJo version
10.8.1 (BD Bioscience).

Cytokine measurement

Bronchoalveolar lavage fluid (BALF) was collected by flushing
lungs with 1X PBS, then centrifuged at 400g for 7 minutes to
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remove cellular debris and filtered. The processed BALF was used in
the Meso Scale Discovey (MSD) V-PLEX Proinflammatory Panel 1
Mouse kit (#K15048D), V-PLEX Cytokine Panel 1 Mouse Kit
(#K15245D) and U-PLEX Interferon Combo 1 (#K15320K) to
measure cytokine levels on the MESO QuickPlex SQ 120MM
(Meso Scale Diagnostics, Rockville, MD). For similar in vitro
endpoints from cultured Calu-3 supernatants, an MSD human U-
PLEX Viral Combo 1 kit was used (#K15343K-1).

In vivo RT-gPCR

Accessory lung lobes from mice at specified time points post
SARS-CoV-2 co-infection were harvested and homogenized in
900pL of Qiazol, followed by RNA extraction using the QIAGEN
RNeasy Plus Universal mini kit according to the manufacturer’s
protocol (QIAGEN, Hilden, Germany). RNA was eluted into 30l
RNA concentration and quality was determined using the
NanoDrop 8000 (Thermo Fisher Scientific) and stored at -80°C
until assayed. The obtained RNA was then utilized in the High-
Capacity RNA-to-cDNA kit for cDNA synthesis using
SuperScriptTM IV Reverse Transcriptase (Thermo Fisher
Scientific), containing a reverse transcriptase with a high-fidelity
enzyme following manufacture protocol.

For Fluidigm Real-Time PCR and Dynamic Array IFC
(Integrated Fluidic Circuit) Setup, specific target amplification
(STA) was done as per the manufacturer’s recommendations as
the initial step (pre-amplification of cDNA) for the Biomark HD
system (Standard BioTools, formerly Fluidigm) carried out on the
Standard BioTools 48.48 Gene Expression (GE) Dynamic Array
integrated fluidic circuit (IFC) (49). Assay-sets (primers only) were
combined as a delta gene multiplex pool (see Supplementary
Table 1). Preamplification was carried out for each cDNA sample
against a reaction-set. Exonuclease I was then used to clean up the
preamplification reactions.

Subsequently, the Biomark Chip was primed, and assay premix
for each target was aspirated into the IFC assay inlets for a final
concentration of 9 uM primers and 2.5 uM probe per reaction, and
pre-amplified samples were aspirated into sample inlets. The IFC
was then run in the Biomark HD thermocycler, using the
manufacturer-supplied thermal cycling conditions. Results were
analyzed using the Fluidigm Real-time PCR Analysis software,
where thresholds were manually defined, the baseline was
automatically assigned, and a Cycle of quantification (Cq) cut-off
value of 38 was applied. The cycle threshold (Ct) values for the
candidate housekeeping gene, RPLI3, and target genes were
obtained, and delta-delta CT values were calculated.

In vitro experiments

For the in vitro experiments, frozen human peripheral blood
mononuclear cells (PBMCs) and whole blood were procured from
Bloodworks Northwest (Seattle, WA). PBMCs were thawed,
counted, and resuspended to a concentration of 2x10° cells/mL,
then rested overnight in RPMI media supplemented with 10% FBS
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and 1% penicillin/streptomycin at 37°C + 5% CO,. Cells were
counted the next day and viability was assessed before being
adjusted to a concentration of 1.5x10° viable cells/mL.
Subsequently, the cells were infected with M.tb HN878 at a
multiplicity of infection (MOI) of 1 and incubated for 96 hours.
Following infection, the cells were centrifuged at 700g for 3 minutes,
and the supernatants were collected and filtered through a 0.22-
micron filter. Vero or Calu-3 cells were plated and treated with
supernatants for 24 hours at 37°C + 5% CO®. Media-only treated
cells were used as controls. Post-treatment, the cells were challenged
with 75 PFU of SARS-CoV-2 Beta, and plaques were recorded 48
hours post-infection using the viral titer PFA described above.

To assess mRNA expression in cultured cells, RNA was
extracted from cultured Calu-3 cells using the QIAGEN RNeasy
Plus Universal mini kit. The cells were harvested using 900uL of
Qiazol, followed by RNA isolation and cDNA synthesis employing
the High-Capacity RNA-to-cDNA kit. RNA and c¢cDNA
concentration and quality was determined using the NanoDrop
8000 (Thermo Fisher Scientific) and stored at -80°C until assayed.
Quantification of mRNA levels was performed using the GoTaq
qPCR and RT-qPCR Systems kit from Promega, following the
manufacturer’s protocol, and the StepOne Plus Real-Time PCR
System (Thermo Fisher Scientific). The mRNA expression levels of
Calu-3 cells are presented as Log2 fold change (FC) compared to
media-only treated cells and normalized to the housekeeping gene,
Beta Actin. Primers used were selected from published sequences in
PrimerBank (RRID: SCR_006898) (see Supplementary Table 2).

Neutralization assay

For neutralization studies, PBMCs were thawed and counted as
described previously. PBMCs were plated in 12-well plates at
2.25x10° cells/mL in one mL of RPMI media supplemented with
10% FBS and 1% penicillin/streptomycin. Neutralizing antibodies
for human CD4 (BE0351, BioXcell), Lebanon, NH), CD8u
(BE0004-2, BioXcell), CD314 (BE0288, BioXcell), and relevant
isotype controls, mouse IgG1(BE0083, BioXcell), and mouse IgG2
(BE0085, BioXcell) were then administered at 10pg/mL, 20pug/mL
and 100pg/mL in 1 mL. PBMCs and neutralizing antibodies were
incubated for 1 hour at 37°C + 5% CO, prior to infection with M.tb
HN878 at MOI of 1 for 96 hours. For IFNYy neutralization, the IFNy
antibody (BE0235, BioXcell) was added directly to the supernatant
from PBMCs infected with M.tb HN878 at 10ug/mL, 20ug/mL and
100ug/mL escalating doses. After infection, supernatants were
filtered through a 0.22-micron filter. Vero cells were treated with
filtered PBMC supernatants for 24 hours, then challenged with 75
PFU of SARS-CoV-2 Beta, and plaques were recorded 48 hours
post-infection using the viral titer PFA described above.

Statistical analysis

Survival analysis was based on the Mantel-Cox log-rank test
with Bonferroni correction for multiple comparisons and carried
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out using GraphPad Prism 9.3.1 (GraphPad Software, San Diego,
CA). Bacterial burden, viral titers, cytokine levels, and cell
populations (percent frequency and counts) were assessed at a
single time point using one-way ANOVA with Tukey’s multiple
comparison test to compare between infection groups. Flow
cytometry data was assessed using FlowJo v10.8.1 (BD) and
statistical analyses were performed using GraphPad Prism 9.3.1
software. The graphics were made with Biorender. Heat maps of in
vivo mRNA expression were created with RStudio using ‘pheatmap’
function. P values < 0.05 were considered significant and labeled
accordingly in each of the figures (* = P<0.05, **= P<0.01,
#**=P<0.001, ****= P<0.0001). Outliers were identified using
Grubbs’ test at alpha 0.05.

Results

Active M.tb infection enhanced host
survival and decreased viral burden after
SARS-CoV-2 challenge

We hypothesized that infecting mice first with M.tb to induce
an active infection and subsequent immune response, followed by
co-infection with SARS-CoV-2, could potentially alter disease
outcomes and aftect survival endpoints. Highly virulent W-Beijing
clinical strain, M.tb HN878, was delivered as a low dose aerosol
challenge (LDA, 50-100 bacteria) to female and male K18-hACE2
mice. Three weeks post-M.tb infection, mice were challenged with
200 plaque forming units (PFU) of SARS-CoV-2 Beta. (Figure 1A).
Male and Female mouse cohorts (n=10 per sex) were assessed for
survival following infection with M.tb, SARS-CoV-2, or co-
infection. Mice singularly infected with SARS-CoV-2 had
significantly lower survival rates compared to those in the saline
or M.tb infected groups. However, the M.tb and SARS-CoV-2 co-
infected group showed a significantly higher survival rate than the
group infected solely with SARS-CoV-2 (Figure 1B). The increased
survival amongst the co-infection group versus the singular SARS-
CoV-2 infection group suggests prior M.tb infection may provide
partial protection from SARS-CoV-2 challenge, in alignment with
our hypothesis.

Viral titers of SARS-CoV-2 were evaluated locally and
systemically to determine if co-infected mice have differences in
viral load magnitude or distribution. In alignment with prior work
(43-45), the co-infected group exhibited decreased lung viral titers
at day 1 post-co-infection and significantly decreased lung and
lymph node viral titers at day 3 post-co-infection, the anticipated
viral peak of our collection timeline, compared to SARS-CoV-2
alone cohorts (Figure 1C). There was no difference in viral
burden in brain samples when comparing the two infection
groups (Figure 1C). There was no difference in CFU between the
groups for all organs and time points, suggesting the exhibited
protection from morbidity was not due to a change in M.tb
burden (Figure 1D).

We have previously seen that bacterial burden can be uncoupled
from pulmonary pathology in mouse models of TB, where
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M.tb and SARS-CoV-2 co-infection animal model. (A) Experiment scheme for M.tb and SARS-CoV-2 co-infections including selected analysis time
points. Image made with Biorender. (B) Survival analysis of male and female infection groups with 20 mice per group (10 mice per sex). Mouse
weights (n=20/group) were recorded daily, and percent weight change calculated from the maximum recorded weight. (* = P<0.05 and **** =
P<0.0001, Mantel-Cox and Wilcoxon). (C) Lung, lymph node and brain homogenates from seven female mice per group were used in a plaque
formation assay (PFA) to measure viral titers. Each time point analyzed using unpaired T-Test with Welch’s T Test and alpha of 0.05 (* = P<0.05 and
*rk* = P<0.0001). (D) Lungs, lymph node and spleen homogenates from seven female mice per group were plated on 7H10 agar triplates to

measure bacterial burden

pulmonary disease and morbidity endpoints may be driven more by
host factors (46). Interestingly, when assessing the lung pathology
in these co-infection studies (Figure 2A) there was no significant
difference in percent lesion area between co-infected animals and
the SARS-CoV-2-only infected group at day 1 and 3 (Figures 2B, C).
However, by day 7 there was a trend towards decreased lesion scores
in the co-infected groups compared to the M.tb only infection
group (Figure 2D), which became significant by day 14 (Figure 2E).
This trend has been published previously (44) and speaks to the
complexities of lung pathology in the context of co-infection.
Conducting additional analysis which more clearly defines the
differences between TB and COVID-19 pathology is worth
further exploration. While these data suggest infection with
SARS-CoV-2 may help resolve acute lesions from existing M.tb
infection (Figure 2E), the primary focus of this work is to determine
how infection with M.tb establishes an inhospitable pulmonary
environment for SARS-CoV-2.
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Established M.tb infection influences lung
inflammation during acute SARS-CoV-
2 infection

Given the partial protective phenotype displayed by the co-
infection model, the immune profiles of M.tb-infected, SARS-CoV-
2-infected and co-infected animals were evaluated. Using flow
cytometry, the kinetic influx of immune cells to the lung
following co-infection were compared to the other cohorts. Both
M.tb-infected mice (21 days post infection) and M.tb-infected mice
subsequently infected with SARS-CoV-2 (co-infected group)
showed elevated levels of neutrophils and macrophages at the day
1 and 3 post-virus challenge time points, and increased influx of T
cells and NK cells at day 3 compared to the group infected with
SARS-CoV-2 only (Figure 3). Absolute cell counts mirroring these
trends were also observed (Supplementary Figure 3). This
showcases the influence chronic M.tb infection has on the
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FIGURE 2

Kinetic quantitative lung histopathology among infection groups. (A) Representative HGE images of accessory lung lobe sections showing the
presence of pulmonary lesions (dark purple). (B) Percent lesion was calculated by dividing the lesion area by the non-lesion area. Each time point

was analyzed using one-way ANOVA alpha of 0.05 (* = P<0.05, **= P<0.01).

inflammatory environment of the lung. Bronchioalveolar lavage
fluid (BALF) from M.tb-infected and co-infected mice contained
significantly elevated IL-6, TNF-a, IFNYy, IP-10, MIP-1a, MCP-1,
and KC-GRO at days 1 and 3 post-co-infection, while the SARS-
CoV-2 infection group displayed delayed induction of these same
effector molecules until day 7 (Figure 4). Interestingly, there was an
absence of strong kinetic patterns of increases or persistent
decreases in inflammatory gene expression within the lung across
infection groups (Figures 5A-C). On day 3 there were trends of
increased expression in certain ISGs, PRRs and inflammatory
pathway genes in M.tb and co-infected groups (Figure 5B,
Supplementary Figure 4).

The increased inflammatory response observed in the co-
infected group was initially surprising since the robust pro-
inflammatory response has been identified to be detrimental in
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SARS-CoV-2 infection (13). However, the timing and type of
immune response induced may be important for priming the
lung to combat SARS-CoV-2 infection. Mechanistic in vitro
studies were next used to evaluate which innate immune response
induced by the primary M.tb infection provide protection against
subsequent SARS-CoV-2 infection.

Cytokines produced from M.tb infected
PBMCs provide passive protection from
SARS-CoV-2 challenge in vitro

To model co-infection in vitro, PBMCs were infected with M.tb,
as they serve as niche host cells and are responsive to infection.
Conversely, SARS-CoV-2 infection was modeled using permissive
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epithelial cells, which fulfill a similar role. While lung epithelial cells
show limited direct responsiveness to M.tb, they exhibit heightened
reactivity and transcriptional changes when exposed to M.tb-
infected myeloid cells (50). Our investigation aimed to determine
whether cytokines generated during initial M.tb infection of
immune cells could confer protection against secondary SARS-
CoV-2 infection in susceptible bystander epithelial cells.

We used PBMCs from healthy male and female donors,
collected before and after 2019, as well as from Bacille Calmette-
Guérin (BCG)-immunized donors (Supplementary Table 3), to
investigate the effects of prior SARS-CoV-2 exposure or BCG
immunization on immune responses. There was additional
interest in investigating prior BCG immunizations given the
attenuated M. bovis vaccine is currently the only licensed TB
vaccine and regularly administered in TB endemic regions. While
early in the pandemic there were hypotheses that prior BCG
immunization may provide protection against SARS-CoV-2 (51),
these claims were later dispelled in clinical studies (52, 53). Frozen
PBMCs were thawed and either mock-infected or infected with
M.tb HN878 at a MOI of 1 for 96 hours (Figure 6A). Supernatants
were harvested, filtered, and applied to Vero cells, which are highly
permissive to SARS-CoV-2 infection, to assess whether cytokines
alone could confer protection against SARS-CoV-2 infection.
Treatment of Vero cells with supernatants from M.tb-infected
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PBMCs resulted in significantly reduced viral titers, with no
significant differences observed among PBMC groups defined by
date or vaccination history (Figure 6B). These findings were
confirmed using more physiologically relevant Calu-3 human
airway epithelial cells (54-56) where diminished viral titers were
observed in samples pre-treated with supernatants from M.tb-
infected PBMCs (Figure 6C). To define the essential elements of
protection, the cytokine levels within the supernatants were
quantified, revealing increased production of several
proinflammatory cytokines, including G-CSF, GM-CSF, TNF-o,
IL-1B, IL-6, and IFNY, following M.tb infection compared to mock-
infected PBMCs (Figure 6D). Given the absence of significant
differences between PBMC groups, subsequent experiments were
conducted using PBMCs collected prior to 2019.
Supernatant-treated Calu-3 cells were then used in RT-qPCR
analysis to determine if cells underwent transcriptional changes
upon treatment with supernatants. Treated Calu-3 cells showed
significantly increased expression of ISGs such as OASI, OAS3,
MX2 and notably, IFIHI, the gene encoding MDA5, a primary PRR
for SARS-CoV-2, compared to media-treated cells (Figure 7A).
Subsequently, 24 hours post-SARS-CoV-2 infection, the expression
of these ISGs increased in both control and M.tb-infected PBMC
supernatant-treated cells, with a significant increase in expression
sustained in the supernatant-treated cells (Figure 7B). These
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findings support our hypothesis that prior M.tb infection primes
epithelial cells towards resisting viral infection by inducing
ISG expression.

Passive protection from prior M.tb
infection restricts viral replication

While pre-treatment led to transcriptional changes and
protection from SARS-CoV-2 after 48 hours of infection,
pinpointing the stage of the viral infection cycle that may be
affected was of interest. To align with our transcriptional data,
Calu-3 cells were treated with supernatants or media (positive
control) and infected with SARS-CoV-2 for 1, 6, 24, and 48
hours, then assessed for viral load. Following 1 hour of infection,
no significant differences in viral load were observed (Figure 8A),
suggesting no influence or perturbations in viral entry pathways—a
result consistent with the expected SARS-CoV-2 doubling time of
around 6 hours (57). However, after 6 hours of infection, there was a
noticeable trend toward decreased titers in treated Calu-3 cells
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(Figure 8B). By 24 hours, treated cells displayed no plaques likely
reaching the limit of detection (Figure 8C), suggesting that treated
cells were not permissive to replication and actively eliminated the
virus, thereby conferring protection.

Neutralization of IFNy attenuates
protection against SARS-CoV-2

To explore the mechanism of protection, an investigation into
the involvement of specific cell types and cytokines was conducted.
While type I IFNs are normally associated as the predominant anti-
viral response, we did not see significant levels within our
measurements. However, we did detect significant levels of IFNy
in both in vivo and in vitro models, and wanted to determine if
blocking IFNy would attenuate the observed protection.
Accordingly, major cell types known to induce IFNYy were targeted.

Human PBMCs were co-incubated with neutralizing antibodies
against CD4+ T cells, CD8ou+ T cells, CD314+ NK cells, and IFNyat
increasing concentrations, and then infected with M.tb for 96 hours.
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FIGURE 5

Lung mRNA expression of inflammatory-related genes early after infection with SARS-CoV-2 or co-infection with M.tb. Accessories lobes from four
female mice per group were collected 1, 3, and 7-days post-SARS-CoV-2 infection used in RT-qPCR to measure the delta-delta CT values. Heat
map depicts Log2 relative expression (delta-delta CT) of selected cytokines, chemokines, interferons, ISGs, and genes involved in inflammatory
pathways and lung inflammation (A) 1-day post SARS-CoV-2 infection (B) 3-days post SARS-CoV-2 infection, and (C) 7-days post SARS-CoV-2
infection. Expression was normalized to non-infected saline control mice. Graphs were created using RStudio.

Mouse IgGl and IgG2 antibodies were used as isotype negative
controls, while media-only treated cells served as a control for viral
replication. After the 96-hour incubation period, supernatants were
collected, as previously described, and used to treat permissive Vero
cells to measure PFU following SARS-CoV-2 infection. Blocking of
CD314+ NK cells did not result in a significant increase in viral titer,
and CD8o+ T cells reached significance only at the highest
concentration (Figure 9). Neutralization of IFNy led to
diminished protection at 20 and 100 ng/mL, as evidenced by an
increase in viral titer, highlighting its importance in conferring
protection against SARS-CoV-2 (Figure 9).

Interestingly, neutralization of CD4+ T cells resulted in an
increased viral load with escalating antibody concentrations,
suggesting that protection could be dependent on IFNy and CD4
+ T cell activity.

Discussion

TB and COVID-19 remain leading infectious disease killers,
with 1.3 million TB-related deaths reported by the World Health
Organization (WHO) in 2022 (58) and a cumulative 6.8 million
COVID-19-related deaths as of March 2024 (1). The lack of
definitive clinical data on the risks associated with M.tb and
SARS-CoV-2 co-infection has sparked significant interest in
understanding the interplay between these pathogens. In this
study, we contribute to the growing body of data on co-infection
using a preclinical model, which allows for the investigation of
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specific interactions between infections while controlling for factors
that influence disease outcomes. This is crucial given the challenges
observed in many clinical studies on M.tb and SARS-CoV-2 co-
infections, such as issues with study sizes, comorbidities, coinciding
risk factors and unknown infection timelines. Consistent with
previous findings, we observed a protective effect against SARS-
CoV-2 following prior M.tb infection. This model is additive and
unique given variations in pathogen strains, including clinical M.tb
isolates and variants of interest. While the protective effects of M.tb
and SARS-CoV-2 co-infection have been documented, the
underlying mechanisms remain largely unknown (43-45). By
pairing in vivo results with in vitro mechanistic studies, we were
able to specifically examine the impact of M.tb-induced immune
responses on epithelial cells, which are the primary targets of SARS-
CoV-2. This focused approach addresses potential limitations of
complex in vivo systems.

From our studies, we elucidated the importance of IFNy and
CD4+T cell activity in driving the protection seen in vitro. An early,
and Thl-leaning CD4+ T cell response is deemed important for
combatting SARS-CoV-2 (59). Additionally, a study has shown that
pre-existing CD4+ T cells induced from previous infection provided
protection against SARS-CoV-2 (60). Similarly, IFNYy has
demonstrated driving vaccine-induced cellular immunity in K18-
hACE2 transgenic B-cell deficient (WMT) mice (61) and recently
confirmed to induce early control of SARS-CoV-2 infection when
administered intranasally to wildtype C57BL/6 mice (62).
Interestingly, clinical studies have reported on M.tb and SARS-
CoV-2 co-infected individuals’ limited cellular response to M.tb or
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FIGURE 6

Cytokine levels from M.tb-infected PBMCs and the effect of M.tb infected PBMC supernatants on viral replication in cell culture. (A) Experimental

scheme of in vitro PBMC M.tb infection, (B) Viral titers of SARS-CoV-2-chal
M.tb-infected human PBMCs collected prior to 2020 (N=4), post-2020 (N=
SARS-CoV-2-challenged Calu-3 cells treated with supernatants from mock

lenged Vero cells treated with supernatants from mock-infected or
4), or from BCG-immunized patients (N=2), and (C) viral titers of
-infected or M.tb-infected human PBMCs collected prior to 2020 (N=4),

post-2020 (N=4), or from BCG-immunized patients (N=2). Titers between mock-infected and M.tb-infected supernatant treatments for each PBMC
group were analyzed using two-way ANOVA (* = P<0.05, **= P<0.01, ***=P<0.001, ****= P<0.0001). (D) Cytokine measurements of supernatants
from mock-infected or PBMCs infected with M.tb HN878 at a MOI of 1. Measurements analyzed using unpaired T-Test with Welch's T Test and

alpha of 0.05 (* = P<0.05, **= P<0.01, ***=P<0.001, ****= P<0.0001).

SARS-CoV-2 antigens potentially due to anergy or immune
exhaustion (11, 63, 64). However, we hypothesize that while prior
M.tb induced immune priming can be protective during acute
SARS-CoV-2 infection, in certain individuals other factors may
hinder this protection, allowing for co-infection to persist and
worsening disease outcomes. While we were able to get a
controlled look at M.tb and SARS-CoV-2 co-infection in a
preclinical model there are many other conditions to consider
that may affect co-infection in clinical contexts.

In turn, we remain curious about how our use of a low-dose M.tb
infection model, which more closely mimics the chronic stage of
human infection, may contribute to the observed protection.
Exploring the ultra-low dose M.tb model (65), which delivers 1-3
CFU and strongly mirrors human pathology, may provide insight
into whether the diffuse lung immune response exhibited with a low-

Frontiers in Immunology 78

dose model, or other factors drive protection in co-infection models.
Interestingly, it has been reported that the magnitude of viral titers
inversely correlated with increasing M.tb infectious dose (29),
providing further evidence towards the need of a diffuse infection
and accompanied response. Additionally, LMICs with large TB
burden are heavily associated with comorbidities that affect TB and
COVID-19 severity (66-68). In order to further understand and close
the gap between preclinical and clinical studies investigating these
additional factors such as sex, metabolic diseases, age, HIV co-
infections, and antibiotic resistant M.tb strains in the pre-clinical
model, will be vital for furthering knowledge on M.tb and SARS-
COV-2 co-infections. Additionally, we acknowledge that differences
based on the phase of M.tb infection, such as active versus latent
infection, can impact the outcomes of co-infection with SARS-CoV-
2, thus warranting further investigation.
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FIGURE 7

Gene expression changes in Calu-3 epithelial cells treated with supernatants from mock-infected or M.tb-infected human PBMCs and infected
with SARS-CoV-2. Graphs depict fold-change expression of ISGs normalized to media-treated cells and the Beta-Actin house-keeping gene.
(A) upregulation of genes 24 hours post-supernatant treatment and (B) upregulation of genes 24 hours post-SARS-CoV-2 infection. Expression of

genes between mock-infected and M.tb-infected supernatant treatments was analyzed using two-way ANOVA (* = P<0.05, **= P<0.01,
***=pP<0.001, ****=P<0.0001).

Moreover, our study underscores the importance of innate  immune evasion by SARS-CoV-2 variants of concern highlighted
immune induction in protection against SARS-CoV-2. While  the need for more comprehensive vaccine-induced responses. Our
increased global vaccination has significantly impacted the findings further emphasize the crucial role of innate immune
trajectory and harm of COVID-19, the emergence of humoral responses in combating the earliest stages of viral infections.
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FIGURE 8

Viral load in Calu-3 cells treated with supernatants from mock-infected or M.tb-infected human PBMCs following infection with SARS-CoV-2. Calu-
3 cells were treated with supernatants and infected with 75 PFU of SARS-CoV-2 for (A) 1 hour, (B) 6 hours, (C) 24 hours, and (D) 48 hours.
Significant differences between groups at each time point was determined by one-way ANOVA, alpha of 0.05 (*** = P<0.001 and **** = P<0.0001).
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Viral titers following the administration of neutralizing antibodies against immune components. PBMCs were infected with M.tb in the presence of
neutralizing antibodies against CD4, CD8a, CD314, and with isotype controls mouse I1gG1 (mIgG1l) and IgG2 (mlgG2). Some collected supernatants
were treated with neutralizing antibodies against IFNy. Vero cells were treated with the supernatants then challenged with SARS-CoV-2 and PFU
recorded 48 hours post-infection. Significant differences of PFUs between neutralization treatments and relative isotype controls, mouse 1gG1 (CD4,
CD314, and IFNy) and 1gG2 (CD8a) were analyzed using two-way ANOVA (****=P<0.0001). Data are representative of two independent experiments

Additionally, this highlights the need to fine-tune inflammatory
responses to ensure they contribute to protection rather than
exacerbate detrimental effects. These models help winnow down
potential therapeutic targets and define features desirable for
prophylactic vaccine strategies.
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Heterologous prime-boost has broken the protective immune response
bottleneck of the COVID-19 vaccines. however, the underlying mechanisms
have not been fully elucidated. Here, we investigated antibody responses and
explored the response of germinal center (GC) to priming with inactivated
vaccines and boosting with heterologous adenoviral-vectored vaccines or
homologous inactivated vaccines in mice. Antibody responses were
dramatically enhanced by both boosting regimens. Heterologous
immunization induced more robust GC activation, characterized by increased
Tfh cell populations and enhanced helper function. Additionally, increased B-cell
activation and antibody production were observed in a heterologous regimen.
Libra-seq was used to compare the differences of S1-, S2- and NTD-specific B
cells between homologous and heterologous vaccination, respectively. S2-
specific CD19+ B cells presented increased somatic hypermutations (SHMs),
which were mainly enriched in plasma cells. Moreover, a heterologous booster
dose promoted the clonal expansion of B cells specific to S2 and NTD regions. In
conclusion, the functional role of Tfh and B cells following SARS-CoV-2
heterologous vaccination may be important for modulating antibody
responses. These findings provide new insights for the development of SARS-
CoV-2 vaccines that induce more robust antibody response.
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1 Introduction

SARS-CoV-2 vaccination has effectively reduced the prevalence
of coronavirus disease 2019 (COVID-19). Several different kinds of
vaccines were used during the pandemic, and these vaccines
exhibited variations in immunogenicity, safety, protection efficacy
and effectiveness. Interestingly, a heterologous prime-boost vaccine
strategy may offer advantages over a homologous approach
according to numerous recent studies across inactivated,
adenoviral vector and mRNA vaccine platforms (1-4).
Immunization with inactivated vaccines followed by mRNA or
nonreplicative viral vector vaccines has increased the effectiveness
of treatment to 87%~96.5% against symptomatic COVID-19 and
95.94%~97.67% against hospitalization (5-7). In animals,
heterologous prime-boosting with an adenoviral vector or a
mRNA vaccine induced a 12.8- to 51.2-fold increase in protective
antibodies compared to those induced by homologous inactivated
vaccination (8, 9). Heterologous boosters have appeared to exert
greater vaccine protection effects than homologous boosters in both
preclinical and clinical trials.

In fact, Hu and his coworkers in 1992 were among the first to
employ the heterologous prime-boost immunization regimes. In
their study, neutralizing antibody (NAD) titers against HIV were
observed in mice primed with recombinant viral vector vaccines
and boosted with subunit vaccines, but not in homologous
immunized with vectored or subunit vaccines (10). Lu found that
heterologous prime-boost with influenza virus vaccines could
improve antibody titers 4- to 19-fold change, which may provide
cross-protection against seasonal influenza virus. Also,
heterologous vaccination displayed increased antibody titers in
polio, malaria, tuberculosis and HSV-2 vaccines (11). It may
provide a new way for those antigens that are easy to mutate,
difficult to develop candidate vaccines, or induce poor immune
responses with homologous vaccination. However, the mechanism
that heterologous prime-boost is more effective than the
“homologous” prime-boost has not been fully demonstrated,
which may also limit the development of this strategy in the
real world.

Studies have shown that heterologous prime-boosted with
COVID-19 inactivated vaccines and adenovirus vector vaccines
improve higher NAb titers. The inactivated vaccines are whole virus
particles, and adenovirus vector vaccines are nonreplicated vectored
vaccines expressing full-length S protein, which may induce
different processes of T and B cell responses (12, 13). Immune
responses may complement each other to produce higher antibody
responses when prime-boosted with both. However, the mechanism
remains poorly understood. When repeatedly stimulated with the
same COVID-19 vaccines, T cells upregulated the expression of
inhibitory signals PD-1 and LAG-3 and decreased its activity (14,
15). Also, B cells activity may decline due to low activity of T cells,
which may exhaust immune cells, produce immune tolerance and
decrease antibody responses (14, 15). Heterologous SARS-CoV-2
vaccination stimulates more antibody-secreting cells (ASC), T cells
and cytokines to enhance humoral and cellular responses, which
contribute to more cross-protection to variant strains (16).
Although these studies have found some discrepancies in immune

Frontiers in Immunology

10.3389/fimmu.2024.1406138

responses between heterologous and homologous vaccination, they
still cannot fully explain why heterologous vaccination is
more effective.

Innate immune cells activate at early stage to participate in
immune defense when antigen stimulation, and then APCs present
antigens to T and B cells to initiate adaptive immune response.
Among them, B cells and T cells play key roles in immune response
sites by secreting antibodies and adjusting immune responses.
During this process, follicular helper T cells (Tfh) provide
cytokines and co-stimulatory signals to promote the activation,
proliferation and differentiation of B cells. Subsequently, B cells
differentiate into plasma cells or memory B cells (17, 18). This
intricate process occurs in germinal center (GC). Understanding the
differences in GC responses between heterologous and homologous
prime-boosts could potentially elucidate the mechanism behind the
enhanced immune responses observed with a heterologous booster
dose. In our study, the differences in antibody responses, the
populations and function of B cells between heterologous and
homologous regimes were analyzed. Also, B-cell specific to
different subunit of spike protein was analyzed to investigate
the mechanism of increased antibody responses in heterologous
vaccination. The study of the mechanism will provide
theoretical guidance for optimizing the existing and future
vaccination strategies.

2 Materials and methods
2.1 Mice and vaccination

BALB/c mice were purchased from SPF (Beijing) Biotechnology
Co., Ltd. All studies were performed in accordance with protocols
approved by the Institutional Animal Care and Use Committee
(IACUC) at the Beijing Institute of Biological Products Co., Ltd.,
Beijing, China (No. BSYYF20230130002). All mice in this paper
were six- to eight-week-old female mice on a BALB/c background.

For the vaccination regimens, 0.5 ug prototyped SARS-CoV-2
inactivated vaccines (BBIBP-corv) combined with 22.5 ug
aluminum hydroxide adjuvant (Croda) or 0.5x10'® viral particles
(VP) of adenovirus 5 vector vaccines (Ad) encoding full-length
prototyped SARS-CoV-2 spike (Convidecia) were injected
intraperitoneally in 500 pL 0.01 M PBS. The control mice were
vaccinated with 0.01 M PBS containing an equal concentration of
aluminum hydroxide adjuvant. The first two doses were
administered at D0/D21, and the subsequent booster doses were
administered every 14 days (Figure 1A). Blood from each
vaccination and spleen samples from 4In and 3InAd were
collected on day 10 after vaccination (Figure 1A).

2.2 Determination of antigen-specific IgG
titers in serum and culture supernatants

IgG titers specific to spike, S1 (a variable region in spike), S2 (a

conserved region in spike) or NTD (a conserved region in S1) in
serum and spike- or S2-specific IgG titers in supernatants were
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FIGURE 1

Antibody responses induced by homologous or heterologous SARS-CoV-2 vaccination in mice. (A) Timeline of vaccination and blood sampling. IgG
titers specific to (B) spike, (C) S1, (D) S2, (E) NTD, and NAb titers against (F) the prototype pseudovirus, (G) the XBB.1.16 pseudovirus, (H) the
prototype authentic virus, (1) and the XBB.1.16 authentic virus. In and Ad show inactivated vaccines and adenovirus vector vaccines, respectively.
3InAd represents mice immunized with 3 doses of In followed by one dose of Ad. 4In and 5In represent mice vaccinated with 4 or 5 identical doses
of In, respectively. For (A—I), n=8 per SARS-CoV-2 vaccination group, n=6 in control group. Each symbol represents one sample. The data are
presented as the geometric mean + standard error of the mean (SEM). The Mann—-Whitney U test was used to analyze the differences between the
indicated groups. *p < 0.05, **p < 0.01, and ***p < 0.001 were considered to indicate two-tailed significant differences. The numbers on the graph

represent the p values between the indicated groups.

determined. 96-well plates (Costar, cat 42594) were coated with 100
UL of SARS-CoV-2 spike (Sino, cat 40589-V08H4) or S1 (Sino, cat
40591-V08B1), S2 (Sino, cat 40590-VO8H1), or NTD (Sino, cat
40591-V49H) at 0.5 ug/mL overnight at 4°C. After 2 h of blocking
with 3% BSA in PBS, 100 uL of each diluted serum sample or
culture supernatant was incubated for 2 h at room temperature. The
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serum dilutions used were 1:10000 and 1:40000 (for spike, S1 and
S2) and 1:1000 and 1:4000 (for NTD). The supernatants were not
diluted. Standard curves were obtained by serial dilution of
standard serums via titration, as previously described (19). The
secondary antibody, anti-mouse IgG conjugated to HRP (Cytiva,
cat. NA931V), was diluted 1:4000 in PBS-3% BSA and incubated for
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1 h at room temperature. The reactions were developed with HRP
substrate, and the absorbance was measured at 405 nm and 630 nm.

2.3 Determination of NAb against authentic
and pseudo-viruses

NAb were determined using authentic and pseudo-SARS-CoV-2
virus, and the 50% inhibitory dilution (ID50) was defined as the
serum dilution. NAb against authentic viruses (prototype and
XBB.1.16 virus) were determined via a microcytopathogenic effect
assay with a minimum eight-fold dilution and 2-fold serial dilutions,
as previously described (20). NAb against pseudoviruses (prototype
and XBB.1.16 virus) were determined with a minimum twenty-fold
dilution and 3-fold serial dilutions, as previously described (12).

2.4 RNA sequencing

Spleens from the 3InAd, 4In and control groups were separated
and stored in liquid nitrogen. AIl RNA extraction, library
preparation, and sequencing were performed by BGI Genomics
(Wuhan) Co., Ltd. DEGs were analyzed using DESeq2 (v1.4.5).
KEGG and GO enrichment analyses were carried out as previously
described (21, 22).

2.5 Antibodies and flow cytometry

The fixable viability dye eFluor ™ 506 (eBioscience, cat 65—
0866-14) was used to exclude dead cells according to the
manufacturer’s instructions. The following antibodies were used
for surface staining at 4°C for 30 min: a-TCR (BioLegend, clone
H57-597), a-CD4 (BioLegend, clone RM4-5), a-PD-1
(eBioscience, clone J43), a-CXCR5 (BioLegend, clone L138D7),
0-B220 (BioLegend, clone RA3-6B2), o-Gl7 (BioLegend, clone
GL7), and a-CD95 (BioLegend, clone SA367HS8). The data were
analyzed using FlowJo v10.8 or CytExpert.

2.6 Magnetic isolation of B cells and CD4+
T cells

B cells and CD4+ T cells were separated from splenetic cell
suspensions using magnetic isolation kits (Stemcell, cat. 19854 for B
cells, cat. 19852 for CD4+ T cells) according to the manufacturer’s
instructions. B and CD4+T cells were sorted to 90% purity and
utilized in the subsequent experiment.

2.7 Sorting

CD4+CXCR5+PD-1+ Tth cells or B220+CD95+Gl7+ GC B cells
were sorted via the following steps. In brief, magnetically isolated
CD4+ T or total B cells were stained with viability dye (eBioscience,
cat 65-0866-14) and antibodies as above for 30 min at 4°C. Then, the

Frontiers in Immunology

10.3389/fimmu.2024.1406138

cell suspensions were passed through 70-micron filters and
resuspended in RPMI 1640 (Gibco, cat 11875093) supplemented
with 10% FBS, 1 mM EDTA, 100 U penicillin, and 100 mg/ml
streptomycin. Cell sorting was performed on an Aria III instrument.

2.8 Tfh and B-cell coculture in vitro

Isolated B cells and Tth cells were cocultured as previously
described with minor modifications (23, 24). 3x10A5/well B cells
were cultured with or without 1.5x10A5/well Ttfh cells in the
presence of 5ug/ml spike peptide pools (GenScript, cat RP30020)
in RPMI 1640 (Gibco, cat 11875093) supplemented with 10% heat-
inactivated fetal bovine serum (Gibco, 16140071), 2 mM L-
glutamine, 1 mM sodium pyruvate, 50 mM 2-mercaptoethanol,
100 U penicillin, and 100 mg/ml streptomycin. Round-bottom
tissue culture plates were precultured with 2ug/ml anti-CD3
antibody (BD Biosciences, cat 553057) and 5ug/ml anti-IgM
(Invitrogen, cat 16-5092-85) in PBS at 4°C overnight. Six days
after coculture, the cells were stained with a-IgGl (BioLegend,
clone RMG1-1), a-IgG2b (BioLegend, clone RMG2b-1), and o-Gl7
(BioLegend, clone GL7). The supernatants were harvested, and the
anti-spike IgG titers were assessed via ELISA.

2.9 Real-time PCR

CD4+T or B cells were magnetically sorted to 90% purity and
used for RNA extraction. Total RNA was extracted from isolated
cells using TRIzol reagent (Invitrogen, 15596026). First-strand
cDNA was transcribed (Vazyme, cat R312-3), and real-time PCR
was performed using universal qQPCR SYBR Green Master Mix
(Vazyme, cat Q711-03) according to the manufacturer’s protocols.
The experiment was performed on a CFX96 instrument (Roche).
The data were normalized to the housekeeping gene Gapdh and
analyzed by the 2/ (-/A ACT) method.

The primers used for cDNA amplification were obtained from
previous methods (25-28) and are listed as follows:

Gapdh, (forward) 5-GTGAAGGTCGGTGTGAACGGATT-3
and (reverse) 5-GGAGATGATGACCCTTTTGGCTC-3’; 1121,
(forward) 5-GCCAGATCGCCTCCTGATTA-3 and (reverse) 5'-
CATGCTCACAGTGCCCCTTT-3’; Bcl6, (forward) 5-
CCGGCTCAATAATCTCGTGAA-3" and (reverse) 5-GGTGC
ATGTAGAGTGGTGAGTGA-3’; Cxcr5, (forward) 5’-
ACTCCTTACCACAGTGCACCTT-3’ and (reverse) 5-GGAAA
CGGGAGGTGAACCA-3’; Cxcr4, (forward) 5-TCCAACA
AGGAACCCTGCTTC-3" and (reverse) 5-TTGCCGACTATGC
CAGTCAAG-3’; Aicda, (forward) 5-GGCATGAGACCTAC
CTCTGC-3’ and (reverse) 5-CAGGAGGTGAACCAGGTGAC-3’.

2.10 Libra-seq

Antigen-specific B cells were labeled and sorted as previously
described with minor modifications (29, 30). In brief, biotinylated
S1 (Acro, cat SIN-C82ES8), S2 (Acro, cat S2N-C52E8) and NTD
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(Acro, cat S1D-C52E2) proteins were conjugated to two different
streptavidin-fluorochrome conjugates, streptavidin-APC
(BioLegend, cat 405207) and streptavidin-PE (BioLegend, cat
405203), in equimolar ratios. The cells were incubated with SI,
S2, NTD, viability dye (eBioscience, cat. 65-0866-14) or o-CD19
(BioLegend, clone 1D3/CD19) at 4°C for 30 minutes. Then, the cells
were sorted as above. Sorted cells were captured in droplets to
generate nanoliter-scale gel beads in EMulsions (GEMs). The 5’
gene expression library and BCR library were prepared, and
sequencing was performed by Abiosciences (Beijing) Co., Ltd.
The mRNA sequencing data were processed using CellRanger
version 7.0. R version 4.3.1 and the Seurat package (v5.0.0) were
used for downstream analysis. The following marker genes were
examined: Bcl2 and Itgax (CD11c) for memory B cells (31, 32); Fas
and Mki67 for GC B cells; Xbpl and Mzbl1 for plasma cells, while
other non-B cells were removed. The SHM frequency was calculated
for each heavy chain sequence in the variable segment leading up to
the CDR3.

2.11 Statistical analysis

Statistical analysis was performed utilizing GraphPad 8.0. The
Mann-Whitney test was used and is explicitly described in the
figure legends.

3 Results

3.1 Heterologous vaccination induced
more robust antibody responses in mice

To compare the antibody responses induced by heterologous
and homologous vaccination, we designed different immunization
strategies (Figure 1A). Mice were vaccinated intraperitoneally with
SARS-CoV-2 inactivated vaccines (In) or adenovirus 5 vector
vaccines (Ad) encoding the full-length SARS-CoV-2 spike
protein. The homologous vaccination regimen was 1 to 5 In doses
(marked as In, 2In, 3In, 4In and 5In), and the heterologous
immunization regimen was 3 doses of In followed by one dose of
Ad (3InAd). Blood was collected on day 10 after the last
homologous or heterologous booster dose. IgG titers specific to
spike, S1 (a variable region in spike), S2 (a conserved region in
spike), the N-terminal domain (NTD, a conserved region in SI),
and neutralizing antibodies (NADb) against spike pseudovirus, as
well as the authentic virus, were determined to explore the antibody
dynamics after heterologous and homologous vaccination.

To assess the antibody responses in the homologous group,
IgG and NAb titers were measured after each vaccination
(Supplementary Figure 1). For SARS-CoV-2 vaccination groups,
the spike-specific IgG titer peaked after the 3rd dose of the vaccine
and remained at this level even after the following doses
(Supplementary Figure 1A). The Sl-specific antibody showed
similar changes (Supplementary Figure 1A). Interestingly, S2-
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specific IgG levels peaked after the 4th dose and decreased after
the 5th dose (Supplementary Figure 1A), and NTD-specific IgG
levels consistently increased (Supplementary Figure 1A). These
results indicate that more than 3 doses of homologous prime-
boosts with In may induce higher titers of IgG specific to the
conserved spike protein regions (Supplementary Figure 1A).
Moreover, the titers of NAb against the prototype spike
pseudovirus slightly increased after the 5th dose (Figure 1F and
Supplementary Figure 1B), while the titers of NAb against the
prototype authentic virus peaked after the 4th dose (Figure 1H and
Supplementary Figure 1C). Additionally, we found that every dose
can induce antibody responses to the XBB.1.16 virus
(Supplementary Figures 1B, C).

We next compared antibody responses between heterologous and
homologous vaccination (Figure 1). Compared with those in the 4In
group, the spike-, S1-, S2-, and NTD-specific IgG levels were
significantly higher in the 3InAd group (Figures 1B-E). Similar
results were obtained for the titers of NAb against the prototype
spike pseudovirus and the prototype authentic virus (Figures 1F, H).
Compared with those in the 5In group, the spike-, S1-, and S2-specific
IgG titers were also higher in the 3InAd group (Figures 1B-D), but
there was no difference in the NTD-specific antibody titers (Figure 1E).
Moreover, we found that the titers of NAb against the prototype
pseudovirus or authentic virus were significantly higher in 3InAd
(Figures 1F, H). Heterologous immunization showed stronger
neutralizing effects on authentic XBB.1.16 virus (Figure 1I), although
no differences were found on XBB.1.16 pseudovirus (Figure 1G). These
data suggest that heterologous vaccination induced more robust IgG
and NAb responses than homologous vaccination, and even the 5In
homologous vaccination regimen could not induce the same antibody
response as that induced by heterologous vaccination. In the following
study, we further compared the 4In and 3InAd groups.

3.2 Heterologous vaccination induced a
more robust GC response according to
global transcriptomic analysis

To explore the heterogeneity of homologous and heterologous
immunization strategies, RNA-seq was performed on the spleens from
the heterologous and homologous group mice to compare discrepancies
in the GC response according to gene expression profiling.

One hundred fifty-two differentially expressed genes (DEGs)
were screened between the 3InAd and 4In groups (Figure 2A).
Among these DEGs, 38 immune-related genes were found using
the GP_CFP and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway classification methods (Figure 2B). Then, through
GO biological process (BP) and KEGG pathway enrichment analyses,
we found that these immune-related DEGs were enriched in somatic
hypermutation and production of immunoglobulin (Nugge, Aicda,
1121, Ii6), Tth differentiation (II21, 1I6), germinal center B cell
differentiation (1l6, I121), cellular response to virus (Gli2, 116, 1I121)
(Figures 2A, C, D). To further explore signaling changes in the 3InAd
group, we next performed gene set enrichment analysis (GSEA) using
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FIGURE 2

Rank in Ordered Dataset

oo T6ke0

Rank in Ordered Dataset

Transcriptional heterogeneity in homologous and heterologous vaccination groups. (A) DEGs among spleens from 3InAd vs. 4In. Genes with a |log,
(fold change [FC])|>0.6 and p<0.05 were annotated as DEGs. Red dots represented upregulated genes and blue dots showed downregulated genes.
(B) Heatmap showing the immune-related DEGs between the 3InAd and 4In groups. Four-dose control mice (Ctrl) were used to exclude
background effects. (C) Bubble plot showing the significantly enriched BPs between the 3InAd and 4In groups, as measured by the Rich Ratio factor
and q value. (D) Bar graph showing the significantly enriched KEGG pathways evaluated by -logso (p value) in the 3InAd group compared with the 4In
group. Using gene set enrichment analysis (GSEA) to analyze the expressed genes, 2 gene sets related to (E) cell migration and (F) the B-cell antigen
receptor (BCR) signaling pathway were found to be significantly upregulated in the 3InAd group. NES, normalized ES; FDR, false discovery rate; NOM
p-val, normalized p value. Each sample was composed of spleen samples from 3 animals. Three samples per group were used.

transcripts per million (TPM) values. We found that genes associated
with the positive regulation of cell migration, the immunoglobulin-
mediated immune response, and the positive regulation of the B-cell
receptor signaling pathway were upregulated in the 3InAd group
compared to the 4In group (Figures 2E, F). These gene expression
profiling results suggest that heterologous vaccination enhances B-

cell and Tth cell responses and GC activation.
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3.3 Heterologous immunization increased
Tfh cell populations and function in GC

Tth cells are specialized B helper cells that enable the
proliferation, survival, and differentiation of GC B cells through
the delivery of cytokines and costimulatory signals (12). To further
investigate the changes in Tth cells and GC responses after SARS-
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CoV-2 heterologous and homologous vaccination, the number and
function of Tth cells were analyzed.

We found that the 3InAd group showed higher Ttfh cell
populations than the 4In group (Figures 3A, B), indicating that
heterologous vaccination induced more robust Tth cell expansion.
Moreover, to evaluate Tth cell function in the heterologous group,
PD1+CXCR5+ Tth cells sorted from 3InAd or 4In group mice were
cocultured with mature splenic B cells from 2In group mice (mice
vaccinated with 2 doses of In), and B-cell activation defined by
expression of Gl7 marker and isotype switching were detected. The
coculture strategy is shown in Figure 3C. When B cells cocultured
with 3InAd Tth cells, we only found a slight increase of activation in
the G17+1gG1+B group (Figures 3D, E), but both groups exhibit no
statistical differences to the 4In Tth cells, showing no discernible
differences in Tfh helper function between heterologous and
homologous groups. However, when antibodies in the coculture
supernatants were further detected, a significant increase in spike-
specific IgG titers was identified in B cells cocultured with 3InAd
Tth cells (Figure 3G), indicating an increase in IgG titers in the
absence of significant B-cell activation. This discrepancy may be
attributed to the different sensitivity between antibody detection
and other immunologic parameters examination during the in vitro
experiment (33). Additionally, in our study, Tfth cells were
repeatedly activated by 3 doses of inactivated vaccination before
the 4th-dose vaccination, therefore, the distinction of Tth function
between two groups may not be optimized.

It has been reported that IL-21, BCL-6 and CXCR5 play key
roles in regulating Tth cell differentiation and function. To compare
Tth cell proliferation and function at the gene level, we measured
the mRNA expression of 1121, Bcl6 and Cxcr5 in the 3InAd and 4In
groups on day 10 after vaccination. II121, Bcl6 and Cxcr5 expression
was significantly higher in the 3InAd group than that in the 4In
group (Figures 3H-J), suggesting that enhanced Tfh cells
populations and function in the heterologous group may be
related to upregulating the expression of 1121, Bcl6 and Cxcr5.

3.4 B-cell activation and antibody
production were increased by the
heterologous immunization regimen

We have proven that Tfh cell function is enhanced by
heterologous vaccination. Tth cells provide stimulatory signals to
B cells, which promote their survival and ongoing proliferation (34).
To compare B cells between the heterologous and homologous
groups, we analyzed their proliferation and function.

Compared to those in the 4In group, the populations of GC B
cells in the 3InAd group significantly increased (Figures 4A, B),
indicating that a heterologous boost dose promote GC B-cell
expansion. Then, we further compared the activation of B-cell
from these two groups. CD19+ B cells separated from the 3InAd
and 4In groups were cocultured with mature splenic Tth cells sorted
from the 2In group for 6 days in vitro (Figure 4C). We found that
frequencies of GI7+IgG1+B and Gl7+IgG2b+B cells was
significantly greater in the 3InAd B cells cocultured with Tth cells
than in the 4In B cell coculture (Figures 4D-F). Next, antibody titers
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in the collected coculture supernatants were measured by ELISA.
We found significantly increased anti-spike IgG titers in 3InAd B
cells (Figure 4G). These results suggest that a heterologous booster
dose induces more robust B-cell activation and greater
antibody production.

To assess the relationship between GC B cells and antibody
responses in both the heterologous and homologous groups,
Spearman correlation analysis was used. We found a strong
positive correlation between spike-specific IgG titers and the
percentage of GC B cells in the 3InAd and 4In groups
(Supplementary Figure 2A). This correlation was also observed
between NAD titers against authentic virus and the frequencies of
GC B cells in both the heterologous and homologous groups
(Supplementary Figure 2B). These results suggest that
heterologous vaccine induced more SARS-CoV-2-specific B cells,
which led to higher antibody titers.

3.5 A heterologous booster dose promoted
higher somatic hypermutation and B-cell
clonal expansion specific to

conserved regions

We have demonstrated that heterologous vaccination increases
B-cell activation and antibody production in mice. B cells play a
vital role in immune responses by generating NAb that defend
SARS-CoV-2 infection and prevent reinfection (35). To compare
the differences of antigen specific B-cell responses in heterologous
and homologous vaccination, Libra-seq (linking B-cell receptor to
antigen specificity through sequencing) was used to map spike-, S1-,
S2- and NTD-specific BCR sequences. The number of SHMs and
the expansion of antigen-specific B cells were evaluated.

Compared to those in the 4In group, the SHMs in the 3InAds
group were increased in spike-, S1-, S2- and NTD-specific B cells
(Figure 5A). S2-specific B cells exhibited 1.95-fold increases,
respectively (Figure 5A). The 3InAd group exhibited increased
SHMs in highly expanded clones (found more than 4 times),
moderately expanded clones (found 2 to 3 times) and singleton
clones (Figures 5B, C, Supplementary Figure 3A). These results
suggest that a heterologous booster dose promoted higher SHM of B
cells specific to conversed regions. We next assessed the SHM in
phenotypes of the B cells above in heterologous and homologous
groups. There was a slight change in the SHM of GC B cells in the
3InAd group compared to the 4In group (Figure 5D). The SHMs in
the spike-, S1-, S2- and NTD-specific plasma cells from the 3InAds
group exhibited 4.90-, 4.45-, 6.06- and 1.15-fold increases,
respectively (Figure 5E). Additionally, we observed 1.98- and
1.34-fold SHM increases in spike- and S1-specific memory B cells,
respectively (Figure 5F). These results suggest that the increased
SHM of the heterologous group was mainly enriched in S2-specific
plasma cells, which may contribute to high-affinity antibodies.

SHMs are regulated by activation-induced cytidine deaminase
(AID), an enzyme that induces point mutations in CDR3 and leads
to B-cell expansion (36-38). It is predominantly expressed in
CXCR4™GC B cells®. To further assess the source of SHMs in
the B cells of heterologous and homologous groups, we measured
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FIGURE 3

The Tfh response was enhanced in the heterologous group compared with homologous group. (A) Ratios of CD4+PD-1+CXCR5+ T cells (Tfh cells).
Ratio = proportion of Tfh cells in the vaccine group/proportion of Tfh cells in the control group. (B) Representative flow plots of Tfh cells in the
3InAd and 4In groups. (C) Diagram of Tfh cells from heterologously vaccinated or homologously vaccinated mice cocultured with B cells isolated
from mice injected with two doses of inactivated vaccine (2In). (D—H) Results of B-cell activation and antibody production in coculture experiments.
(D) Representative flow plots of Gl7/IgG1 and Gl7/1gG2b gated on CD19+ B cells are shown. No plots were shown in the right panels(2In_B)because
the B cells had died after being cultured in vitro for 6 days. (E) Gl7/IgG1 (F) and Gl7/1gG2b double-positive CD19+ B cells are shown. (G) Culture
supernatants were harvested, and IgG titers specific to spike. (H) /121, (1) Bcl6, (J) and Cxcr5 mRNA expression were measured by qPCR. 2In_B
represents B cells separated from the 2In group. 3InAd_Tfh and 4In_Tfh cells represent Tfh cells sorted from the 3InAd and 4In groups, respectively.
(A, E-J) The data are presented as the mean + SEM. The Mann-Whitney U test was used to analyze the differences between the indicated groups.
*p < 0.05, **p < 0.01, and ***p < 0.001 were considered to indicate two-tailed significant differences. The numbers on the graph are the p values for
the indicated groups. Each symbol represents one (A) individual animal or (E-G) coculture well. (A, H-J) n=8 in SARS-CoV-2 vaccination group, n=6
in control group. (E-G) n=7 mice in the 3InAd and 4In groups or n=8 mice in the 2In group.

the mRNA expression of Aicda (encoded AID) and Cxcr4 in GCB  upregulated higher AID expression to increased SHMs in B cells
cells. We found that Aicda and Cxcr4 were significantly upregulated  than homologous group.

in the 3InAds group compared to the 4Ins group (Figure 5G and To measure the expansion and proliferation of B cells, we
Supplementary Figure 3B), indicating that heterologous vaccination  calculated the cell number ratio of each BCR clonotype to each
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The number and function of B cells were increased in the heterologous group. (A) Ratios of CD95+Gl7+ B cells (GC B). Ratio = proportion of GC-B
cells in the vaccine group/proportion of GC-B cells in the control group. (B) Representative flow plots of GC B cells gated on B220+ B cells. (C)
Diagram of B cells from heterologously vaccinated or homologously vaccinated mice cocultured with Tfh cells isolated from the 2In group. (D-G)
Results of B-cell activation and antibody titers via in vitro coculture experiments. (D) Gl7/IgG1 and (E) Gl7/IgG2b double-positive CD19+ B cells are
shown. (F) Representative flow plots of Gl7/IgG1 and Gl7/IgG2b gated on CD19+ B cells are shown. (G) The culture supernatant was harvested, and
IgG titers specific to spike were measured via ELISA. 3InAd_B and 4In_B represent B cells sorted from 3InAd and 4In group mice. 2In_Tfh cells
represent Tfh cells sorted from the 2In group. (A) The data are presented as the mean + SEM. The Mann-Whitney U test was used to analyze the
differences between the indicated groups. *p < 0.05 and **p < 0.01 were considered to indicate two-tailed significant differences. The numbers in
the graph represent p values. Each symbol represents (A) an individual animal or (D, E, G) one coculture well. (A) n=8 in SARS-CoV-2 vaccination
group, n=6 in control group. (D-G) n=7 mice in the 3InAd and 4In groups or n=8 mice in the 2In group.

antigen-specific B-cell number. There was a greater percentage of
spike-specific top 2 BCR clones in the 3InAd group (Figure 5H).
Similarly, the proportions of the top 10 BCR clones specific to S1
exhibited similar tendencies in the 3InAd and 4In groups
(Supplementary Figure 3C), whereas the proportions of the S2-
and NTD-specific clones in the 3InAd group were greater than
those in homologous group (Figures 51, J). These data demonstrated
that heterologous vaccination induced greater expansion of BCRs
enriched in the conserved regions in the spike protein.
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4 Discussion

In our study, to assess the mechanism by which heterologous
booster vaccination enhances antibody responses, Tth and B-cell
responses in mice were compared. We found that the frequencies
and helper function of Tth cells were enhanced after a heterologous
booster dose according to the in vitro coculture experiment. The
expression of genes such as 121, Bcl6 and Cxcr5, which regulate the
function and proliferation of Tth cells, was upregulated. Moreover,
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SARS-CoV-2 vaccination group and n=6 for control group. The data are presented as the mean + SEM. The Mann-Whitney U test was used to
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we found that the heterologous treatment increased the frequencies,
activation and antibody production ability of B cells. These B cells
showed increased expression of Aicda. Libra-seq showed that a
heterologous booster dose induced increased SHMs in S1-, S2- and
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NTD-specific B cells, which were mainly enriched in S1- and S2-
specific plasma cells. Additionally, clonal expansion of B cells
specific to conserved regions in the spike protein was found in
the heterologous group. In summary, the percentages and functions
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of Tth and B cells improved after heterologous immunization,
which may induce more robust antibody responses (Figure 6).

Tth cells provide cytokines and costimulation signals to B cells
in the process of GC activation (17, 18, 39, 40). The ability of Tth
cells to activate B cells depends on the population and function of
the cells (41-43). We found that Tfh cells expanded after a
heterologous booster dose, indicating that a heterologous strategy
may promote additional Tth cells to provide costimulation signals
for B cells. The transcription factor BCL-6 promotes the expression
of CXCRS5 in CD4+ T cells, and CXCR5 promotes the migration of
differentiating Tth cells to the T-B border by binding to CXCL13
(40, 44). Interlink 21 (IL-21) regulates Tth cell proliferation and
differentiation, and Tth cells can in turn stimulate the proliferation
of surrounding Tth cells through the paracrine cytokine IL-21 (45).
We assessed 1121 and Bcl6 mRNA expression and found that they
were increased two- to three-fold after immunization with the
adenovirus vector. These findings suggest that increased
expression of these genes in heterologous strategies may promote
Tth differentiation and increase Tth cell populations.

In vitro coculture experiments revealed that the Tfh cells
derived from heterologously vaccinated mice were able to activate
more B cells to secrete higher antibody titers. These results suggest
that a heterologous vaccination strategy may enhance Tth cell
helper function. It has been shown that BCL-6 expressed by Tth
cells enhances B-cell activation by upregulating CD40L expression,
an activation signal that provides a costimulation signal for B cells
in the GC (46). In our study, we found that Bcl6 expression in Tfh
cells was elevated after a heterologous booster dose, which may
provide additional activation signals for B cells. Although 1121 and
Bcl6 were upregulated in the heterologous group, their detailed
regulatory process deserves further study.

10.3389/fimmu.2024.1406138

GCs are considered highly competitive environments where B
cells initially encoding polyreactive, low-affinity antibodies evolve
via iterative rounds of SHM and selection into clones expressing
high-affinity BCRs (34, 43, 47-50). The highest affinity BCRs
differentiate into plasma cells, which are the main cells that
secrete antibodies (51). Cells expressing low-affinity BCRs
differentiate into memory B cells, thereby supporting diversity
(48-50). To assess SHM in the heterologous group, spike-, S1-,
S2- and NTD-specific B cells were analyzed. The heterologous
group exhibited more SHMs than the homologous group in terms
of CD19+ B cells. Interestingly, the number of spike-, S1- and S2-
specific plasma cells increased 4- to 6-fold in response to the
heterologous strategy, which may be beneficial for obtaining high-
affinity plasma cells and elevated antibody titers. Moreover, it has
been shown that memory B-cell SHMs play an important role in the
long-term protection ability of SARS-CoV-2 vaccines (52).
According to our results, the number of SHMs in the memory B
cells of the heterologous group was higher than that in the
homologous group, suggesting that a heterologous booster dose
may have a better long-term protective effect.

SHM and proliferation occur in the CXCR4™ B cells sited in the
DZ (53). To locate in this area, B cells increase the expression of
CXCR4, which can interact with CXCL12 on reticular cells,
facilitating B cell migration from LZ to DZ. Our study revealed a
significant upregulation of genes associated with cell migration,
such as Cxcr4 and Cxcl12, following a heterologous booster dose as
determined by RNA-seq analysis. The migration to DZ and the
SHM process can further boost the screening B cells clones
producing higher affinity antibodies. SHM is induced by AID,
which is expressed predominantly in activated mature B cells and
targets all transcriptionally active genes to catalyze the mismatch of
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Overview of the results in this study. B-cell responses and Tfh cell function increased after a heterologous booster dose. The proliferation and helper
function of Tfh cells in the heterologous group were improved. The expression of /21, Bcl6 and Cxcr5 was elevated. A heterologous booster dose
promoted B-cell activation and a robust antibody response. These B cells displayed increased SHMs, which were enriched mainly in S1- and S2-
specific plasma cells. Additionally, heterologous vaccination increased the expansion of B cells specific to the conserved regions in the spike protein.
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U:G variable regions (54-56). In our study, we found elevated
expression of Aicda (encoded AID) at the gene level. Additionally,
SHMs in antigen-specific B cells were observed via Libra-seq in the
heterologous vaccination group. Moreover, AID induces point
mutations in conserved regions of immunoglobulin DNA, base
excision repair (BER) initiates, and a DNA double-strand break
occurs. The C region of IgM/IgD is replaced by the C gene
downstream of the gene chain to produce the IgG, IgE and IgA
subtypes (55).

SARS-CoV-2 S protein is present on the surface of virions in the
trimeric form, which consists of S1 subunit encompassing the NTD
and the receptor-binding domain (RBD); and a membrane-proximal
S2 subunit which is responsible for fusion of viral and cellular
membranes (57). Effective NAb against SARS-CoV-2 primarily
target the RBD, which is responsible for binding to the
angiotensin-converting enzyme 2 (ACE2) on host (57). However,
Chi et al. reported that the NTD-specific monoclonal antibody 4A8,
isolated from COVID-19 recovered patients, exhibited a high
neutralizing ability against authentic SARS-CoV-2 (51). In addition
to S1, Kim and his co-workers demonstrated that mice immunized
with the S2 protein could induce NAb against pseudoviral SARS-
CoV-2 (58). In our homologous vaccination group, although the S1-
specific antibody titer did not increase after the 4th or 5th dose, the
IgG titers specific to S2 and NTD continuously increased, which is
similar to that of other studies (59). Moreover, we observed an
increase in IgG titers and expansion of B-cell clones specific to S2 and
NTD in heterologous group, suggesting that a heterologous booster
dose may enhance immune responses against these proteins and
contribute to the overall production of NAb.

In our study, differences in Tth and B-cell responses after
homologous and heterologous booster vaccinations were compared,
and the mechanism of increased antibody responses after a
heterologous booster dose was elucidated. Adenovirus (Ad) is a
nonenveloped virus with a linear double-stranded DNA (dsDNA)
genome, which is recognized by TLRY in plasmacytoid DCs and
promotes type I interferon production (60). Then, the innate immune
responses initiate (60, 61). In inactivated vaccines, aluminum
adjuvants promote IL-1f production and the formation of the
NLRP3/ASC1/NLR complex, which can activate the NF-kB
signaling pathway. Through this process, TLR-independent and
CD4+ T-cell-dependent responses are initiated (61-63).
Additionally, the processes of uptake, processing and presentation
of targeted antigens also differ between these two types of vaccines.
For example, spike protein coded by dsDNA is primarily produced
and presented to CD8+T cells by MHC-I through the endogenous
pathway. In contrast, responses to inactivated vaccines result in
antigens being mainly presented to CD4+T cells via MHC-II
through the exogenous presentation pathway. The activated CD4
+T and CD8+T cells secrete different cytokines, potentially leading to
the discrepancies of Th biases and B-cell responses. Therefore, we
believe that the prime immunization with inactivated vaccines
followed by adenovirus vaccines boost may initiate comprehensive
or complementary immune responses, leading to higher antibody
production (64, 65). Therefore, we believe that the prime
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immunization with inactivated vaccines followed by adenovirus
vaccines boost may initiate comprehensive or complementary
immune responses, leading to higher antibody production.
However, whether other types of heterologous vaccination regimes
can induce similar results deserves further study, since antibody
induction is a complex process regulated by multiple types of cells,
cytokines, and signaling pathways when antigens encounter immune
system. In addition to germinal center Tth and B-cell responses
focused in this study, other crucial elements, such as antigen
concentration and distribution routes can also affect the immune
system to different extents.

In summary, Tth and B-cell responses to heterologous and
homologous vaccination were compared to explore the mechanism
of increased antibody responses to heterologous booster doses. This
study may provide a reference for optimizing vaccine strategies.

5 Conclusion

In our study, Tth and B-cell responses in GC after homologous
inactivated vaccination and heterologous prime boosting
vaccination with adenoviral vaccines were analyzed to investigate
how these two strategies regulate antibody responses. The results
showed that populations and the helper function of Tth cells were
enhanced with the heterologous strategy. This improvement may be
induced by increased gene expression of 1121, Bcl6 and Cxcr5 in Tth
cells. In the heterologous group, B cells exhibited more robust
activation and a higher ability to produce antibodies, along with
increased SHMs in S2- and NTD-specific plasma cells. Additionally,
heterologous vaccination led to an expansion of B cell specific to
conserved regions in the spike protein. These may contribute to
increased antibody titers by a heterologous booster dose.
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Despite a substantial body of research, we lack fundamental understanding of the
pathophysiology of COVID-19 caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) including pulmonary and cardiovascular outcomes,
in part due to limitations of murine models. Most models use transgenic mice
(K18) that express the human (h) angiotensin converting enzyme 2 (ACE2), ACE2
knock-in (KI) mice, or mouse-adapted strains of SARS-CoV-2. Further, many
SARS-CoV-2 variants produce fatal neurologic disease in K18 mice and most
murine studies focus only on acute disease in the first 14 days post inoculation
(dpi). To better enable understanding of both acute (<14 dpi) and post-acute (>14
dpi) infection phases, we describe the development and characterization of a
novel non-lethal KI mouse that expresses both the ACE2 and transmembrane
serine protease 2 (TMPRSS2) genes (hACE2/nTMPRSS2). The human genes were
engineered to replace the orthologous mouse gene loci but remain under
control of their respective murine promoters, resulting in expression of ACE2
and TMPRSS2 instead of their murine counterparts. After intranasal inoculation
with an omicron strain of SARS-CoV-2, hACE2/hTMPRSS2 Kl mice transiently lost
weight but recovered by 7 dpi. Infectious SARS-CoV-2 was detected in
nasopharyngeal swabs 1-2 dpi and in lung tissues 2-6 dpi, peaking 4 dpi. These
outcomes were similar to those in K18 mice that were inoculated in parallel. To
determine the extent to which hACE2/hTMPRSS2 Kl mice are suitable to model
pulmonary and cardiovascular outcomes, physiological assessments measuring
locomotion, behavior and reflexes, biomonitoring to measure cardiac activity
and respiration, and micro computed tomography to assess lung function were
conducted frequently to 6 months post inoculation. Male but not female SARS-
CoV-2 inoculated hACE2/hTMPRSS2 Kl mice showed a transient reduction in
locomotion compared to control saline treated mice. No significant changes in
respiration, oxygen saturation, heart rate variability, or conductivity were
detected in SARS-CoV-2 inoculated mice of either sex. When re-inoculated
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6 months after the first inoculation, hACE2/hTMPRSS2 K| became re-infected
with disease signs similar to after the first inoculation. Together these data show
that a newly generated hACE2/hTMPRSS2 KI mouse can be used to study mild

COVID-19.

KEYWORDS

SARS-CoV-2, mouse ACE2, mouse TMPRSS2, knock-in mouse, COVID-19, virus,
pathogenesis, pulmonary function

1 Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
continues to cause a massive global burden with excess mortality
and disruptions to social, economic, and healthcare systems.
COVID-19 produces diverse manifestations that can affect
respiratory, cardiovascular, neurological, immunological, and
gastrointestinal systems (reviewed in (1, 2)). Many infected
people report shortness of breath, fatigue, and exercise intolerance
(1, 2) which are likely due to cardiovascular and pulmonary
involvement. After SARS-CoV-2 infects the respiratory tract,
inflammation can lead to irreversible pulmonary fibrosis and
bronchiectasis that ultimately compromise respiratory function
(3-8). Chest pain, dyspnea and heart palpitations, as well as more
severe cardiovascular disease may result in inflammation,
myocardial infarction, and other cardiac manifestations (reviewed
in (2)). The underlying pathophysiological mechanisms for both
respiratory and cardiovascular COVID-19 manifestations are still
poorly understood. This lack of understanding in part stems from
limitations inherent to human studies, where invasive assessments,
repeated sampling, and human tissues are often not available. To
circumvent these limitations, animal models of COVID-19
represent a valuable complement to information learned from
human studies.

Animal models have been extensively used to study
pathogenesis of acute SARS-CoV-2 infection and for evaluating
COVID-19 countermeasures including vaccines and therapeutics
(reviewed in (9)). Syrian hamsters typically recover from weight loss
and interstitial pneumonia after SARS-CoV-2 infection, but are not
widely used because of their size, aggressiveness, cost to maintain,
and unfamiliar biology and husbandry requirements (9-12). Mice
are especially valuable as COVID-19 models due to their rapid
breeding, gestation, growth rates, highly characterized immune
systems, and ease of genetic manipulation. Common murine
models of acute COVID-19 include wildtype mice inoculated
with serial mouse passaged SARS-CoV-2, engineered mice that
express the human angiotensin converting enzyme 2 (ACE2)
receptor under control of the cytokeratin-18 (Krt18 (K18))
promoter for epithelial cell expression, or mice that transiently
express ACE2 via adenovirus or adeno-associated virus (AAV)
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expression systems (reviewed in (9)). Depending on the murine
model, virus variant, and dose employed, SARS-CoV-2 inoculated
mice variously develop weight loss, detectable viral RNA and
infectious virus in the respiratory tract, lung inflammation and
injury, and death. Some models also show extrapulmonary SARS-
CoV-2 detection in selected tissues including the brain which
corresponds with neurologic signs of disease, likely due to non-
physiological expression of hACE2 in the brain. While these models
collectively serve as an extremely valuable resource for development
of therapies and prophylactic measures, further improvements to
murine models can enable understanding of the pathophysiological
consequences of acute infection relevant to humans. Further, most
experimental endpoints for murine studies using extant models do
not exceed 2 weeks, which occurs before the onset of long
COVID-19.

To model human expression of ACE2 and thereby avoid
neuroinvasive SARS-CoV-2 and neurologic or lethal disease
characteristic of pre-omicron variants in the K18 model, we
sought to develop a new mouse model. We reasoned that mice
expressing human orthologous genes known to be involved in virus
binding, entry, and activation similar to those in humans would
better represent COVID-19. Our approach involves incorporating
the human coding sequence directly into the endogenous mouse
locus, thus replacing the orthologous mouse genes while
recapitulating the expression level, pattern, and timing of the
human gene under the control of specific neighboring gene
regulators. This dual humanized (h) knockin/mouse knockout
approach overcomes inherent genetic discrepancies between
mouse and human genes, is highly relevant to human biology and
disease compared to random genomic integration of multiple copies
of coding sequence as seen in transgenic mice and can be used to
generate murine models that are more efficiently managed and
more cost effective than hamsters. Our approach is also predicated
on the success of related ACE2 knock-in (KI) models (13-16) in
which the Ace2 gene was substituted with ACE2. For example, in
Winkler et al. (14), hACE2 KI mice express ACE2 in lung, nasal
turbinate, kidney, duodenum, and olfactory bulb, but not in colon,
ileum, heart, spleen, or liver. After challenge with an early 2020
SARS-CoV-2 strain, viral infection was mainly restricted to the
murine respiratory tract but not extrapulmonary tissues (including
brain), implying an absence of ACE2 expression in the brain (which
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was not shown). Mice experienced no weight loss and limited
histopathologic changes in the lung 3 days post-inoculation (dpi).
These data demonstrate susceptibility of hACE2 KI mice to SARS-
CoV-2. Building on these established hACE2 KI models, we also
predicted that expression of an additional human gene involved in
SARS-CoV-2 infection may more closely recapitulate human
COVID-19. We therefore generated KI mice expressing both
ACE2 and human transmembrane serine protease 2 (TMPRSS2),
where TMPRSS2 encodes a protease that cleaves the SARS-CoV-2
spike protein after binding to ACE2 to facilitate virus invasion and
activation (17). After generating and validating expression of the
human genes in these novel hACE2/hTMPRSS2 KI mice, we
characterized acute SARS-CoV-2 infection dynamics and long-
term changes in physiology, behavior, cardiac and respiratory
activity, and lung function to evaluate suitability of the model for
COVID-19. Our data show that hACE2/hTMPRSS2 KI survive
SARS-CoV-2 infection, and male but not female mice develop
transient reductions in locomotion like COVID-19 affected
humans. New polygenic humanized models like the hACE2/
hTMPRSS2 KI mouse developed here can provide new knowledge
regarding SARS-CoV-2 infection and COVID-19 in humans and
enable experiments to observe, monitor, and assess COVID-19
outcomes with current and emerging variants.

2 Materials and methods
2.1 Ethics statement

All mouse work was conducted on protocol #23489 approved
by the institutional animal care and use committee (IACUC) at the
University of California, Davis. Infectious virus was handled in
certified animal biosafety level 3 laboratory (ABSL-3) spaces in
compliance with approved institutional biological use authorization
#R2813. The University of California, Davis, is accredited by the
Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC). All mouse work adhered to the NIH
Guide for the Care and Use of Laboratory Animals.

2.2 Generation of humanized ACEZ2,
TMPRSS2, and ACE2/TMPRSS2 knock
in mice

Human ACE2 and TMPRSS2 K1 alleles were designed to replace
expression of the endogenous mouse Ace2 and Tmprss2 genes with
the corresponding full length human coding sequence (CDS) under
transcriptional control by mouse regulatory elements. CRISPR Cas9
was used to target murine embryonic stem (ES) cells using a single
guide RNA (gRNA) complexed with Cas9 nuclease as a ribonucleic
protein (RNP) in the presence of a plasmid repair template
harboring the coding sequence for both hACE2 and hTMPRSS2
and mouse 3’ untranslated region (UTR) flanked by 1 kilobase (kb)
homology arms. Guide RNAs were screened with an established
approach (18) and selected using the publicly available tool http://
crispor.tefor.net/crispor.py.
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TMPRSS2 plasmid repair template was synthesized as a gene
product (IDT, Coralville, IA) and ACE2 was constructed using
Gibson assembly with synthesized G-block fragments (19). Once
genetically verified by sequencing, plasmids were propagated and
purified using an EndoFree Plasmid Maxi Kit following
manufacturer’s instruction (Qiagen, Germantown, MD) and
subsequently validated by restriction fragment analysis followed
by full sequencing of critical regions. RNP assembly included
pairing of trans-acting CRISPR RNA (tracrRNA) with CRISPR
RNA (crRNA) with a 2 minute denaturation at 95°C followed by
room temperature incubation for 5 minutes to produce the guide
RNA (gRNA) and then complexed with s.p. Cas9 Nuclease V3 for
10 minutes at 37°C at a 1.2:1 molar ratio (IDT). Constructed
circular repair template plasmids along with a PGK-neomycin
containing plasmid PGKneoF2L2DTA (Addgene, Watertown,
MA, #13445) for transient selection were added for a final
concentration of 2.4ug/ul RNP, 0.4ug/ul repair template
plasmid, and 0.2ug/uL of neomycin plasmid. CRISPR targeting
reagents were electroporated into JM8A3 C57BL/6N Agouti ES cells
(20) on a BTX ECM 630 Pulse Generator set at 700V, 40092, 25puF
and selected for 2 to 3 days with 400 ug/uL G418 following standard
culture protocols (21). Individual ES cell colonies were picked and
submitted for genetic analysis with KI copy number, 5" and 3’ long
range PCR, sequence confirmation, and pathogen free status
confirmed prior to blastocyst injection. Genetically confirmed
clones containing a single copy of the expected KI alleles were
expanded for injection into C57BL/6N blastocysts to obtain high
percentage chimeric FO mice. Genetically-confirmed chimeras were
backcrossed to C57BL/6N to produce first generation N1 progeny
which were genetically screened by PCR for germline transmission
of the KT allele (20). PCR positive N1 animals were then verified for
correct targeting and copy number of the allele (Supplementary
Figure S1). hACE2 and hTMPRSS2 KI mice were then intercrossed
to create a true breeding bi-genic hACE2/hTMPRSS2 KI line for
propagation and experimental virus inoculation and analyses.

2.3 Characterization of gene expression in
hACE2/hTMPRSS2 knock-in mice

Approximately 10 mg of lung, upper respiratory tract (URT),
brain, and lower intestine were collected from 2 females and 2 males
of hACE2/hTMPRSS2 K1, as well as age- and sex- matched control
(Wildtype) mice. Tissues were placed into RNAlater and stored at
4°C overnight. RNA was subsequently extracted using the RNeasy
Mini Kit with on column DNase treatment following manufactures
protocol (Qiagen). Purified RNA was analyzed by NanoDrop for
concentration and purity and visualized on an agarose gel for
confirmation of integrity. Each RNA sample was normalized for
concentration and then converted to ¢cDNA using the High-
Capacity cDNA Reverse Transcription Kit according to the
manufacturer’s protocol (ThermoFisher). cDNA samples were
processed in triplicate using the TaqManTM Gene Expression
Master Mix (ThermoFisher) for each target with sequence specific
oligos (Supplementary Table 1) and multiplexed with a stable
housekeeping gene (Actb) using TaqMan assays with 6FAM
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reporter per target and VIC reporter for endogenous reference
(IDT, ThermoFisher). 384 well plates were processed on a
QuantStudio7 and analyzed with QuantStudioTM software using
the relative Ct method (AACt) (22). Data shown represent values
measured from all animals.

2.4 K18 human ACE2 transgenic mice

Transgenic mice (B6.Cg-Tg(K18-ACE2)2Prlmn/J; RRID :
IMSR_JAX:034860) expressing the human ACE2 gene (K18) were
obtained from The Jackson Laboratory (Strain #034860, Bar
Harbor, ME) and maintained under identical vivarium conditions
as hACE2/hTMPRSS2 KI mice.

2.5 Cell lines, SARS-CoV-2 isolates, and
heat inactivation of SARS-CoV-2

African Green monkey kidney epithelial cells (Vero-E6, NR-
53728), Vero E6 expressing ACE2 and TMPRSS2 (Vero-E6-
TMPRSS2-T2A-ACE2, NR-54970) for culturing omicron, and
Vero CCL-81 were obtained from ATCC/BEI (Manassas, VA).
Vero-E6 and Vero CCL-81 cells were cultured at 37°C with 5%
CO, in Dulbecco’s modified Eagle medium (DMEM; Gibco,
ThermoFisher Scientific, Emeryville, CA) supplemented with 5%
fetal bovine serum (FBS; Genesee Scientific, San Diego, CA) and 1x
antibiotic-antimycotic (Fisher Scientific, Waltham, MA). Vero-E6-
TMPRSS2-T2A-ACE2 cells were cultured under the same
conditions as the other Vero cell lines with the addition of 10 ug
per mL puromycin (Fisher Scientific, Waltham, MA). SARS-CoV-2
strains were propagated one additional time after procurement in
Vero CCL-81 cells to achieve titers of 6-7 log;o Vero plaque forming

TABLE 1 SARS-CoV-2 strains used in mouse experiments.

10.3389/fimmu.2024.1428711

units (PFU)/mL, respectively. Single use virus aliquots were stored
at -80°C until thaw for use in murine experiments. For studies with
heat inactivated SARS-CoV-2, 5 log;, PFU of SARS-CoV-2
B.1.1.529 (omicron) diluted in Dulbecco’s phosphate buffered
saline (DPBS) was split into 2 tubes, one of which was subjected
to heat treatment in a water bath at 56°C for 30 minutes. The other
tube was held at 4°C during heat inactivation. The absence of
detectable infectivity in the heat inactivated tube was verified by
titration. Both tubes were used for inoculation into mice.

2.6 SARS-CoV-2 mouse inoculation and
re-inoculation

hACE2/hTMPRSS2 KI mice aged 12 weeks and 7-12 week old
K18 mice of both sexes were weighed and anesthetized with
isoflurane, then inoculated intranasally (in.) via hanging drop
over both nares with 30 ul DPBS, 5 log;, PFU of SARS-CoV-2
B.1.1.529 (omicron) diluted in DPBS, or 5 log;q PFU of heat
inactivated SARS-CoV-2 B.1.1.59 diluted in DPBS. Before settling
on omicron, we inoculated 4 log;o PFU of different strains (Table 1)
of SARS-CoV-2 into K18 mice. These included B.1, alpha, beta,
delta, and 2 doses (4 log; and 5 log; o PFU) of the omicron B.1.1.529
strain. To evaluate susceptibility and disease signs after a second
infection, a subset of hACE2/hTMPRSS2 KI mice of both sexes that
had been inoculated first at 12 weeks of age with 5 log;, PFU
omicron were re-inoculated 182 days (6 months) later, at 38 weeks
of age, with 5 log;y PFU of the same omicron strain. Inocula were
back-titrated to confirm the target dose. Mice were monitored once
daily for changes in weight, ruffled fur, ataxia, and labored breathing
for up to 15 days. On days 1 and 2 post-inoculation (dpi), mice were
anesthetized with isoflurane and oropharyngeal samples were
obtained by swabbing with rayon-tipped swabs (Puritan, Fisher

Strain Variant Lineage Location Source Passage Viral titer Vero
of Provider PFU/ml

hu/USA/CA-CZB- WAI-like B.1 CA, USA UC Davis Center for p2 2.2x107

59X002/ Immunology and

2020. (MT394529) Infectious Diseases

hu/USA/ Alpha B.1.17 CA, USA BEL NR-54011, pl 7.7x10°

CA_CDC_5574/ (UK origin) batch: 70041598

2020

hCoV-19/USA/ Beta B.1.351 USA (African origin) = BEI, NR-55282, pl 2x107

MD- batch: 70043066

HP01542/2021

hCoV-19/USA/ Delta B.1.617.2 USA (India origin) BEIL, NR-55611, pl 1.1x107

PHC658/2021 batch: 70045238

hCoV-19/USA/HI- Omicron B.1.1.529 USA BEI, NR-56475, pl 2.1x107

CDC-4359259- Batch: 70049691

001/2021

hCoV-19/USA/ Omicron XBB.1.5 USA BEI, NR-59104, pl 7.2x107

MD-HP40900/ batch: 70057837

2022 (XBB.1.5),
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Scientific, Fisher Scientific, Waltham, MA). Swabs were vortexed
briefly in 500 pL of DMEM containing 1% FBS and frozen at -80°C.
A subset of mice were euthanized on 2, 4, or 6 dpi and the
remaining animals were euthanized at experiment end. At 17, 67,
or 199 dpi or prior to euthanasia, blood was collected by
submandibular vein puncture under isoflurane anesthesia. Whole
blood was clotted for >10 minutes at room temperature then
centrifuged for 5 minutes at 8,000 x g and cleared serum was
stored at -80°C. Mice were euthanized by isoflurane overdose and
cervical dislocation then perfused with sterile DPBS. The right
inferior lung lobe and the left hemisphere of the brain were
weighed and homogenized in 500 pL DMEM with a sterile glass
bead at 30 Hz for 4 minutes using a TissueLyser (Qiagen,
Germantown, MD). Homogenates were cleared by centrifugation
at 10,000 x g for 4 minutes and the cleared fraction was stored at
-80°C.

2.7 SARS-CoV-2 titrations

Fluid collected from oropharyngeal swabs, residual inocula, and
lung and brain homogenates were thawed and assayed to quantify
infectious SARS-CoV-2. Undiluted (125 pl) and serial 10-fold
diluted samples in DMEM with 1% FBS were inoculated into
confluent Vero-E6 or Vero-E6-TMPRSS2-T2A-ACE2 (used for
omicron only) cells in 12-well plates with cell culture media
decanted. Cells were incubated for 1 hour at 5% CO, in a
humidified 37°C chamber. After the incubation, cell monolayers
were overlaid with 0.5% agarose dissolved in DMEM with 5% FBS
and 1x antibiotic-antimycotic and held for 2 (for omicron only) or 3
(all other viruses) days at 5% CO, and 37°C in a humidified
incubator. After 2 or 3 days, cells were fixed for >30 minutes with
4% formaldehyde then agarose plugs were removed. Cells were
stained with 0.05% crystal violet in 20% ethanol for 10 minutes then
rinsed 3 times with water. Plates were inverted to dry completely
and the number of plaques in each well was counted. Viral titers
were recorded as the reciprocal of the highest dilution where
plaques were noted and are represented as PFU per mL
inoculum, swab, or mg of tissue. Each value reported represents a
titer calculated from 1 replicate titration of serial dilutions. The
lower limit of detection (LOD) of the assay was 8 PFU/ml. Samples
with no detectable plaques are reported at the LOD.

2.8 Neutralizing antibody assessments

For plaque reduction neutralization test 50% (PRNTs) to
quantify neutralizing antibody titers, serum from blood collected
on 17, 67 or 199 dpi (where the last time is 18 days after the second
inoculation) was thawed at 37°C and 40 UL was heated to 56°C in a
water bath for 30 minutes to inactivate complement proteins. Serum
was diluted 5-fold in PBS and 1% FBS, then samples were serially 2-
fold diluted 10 times for a dynamic range of 1:5 to 1:2560. An equal
volume of virus diluent containing 80 PFU of SARS-CoV-2
homologous to the inoculum strain was added to each antibody
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dilution and a no-antibody control consisting of virus diluent only,
resulting in a final dynamic range of 1:10 to 1:5126. Antibody-virus
dilution series were incubated for 1 hour at 37°C after which they
were applied to confluent Vero-E6 cells in single replicates and
incubated for 1 hour at 5% CO, and 37°C in a humidified
incubator. Cells were overlaid, incubated, fixed, and stained as
described above for plaque assays. The neutralization titer was
defined as the reciprocal of the dilution for which fewer than 50%
of plaques were detected versus the no-antibody control (>50%
neutralization). Each value reported represents a titer calculated
from 1 replicate PRNTS5, assay.

2.9 Behavioral, respiratory, and
cardiac assessments

Mice inoculated with SARS-CoV-2 or DPBS were assessed for
locomotion, behavior, reflexes, cardiac activity, respiration, and lung
morphology and function 5 days prior to inoculation and again 3 or
4,15 or 16, and 30 or 31 dpi, then monthly thereafter within a 2 day
window ending on 150 or 151 dpi. Phenotyping was performed on
consecutive days, where the order, time of day, environment, and
experimenters throughout the testing period were consistent.
Experimenters were not blinded to SARS-CoV-2 or DPBS
treatment for biosafety reasons, although all mice were housed in
the ABSL-3 and handled identically. Assessments of morphology and
gross motor and sensory functions were performed using a modified
SmithKline Beecham, Harwell, Imperial College, Royal London
Hospital, phenotype assessment (SHIRPA) primary screen test that
includes a battery of observational measures of behaviors and
functional assessments, implemented according to an International
Mouse Phenotyping Consortium protocol (23). After a 15 minute
acclimation period to testing room environmental conditions, mice
were placed in a viewing jar to observe general appearance (e.g., coat,
whiskers, teeth, and eyes), and behaviors (e.g., body position, tremor,
head bobbing). Afterwards, mice were placed into an arena from a
height of approximately 30 cm to assess transfer arousal, locomotor
activity, gait, tail elevation, touch escape and startle response.
Transfer arousal was measured as the delay (in seconds) before the
mouse began to explore the arena. Locomotor activity was measured
by tallying the number of squares crossed by the mouse in the first 30
seconds. Gait and tail elevation were observed during ambulation of
the mouse in the arena. Touch escape was evaluated by the fleet
response to an extended index finger; mouse should flee prior
physical contact. Startle was evaluated using a click box activated
behind the mouse. Finally, mice were manipulated to evaluate
positional passivity, trunk curl, limb grasping, and contact righting
reflex, and given a complete physical exam. Mice were placed in
either a viewing jar or a larger arena. Observations included muscle,
cerebellar, sensory, and autonomic functions as well as morphology.
Overall, more than 40 specific behaviors and morphological
parameters were assessed by observation and scored as present/
absent or as expected/abnormal. Cardiac electrophysiology was
evaluated by electrocardiogram (ECG) on anesthetized mice. Mice
were anesthetized with 5% isoflurane and transferred to a warm
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rodent surgical monitor platform (Scintica, London, Canada) in a
prone position with a nose cone set a 2.5% isoflurane and a rectal
probe to monitor body temperature. Hindlimb feet were secured to
surface electrodes on the platform and ECG signals were recorded for
2 minutes. A section of the ECG tracing was selected and analyzed
using the LabScribe software (iWorx, Dover, NH). P, Q, R, Sand T
peaks in ECG were automatically detected by the software and peak
intervals and amplitudes were averaged over several cardiac cycles.
Heart rate and heart rate variability were averaged over the entire
length of the ECG tracing. Respiration rates and arterial blood oxygen
saturation were recorded over 2 minutes using a pulse oximeter
sensor (Scintica) secured to the right leg of mice and are reported as
the mean from all mice in the cohort. All cardiorespiratory
parameters were analyzed, and respiration rates (respiration per
minute, rpm), QT interval corrected for heart rate (QTc) and heart
rate variability (dRR) are reported herein. Data are boxplots with
means and standard deviation, where each dot shows data from 1
measurement from 1 mouse.

2.10 Micro computed tomography and
lung function assessments

Respiratory gated lung imaging by micro (u)CT was performed
under inhalation anesthesia. Male and female mice that were SARS-
CoV-2 or DPBS inoculated were anesthetized with 5% isoflurane
and transferred to a uCT imager. To maintain primary biosafety
containment of animals upon transfer to the uCT, a custom imaging
chamber was designed and built (UC Davis TEAM Facility) to
provide HEPA air filtration of delivered anesthetic gas during
imaging. Animals were maintained on 1-1.5% isoflurane during
imaging with the Quantum GX2 pCT (Revvity, Waltham, MA).
Images were acquired in respiratory gating mode using a Cu/Al
filter, 90 kV, and 88 pA. Images were reconstructed into end
inspiration and end expiration volumes at 72 micrometer voxel
size. Imaging was performed multiple times on each mouse at -6, 5,
17, 33, 58, 94, 128 and 158 dpi. For the re-inoculation study, mice
were imaged 6 days before and 5 and 17 days after the second
inoculation. Pulmonary changes consistent with SARS-CoV-2
infection were evaluated by visual inspection and by segmenting
aerated lung tissue. Whole lung segmentation was performed using
a Sensor 3D deep learning model (24). The model was trained on an
AMD Ryzen Threadripper Pro 3955WX workstation with a
GeForce RTX 3090 Ti graphics card. The model was
implemented in Dragonfly 2022.2 and had 15 time distributed
convolutions (activation function = Conv2D), four time-
distributed max pooling, and 2 bidirectional convolution long-
short term memory steps. The model was trained with a patch
size of 64, stride ratio 0.5, batch size 32, a loss function looking at
the categorical cross entropy, and optimized with the Adadelta
function with a linear learning rate set to 1. Data augmentation x10
was implemented with flip, rotation, scaling, brightness and
gaussian noise. An image mask (347 x 347 x 277) was applied to
6 training sets (3 end inspiration and 3 end expiration scans) to
minimize training time, which took approximately 82 hours. The
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model was applied to 6 additional test datasets. The model
computation time for additional scans is under 2 minutes and
requires minimal processing. The segmented lung was further split
into aerated lung and connective/vessel tissues by Otsu’s
method (25).

2.11 Histopathologic assessments

For necropsy, a lungs from 4 SARS-CoV-2 and 4 DPBS-
inoculated hACE2/hTMPRSS2 KI and K18 mice were inflated with
10% buffered formalin (Fisher Scientific, Waltham, MA) followed by
fixation for 48 hours at room temperature in an approximate 10-fold
volume of formalin. Lungs were then embedded in paraffin, thin-
sectioned, and stained with hematoxylin and eosin (H&E). H&E-
stained slides were scanned by a whole-slide image technique using
an Aperio slide scanner (Leica, Buffalo Grove, IL) with a resolution of
0.24 um/pixel. Image files were uploaded on a Leica hosted web-
based site and a board certified veterinary anatomic pathologist
without knowledge of treatment conditions evaluated sections for
SARS-CoV-2 induced histologic lesions. A first round of scoring was
conducted while the pathologist was masked to phenotype, and a
second round was conducted after unmasking to allow comparison
between DPBS- and SARS-CoV-2 inoculated mice, as well as between
hACE2/TMPRSS2 KI and K18 mice. The histopathologic grading
scheme was developed with the goal of establishing a comprehensive
scoring rubric that could accurately and reproducibly characterize the
severity of pulmonary lesions specific to SARS-CoV-2. Each lung was
scored using a rubric we previously described (26). Scores reported
are a single composite measurement from evaluation of the entire
lung for each mouse. Scores range from 0 (no significant findings) to
4 (severe lesions involving >25% of the pulmonary parenchyma),
with an additional point possible for >25% neutrophilic
inflammation, necrotizing vasculitis, and/or microthrombi.

2.12 Statistical analyses

Statistical assessments for were performed using SAS (SAS,
version 9.4, SAS Institute, Cary, NC) or GraphPad Prism version 10
(Boston, MA). Repeated measures two-way ANOVA tests were
performed on log;, transformed SARS-CoV2 titers and multiple
comparisons were computed according to Tukey method. Main
effect two-way ANOVA tests were performed on mouse weights
normalized to 0 day values at the time of virus inoculation and on
log;o transformed viral titers in tissues and multiple comparisons
were computed with Tukey’s method. Differences in locomotion
and lung function parameters in males or females over time were
analyzed using a 2-way analysis of variance (ANOVA) with time,
treatment and the interaction of time and treatment as main effects.
Differences in respiration, heart rates and ECG markers over time
and across the SARS-CoV-2 or DPBS inoculated hACE2/
hTMPRSS2 KI mice were analyzed by analysis of variance using a
linear mixed model for each sex. Histopathologic lung scores were
compared using two-way ANOVA with multiple comparisons.
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3 Results

3.1 Generation of and characterization of
gene expression in hACE2/hTMPRSS2
knock-in mice

ACE2 and TMPRSS2 expression were measured in tissues
collected from hACE2/hTMPRSS2 KI mice and compared to
levels in tissues harvested from control Wildtype mice
(Figure 1A). ACE2 transcript expression, represented as log” of 2°
(AACY abhove Wildtype background, was detected in lung, upper
respiratory tract (URT), brain, and intestine of hACE2/hTMPRSS2
KI mice, but not in Wildtype mice (Figure 1B). Similarly, TMPRSS2
transcript was detected in all tissues tested in hACE2/hTMPRSS2 KI
mice but not in Wildtype mice. As expected, neither Ace2
(Figure 1B) or Tmprss2 (Figure 1D) orthologs were expressed in
hACE2/hTMPRSS2 KI mice, confirming that genomic insertion of
ACE2 and TMPRSS2 coding sequences into the cognate mouse loci
effectively interrupted and blocked expression of the corresponding
mouse gene orthologs. To further assess relative expression of
human and mouse genes, ACE2 and TMPRSS2 ACt in hACE2/
hTMPRSS2 KI mice were compared to Ace2 and Tmprss2 ACt in

10.3389/fimmu.2024.1428711

Wildtype mice, respectively. There was no statistically significant
difference in levels of expression between ACE2 and Ace2 in lung,
URT, or brain, although ACE2 expression was significantly less
than Ace2 in the intestine (Figure 1C). Similarly, there was no
statistically significant difference in level of expression between
TMPRSS2 and Tmprss2 in lung, URT, or lower intestine, although
TMPRSS2 expression was significantly higher than Tmprss2 in
brain (Figure 1E).

3.2 SARS-CoV-2 kinetics and tropism in
knock-in mice

To understand SARS-CoV-2 infection and tropism in the KI
mice, twelve-week-old male and female hACE2/hTMPRSS2 KI were
inoculated intranasally (in.) with DPBS or 5 log;o PFU of SARS-
CoV-2 B.1.1.529, which is an omicron variant (Figure 2A).
Transgenic B6.Cg-Tg(K18-ACE2)2Prlmn/] mice expressing
hACE2, hereafter termed K18 mice, were used as a comparator.
Weight compared to day 0 was measured once daily post-
inoculation for each mouse and is represented as the mean of all
animals. Starting 1 dpi, K18 mice inoculated with SARS-CoV-2
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FIGURE 1

URT Brain

Transcript expression levels of ACE2 and TMPRSS2 in comparison to endogenous mouse orthologs Ace2 and Tmprss2. (A) Schematic of mice and
tissues for gene expression to validate mouse models. (B-E) Upper respiratory tract (URT), brain, and intestine were harvested from 4 (2M/2F) hACE2/
hTMPRSS2 KI mice and lung harvested from 2 (IM/1F) hACE2/hTMPRSS2 KI mice as well as from the same number of age- and sex- matched
Wildtype mice. gPCR using TagMan probes from RNA derived cDNA for each human and mouse target was performed and values were compared
to an Actb reference using the relative Ct method (ACt) in triplicate. Averaged ACt per sample and human or mouse assay were used to generate 2°
(AACY for each sample as compared to the averaged Wildtype control group and transformed to log,. Each dot shows the measurement from one
animal and bars show group means. P values were generated using t-tests and shown above bars; groups lacking p values were not significantly

different at p<0.05.
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SARS-CoV-2 B.1.1529 (omicron) infection kinetics in hRACE2/hTMPRSS2 Kl and K18 mice. (A) Twelve-week-old male and female Kl or K18 mice were
inoculated intranasally with DPBS or 5 logyo PFU SARS-CoV-2 B.1.1.529 (omicron). Mice were monitored and weighed daily and the oropharynx was
swabbed on 1 and 2 dpi. A subset of mice were euthanized at 2, 4, and 6 dpi. (B) Mean body weight change represented as a percentage of weight
at the time of inoculation. Each timepoint represents mean with standard deviation. A main effect only model two-way ANOVA with Tukey corrected
multiple comparisons yielded p<0.0001. Infectious SARS-CoV-2 titrated from (C) oropharyngeal swabs collected 1 and 2 dpi, and from necropsy
samples in (D) lung and (E) brain on 2, 4, and 6 dpi, as quantified by plaque assay. Symbols represent individual animals, horizontal lines represent
geometric mean, and error bars represent geometric standard deviation. Numbers below the dotted limit of detection lines indicate the percentage
of mice with a detectable SARS-CoV-2 titer. Mean titers between groups of mice sampled on the same day were not significantly different from
each other (paired T-tests on log-transformed PFU titers, p>0.05). Data shown are combined from three replicate experiments.

developed and sustained mean weight loss of about 5%, which
contrasts with K18 mice administered DPBS, who maintained near
100% of 0 day weights (Figure 2B). By contrast, hACE2/hTMPRSS2
KI mice inoculated with DPBS or SARS-CoV-2 experienced a
transient mean weight loss of about 7% beginning 2 dpi. Since
both groups of hACE2/hTMPRSS2 KI mice were anesthetized to
enable oropharyngeal swabbing 1 and 2 dpi, we attribute this weight
loss to anesthesia or swabbing and infer that the hACE2/h TMPRSS2
KI mice are more susceptible to these effects compared to DPBS
treated K18 mice, which did not show weight loss after the same
procedures. Even with these treatment related changes in weight,
mean weight loss in SARS-CoV-2 inoculated hACE2/hTMPRSS2 KI
mice was significantly more than in DPBS treated hACE2/
hTMPRSS2 KI (two-way ANOVA with multiple comparisons,
p<0.0001), suggesting that some weight loss we observed was
virus induced. At 2 dpi, infectious SARS-CoV-2 was detected in
oropharyngeal swabs from 46% of hACE2/hTMPRSS2 KI mice,
compared to 100% of K18 mice (Figure 2C). The mean swab titer in
SARS-CoV-2 inoculated hACE2/hTMPRSS2 KI mice 1 or 2 dpi did
not significantly difter; similarly, K18 mice showed no difference in
mean swab titer on 1 or 2 dpi (paired t-tests, p>0.05). Infectious
SARS-CoV-2 was detected in lungs of most SARS-CoV-2
inoculated hACE2/hTMPRSS2 KI mice on 2, 4, or 6 dpi, with
titers ranging from the limit of detection of 0.2 PFU/mg to more
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than 4 log;o PFU/mg lung (Figure 2D). The mean lung titer on each
day or between hACE2/hTMPRSS2 KI and K18 was not
significantly different (paired t-test, p>0.05). Infectious virus was
detected in at least 1 swab or the lungs for most of hACE2/
hTMPRSS2 KI mice euthanized 2, 4, or 6 dpi, which was our
criteria for demonstrating infection. However, given that not all
mice met this metric, to ensure that titrated virus in murine samples
did not reflect non-replicating residual inoculum, we also
performed an experiment wherein cohorts of hACE2/hTMPRSS2
KI mice were inoculated with 5 log;o PFU SARS-CoV-2 omicron
that had been heat inactivated to ablate infectivity (Supplementary
Figure S2A). The same dose of virus and strain that was not heat
inactivated was used as a comparator. No mouse inoculated with
heat-inactivated SARS-CoV-2 omicron had detectable infectious
virus in oropharyngeal swabs at 2 or 3 dpi (Supplementary Figure
S2B), or in trachea (Supplementary Figure S2C) or lung
(Supplementary Figure S2D) at 3 dpi, contrasting with mice that
received non-heat inactivated SARS-CoV-2, where most animals
had detectable infectious virus at all sites. These data support true
SARS-CoV-2 infection of these KI cohorts and not detection of
residual inoculum. No infectious SARS-CoV-2 was detected in the
brain from any hACE2/hTMPRSS2 KI or K18 mouse on 2, 4, or 6
dpi (Figure 2E). This contrasts with our prior observations of high
rates of SARS-CoV-2 neuroinvasion in K18 mice (Supplementary
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Figure S3), where all pre-omicron strains we studied (B.1, alpha,
beta, and delta) produce high brain titers in the majority of K18
inoculated mice. Together, these data show that hACE2/hTMPRSS2
KI mice are susceptible to infection with SARS-CoV-2 omicron and
exhibit oropharyngeal and lung tropism and lack of brain infection,
similar to K18 mice. The absence of virus detection in the brain of
hACE2/hTMPRSS2 KI is likely due to reduced neuroinvasive
capacity of omicron, which shows the same phenotype in K18 mice.

3.3 Pulmonary function assessments in
SARS-CoV-2 inoculated mice

To evaluate whether SARS-CoV-2 infection of hACE2/
hTMPRSS2 KI mice produces changes in pulmonary function, we
used micro computed tomography (uCT). uCT produces cross-

10.3389/fimmu.2024.1428711

sectional anatomical images enabling detailed internal imaging of
the mouse lung. These images can reveal evidence of pulmonary
inflammation or changes in functional residual volume, tidal
volume, and volume at end inspiration. End inspiration and
expiration images from puCT scans were generated over a period
of 156 dpi and compared to values 5 days prior to inoculation of
SARS-CoV-2 or DPBS (Figure 3A). Changes in pCT intensity were
detected in some of the male SARS-CoV-2 but not DPBS inoculated
hACE2/hTMPRSS2 mice 5 dpi and resolved by 17 dpi (Figure 3B).
Female and male mice showed differences in lung function metrics
(Figures 3C-E). Beginning at -5 dpi and persisting over most times
assessed, female SARS-CoV-2 inoculated mice showed significantly
higher mean tidal and end inspiration volumes compared with
DPBS inoculated mice (ANOVA); functional residual volume was
not different most days. Since these differences were detected
between treatment groups before SARS-CoV-2 administration, it
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Lung function assessments in hACE2/hTMPRSS2 KI mice. (A) Twelve-week-old male and female hACE2/hTMPRSS2 Kl mice inoculated intranasally
with DPBS or 5 log;o PFU SARS-CoV-2 B.1.1.529 (omicron) were subjected to pCT to evaluate lung function at -5 (baseline), 5, and 17 dpi and then
monthly thereafter to 156 dpi (~6 months). (B) Lung uCT images from 2 representative male mice inoculated with SARS-CoV-2 (upper) or DPBS
(lower). (C) Tidal volume, (D) end inspiration, and (E) functional residual volume in female or male mice. Statistical designations are based on ANOVA
analyses. Each symbol shows a measurement from one mouse, boxes show minimum and maximum measures, lines show means, and error bars
show standard deviations. The absence of statistical designations across groups at matched times shows that no statistically significant (p<0.05)

differences were measured. Data shown are from one experiment.
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is not clear whether they are related to viral infection. Male SARS-
CoV-2 inoculated mice showed significantly reduced tidal volume
compared to DPBS inoculated mice at -5 and 5 dpi (ANOVA); since
the -5 dpi differences were detected before virus administration
reduced tidal volume was not related to virus infection.

3.4 SHIRPA and cardiovascular
characteristics in hACE2/hTMPRSS2
Kl mice

A subset of hACE2/hTMPRSS2 KI mice inoculated with SARS-
CoV-2 or DPBS were evaluated for changes in behavioral and cardiac
activity at monthly intervals for up to 151 dpi using SHIRPA and ECG
assessment tests (Figure 4A). SHIRPA is a standardized set of
procedures used to characterize muscle, cerebellar, sensory, and
neuropsychiatric function in genetically modified mice. hACE2/
hTMPRSS2 KI mice inoculated with SARS-CoV-2 exhibited no

10.3389/fimmu.2024.1428711

significant differences in reflex responses, gross morphology, or
cardiac and respiratory parameters compared to DPBS inoculated
mice (Supplementary Tables S2, 3). By contrast, a significant
(ANOVA, p<0.01) reduction in locomotion 16 dpi was observed in
SARS-CoV-2 inoculated male (Figure 4B) but not female (Figure 4C)
hACE2/hTMPRSS2 KI mice compared to DPBS inoculated animals.
This difference was significant despite the overall decreased ambulation
in the test due to habituation to the repetitive nature of the assay. In
SARS-CoV-2 inoculated mice of both sexes, no significant changes
were detected in cardiorespiratory functions. We measured mild non-
significant decreases in respiration rates (Figure 4D) and increases in
markers of heart rate variability (dRR, Figure 4E) and conductivity
(QTc Figure 4F), compared to DPBS treated animals (male data
shown, repeated measures ANOVA, p>0.05; female data was
similar). Together these data show that male hACE2/hTMPRSS2 KI
mice experience transient reductions in locomotion after SARS-CoV-2
infection, but that neither sex experiences persistent changes in
markers of cardiorespiratory function.
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Behavioral and cardiac changes in hACE2/hnTMPRSS2 KI mice as assessed by SHIRPA and ECG. (A) Twelve-week-old male and female hACE2/
hTMPRSS2 KI mice were inoculated intranasally with DPBS or 5 log;o PFU SARS-CoV-2 B.1.1.529 (omicron), and a subset were swabbed and
euthanized on or before 6 dpi for virology endpoints (Figure 2). The remaining animals were used for behavioral and cardiac assessments.
Locomotion was assessed in (B) male and (C) female mice as the number of squares in a grid that mice occupied in a 30 second period.

(D) Respiration rates and (E, F) cardiac activity markers measured in individual mice. dRR is difference between consecutive R peaks, a marker of
heart rate variability, and QTc is QT interval adjusted for heart rate, a marker of ventricular repolarization. Each symbol shows a measurement from
one mouse, boxes show minimum and maximum measures, lines show means, and error bars show standard deviations. Statistical designations are
based on ANOVA analyses. The absence of statistical designations across groups at other times and in female groups at all times indicates no
statistically significant differences were detected. Data shown are from one experiment.
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3.5 Pulmonary histopathologic changes in
hACE2/hTMPRSS2 KI mice

Lung histopathologic lesions were evaluated in a subset of
hACE2/hTMPRSS2 KI (Figures 5A-C) and K18 (Figures 5D-F)
mice inoculated with SARS-CoV-2 omicron or DPBS and
euthanized 6 dpi. Pulmonary histopathology was largely
unremarkable for all groups of mice, with most mice scoring 0
(Figure 5G). Two DPBS-inoculated mice scored 1 (Supplementary
Figure S4), indicative of a mild irritating effect due to DPBS.
Histopathology scores across any groups were not statistically
different (2 way ANOVA with multiple comparisons, p>0.05).
These results suggest that infection with SARS-CoV-2 omicron
produces similar, negligible histopathologic pulmonary changes 6
dpi in hACE2/hTMPRSS2 KI and K18 mouse models, with rare
individual animal variation.

3.6 Re-inoculation of hACE2/hTMPRSS2 Kl
mice with SARS-CoV-2

To simulate repeated SARS-CoV-2 exposure as occurs in
humans, we next evaluated SARS-CoV-2 susceptibility and disease
manifestations after a second infection. We re-inoculated a subset of
SARS-CoV-2 inoculated hACE2/hTMPRSS2 KI mice with the same

10.3389/fimmu.2024.1428711

strain and dose of omicron used in the first inoculation 6 months
after the first inoculation, at 182 dpi, when the mice were 38-weeks-
old (Figure 6A). Before the second inoculation, 65% (18/28) of serum
samples from blood collected 67 dpi from SARS-CoV-2 inoculated
mice had detectable PRNTS, titers that ranged from 10 to 80
(Figure 6B). Re-inoculation of SARS-CoV-2 produced significantly
more weight loss to 6 dpi than in DPBS inoculated mice (two-way
ANOVA with multiple comparisons, p<0.0001) (Figure 6C).
Infectious SARS-CoV-2 was detected in oropharyngeal swabs from
some mice at 1 and 2 dpi (Figure 6D) and in the lungs of some mice 2,
4, and 6 dpi (Figure 6E), indicating re-infection. Counterintuitively,
seropositivity rates decreased from 65% at 67 dpi to 21% at 199 dpi,
where the latter time was 18 days after the second inoculation
(Figure 6B). Three days after the second inoculation, male mice
showed significant reductions in respiration rates (Figure 6F,
ANOVA, p<0.05), and a trend toward increased heart rate
variability (dRR, Figure 6G, ANOVA p>0.05), and an increased
adjusted QT interval, a marker of ventricular repolarization time
(QTc, Figure 6H, ANOVA, p<0.003). As observed after the first
infection, female mouse respiratory and ECG parameters were not
affected (Supplementary Tables S4, S5). Lung function assessments
from pCT showed no significant changes in tidal volume (Figure 61)
or end inspiration (Figure 6]) for either sex, nor functional residual
volume in male SARS-CoV-2 inoculated mice 6 days before
compared to 5 or 17 days after the second inoculation (Figure 6K).
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FIGURE 5

Histopathologic changes in SARS-CoV-2 B.1.1529 (omicron) inoculated hACE2/hTMPRSS2 Kl and K18 mice. Animals euthanized 6 dpi showed no to
minimal histopathologic changes in lungs, mostly having scores of 0. (A, D) Low magnification (0.63x) of typical hACE2/nTMPRSS2 KI (A) and K18
(D) lung with homogeneous, aerated parenchyma. (B, E) Medium (5x) magnification of indicated regions in A and D, respectively. Alveolar and
bronchiolar (*) spaces are clear and free of cellular debris. (C, F) High (20x) magnification of the indicated regions in A and D, respectively. Alveolar
septa (black arrows) are thin and parenchymal vessels are quiescent (arrowheads). Cellularity is minimally increased but within normal range (white
arrows). (G) Lung histologic scores. Each symbol shows a measurement from one mouse, boxes show minimum and maximum measures, lines
show means, and error bars show standard deviations. Statistical designations are based on ANOVA analyses, ns is not significant at p<0.05.
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SARS-CoV-2 B.1.1529 (omicron) re-infection kinetics in hACE2/nTMPRSS2 KI mice. (A) Twelve-week-old male and female hACE2/hTMPRSS2 KI mice
inoculated intranasally with DPBS or 5 log;o PFU SARS-CoV-2 B.1.1.529 (omicron) were re-inoculated 182 days later (~6 months) with the same dose
and strain of omicron used in the first inoculation. Blood was collected at 18, 67, and 199 dpi, and used for neutralizing antibody assays. Mice were
monitored daily and weighed for 6 days, and the oropharyngeal cavity was swabbed 1 and 2 dpi after the second inoculation. A subset of mice were
euthanized 2, 4, and 6 dpi after the second inoculation. (B) PRNTs titers from mouse serum showing neutralizing antibody titers in SARS-CoV-2
inoculated mice at 3 times post inoculation. Each dot represents the measurement from one mouse. The numbers below the dotted limit of
detection lines show the percentage of mice with a detectable PRNTs titer. (C) Mean body weight change represented as a percentage of weight at
the time of inoculation. Dots represent means and error bars represent standard deviations. A main effect only model two-way ANOVA yielded
p<0.0001. Infectious SARS-CoV-2 measured in (D) oropharyngeal swabs collected 1 and 2 dpi, and in the (E) lung on 2, 4, and 6 dpi, quantified by
plaque assay. Symbols represent individual animals, horizontal lines represent geometric mean, and error bars represent geometric standard
deviation. The numbers below the dotted limit of detection lines show the percentage of mice with a detectable SARS-CoV-2 titer. A subset of 4
mice of each sex was used for cardiac and lung function assessments. Respiration rates (F) and (G, H) cardiac activity markers were measured in
individual mice, where dRR is heart rate variability and QTc is heart rate. Lung function based on pCT showing (1) tidal volume, (3) end inspiration,
and (K) functional residual volume in female and male mice. Statistical designations are based on ANOVA analyses; a versus b indicates p<0.03. The
absence of statistical designations across groups indicates no statistically significant differences were detected. Each symbol shows a measurement
from one mouse, boxes show minimum and maximum measures, lines show means, and error bars show standard deviations. Data shown are from
one experiment.

Functional residual volume in female mice was significantly lower at
5 and 17 compared to -6 days post re-inoculation (Figure 6K,
ANOVA, p<0.03). Together these data show that hACE2/
hTMPRSS2 KI mice are susceptible to a second homologous
infection with SARS-CoV-2 6 months after the first infection,
characterized by weight loss, respiratory tissue tropism, transient
acute changes in cardiac function in male mice, and reduced lung
volume in female mice, but that reinoculation does not result in
increased neutralizing antibody responses in all mice.

Frontiers in Immunology

4 Discussion

In this study, we generated and characterized a novel mouse
model of COVID-19. We expressed both ACE2 and TMPRSS2 in
dual gene knock-in mice by incorporating the human coding
sequence directly into the endogenous mouse loci to create
hACE2/hTMPRSS2 KI mice. These mice express both human
genes in respiratory tissues and are susceptible to infection with
an omicron strain of SARS-CoV-2. Infection produced transient
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weight loss and infectious virus detectable in the oropharynx at 1-2
dpi and in the lungs at 2, 4 and 6 dpi. Our data in hACE2/
hTMPRSS2 KI mice are similar to observations from hACE2 KI
mice (14, 15), although Sun et al. detected interstitial pneumonia,
whereas we observed no significant pulmonary histopathologic
changes. However, we used omicron whereas both other studies
used pre-omicron variants, WA.1, B.1.1.7 (alpha) or B.1.351 (beta).
The absence of neuroinvasion by omicron in both hACE2/
hTMPRSS2 KI and K18 mice observed here is consistent with
other reports of lower virulence of this variant compared to
preceding variants, possibly due to less efficient TMPRSS2 use
resulting in lower replication competence as was observed in ex
vivo human lung explants (27) and reduced fusogenicity in nasal
epithelial cell cultures (28). The mild weight loss and near absence
of lung histopathologic changes in the hACE2/hTMPRSS2 KI mice
evaluated here contrasts with murine models that transiently
express hACE2 in the lung via adeno-associated vectors (29, 30),
where weight loss was more severe and bronchopneumonia was
noted 7 dpi, however, both of those studies were with pre-omicron
strains that are generally more virulent than omicron in mouse and
hamster models (31-33). Although we were initially surprised that
not all hACE2/hTMPRSS2 KI mice developed detectable
neutralizing antibody responses, our studies with heat-inactivated
SARS-CoV-2 show that this model and the virus strain and dose
used reproducibly establishes a productive infection, despite the
lack of seroconversion in all mice. Unfortunately, neither of the
other hACE2 KI studies (14, 15) evaluated antibody development to
allow for a comparison with our results. The absence of neutralizing
antibody in all hACE2/hTMPRSS2 KI mice parallels recent work in
K18 mice showing that SARS-CoV-2 infection and vaccine
mediated protection can be antibody independent, instead relying
on T cell responses (34), which were not a subject of focus in
our studies.

To our knowledge, although CT scan is commonly used for
defining lung changes in COVID-19 patients (35), no studies to date
have used uCT to evaluate lung function in small animal models of
COVID-19. One study measured a drug mediated reduction in
alveolar damage using uCT in outbred ICR inoculated SARS-CoV-2
mice (36). With uCT and the other cardiovascular metrics used
here, we observed that SARS-CoV-2 infection produced visual
changes in uCT intensity but no quantitative changes in total
lung capacity or other measures of lung function or markers of
cardiovascular function in the ensuing 6 months or after a second
virus inoculation administered 6 months after the first inoculation.
Our observations of reduced ambulation in male but not female
mice mirror post-COVID-19 outcomes in people where females
experience lower rates of cardiovascular-related hospitalizations
after COVID-19 (37). When subjected to a six minute walking
exercise followed by pulmonary function tests, males humans also
experience higher post-stress respiratory outcomes compared to
females (38).

Our study has limitations. The anesthesia and swabbing
approach produced weight loss even in DPBS inoculated hACE2/
hTMPRSS2 KI mice, limiting our ability to ascribe weight change to
virus treatment. Many of the published studies using similar murine
models used pre-omicron strains, limiting direct comparison of
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outcomes observed in these studies with omicron given that virus
strain can impact phenotype. Our studies with hACE2/hTMPRSS2
KI mice only used omicron and not other SARS-CoV-2 variants.
Although we performed power analyses to inform group sizes based
on virology metrics prior to starting the project, it is possible the
group sizes used were underpowered to detect small differences in
lung function or cardiovascular metrics, if they occurred. Our
immunology analyses were limited to assessment of neutralizing
antibody responses. Future studies should further address immune
responses to SARS-CoV-2 infection using the hACE2/hTMPRSS2
KI model.

Continued development of small animal models of COVID-19
can aid in more fully understanding the pathogenesis of disease
caused by SARS-CoV-2. Given that the hACE2/hTMPRSS2 KI mice
were developed on a C57BL/6N genetic background, they can
further be employed in cross-breeding experiments with other
transgenic mice to enable studies on other COVID-19-associated
traits, including diabetes, Alzheimer’s disease, and obesity.
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Intranasal HD-Ad-FS vaccine
Induces systemic and airway
mucosal immunities against
SARS-CoV-2 and systemic
immunity against SARS-CoV-2
variants in mice and hamsters

Peter Zhou™, Jacqueline Watt", Juntao Mai*, Huibi Cao?,
Zhijie Li*, Ziyan Chen**, Rongqi Duan?, Ying Quan,
Anne-Claude Gingras**, James M. Rini***, Jim Hu**

and Jun Liu*™

‘Department of Molecular Genetics, Faculty of Medicine, University of Toronto, Toronto, ON, Canada,
?Translational Medicine Program, Hospital for Sick Children Research Institute, Toronto, ON, Canada,

3Department of Laboratory Medicine and Pathobiology, University of Toronto, Toronto, ON, Canada,

“Lunenfeld-Tanenbaum Research Institute, Mount Sinai Hospital, Toronto, ON, Canada, *Department
of Biochemistry, Faculty of Medicine, University of Toronto, Toronto, ON, Canada

The outbreak of coronavirus disease 19 (COVID-19) has highlighted the demand
for vaccines that are safe and effective in inducing systemic and airway mucosal
immunity against the aerosol transmission of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). In this study, we developed a novel helper-
dependent adenoviral vector-based COVID-19 mucosal vaccine encoding a
full-length SARS-CoV-2 spike protein (HD-Ad-FS). Through intranasal
immunization (single-dose and prime-boost regimens), we demonstrated that
the HD-Ad-FS was immunogenic and elicited potent systemic and airway
mucosal protection in BALB/c mice, transgenic ACE2 (hACE2) mice, and
hamsters. We detected high titers of neutralizing antibodies (NAbs) in sera and
bronchoalveolar lavages (BALs) in the vaccinated animals. High levels of spike-
specific secretory IgA (slgA) and IgG were induced in the airway of the vaccinated
animals. The single-dose HD-Ad-FS elicited a strong immune response and
protected animals from SARS-CoV-2 infection. In addition, the prime-boost
vaccination induced cross-reactive serum NAbs against variants of concern
(VOCs; Beta, Delta, and Omicron). After challenge, VOC infectious viral
particles were at undetectable or minimal levels in the lower airway. Our
findings highlight the potential of airway delivery of HD-Ad-FS as a safe and
effective vaccine platform for generating mucosal protection against SARS-CoV-
2 and its VOCs.

KEYWORDS
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Introduction

Coronavirus disease 2019 (COVID-19) is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) and led to more
than 670 million confirmed cases and 6.8 million deaths worldwide
by 2022. SARS-CoV-2 is an airborne-transmitted disease that
infects the mucosal surface of the respiratory tract (1, 2).
Tremendous efforts and major progress have been made to
develop effective vaccines to control the spread of SARS-CoV-2
and its variants. Approved COVID-19 vaccines include those that
are based on nucleic acid (3, 4) subunit protein (5), inactivated
whole-virus (6), and non-replicating virus (7, 8). These vaccines are
administered intramuscularly (IM) and are effective at preventing
severe disease and curbing the hospitalization rate (9, 10). The IM
vaccines induce robust systemic immunity; however, they only elicit
limited immunity on airway mucosal surfaces which are the
primary site of viral entry, shedding, and transmission (11).
Therefore, the development of vaccines that can induce airway
mucosal immunity as well as systemic immunity is in need.

Mucosal vaccines can induce potent airway immune memory
through intranasal or oral immunization (12, 13). Intranasal
vaccination mimics a natural route of viral entry where the
antigen is directly introduced at the epithelium to elicit a mucosal
immune response. Mucosal vaccines prime airway resident memory
T cells which respond stronger and faster than circulating memory
T cells during viral infection (14). They also induce antibodies,
especially secretory IgA (sIgA), on the mucosal surface which blocks
viral entry (8). Moreover, mucosal vaccination generates systemic
immunity through the production of serum neutralizing antibodies
(NAbs) (15). To date, around twelve intranasal COVID-19 vaccines
are in clinical trials. Among these are live-attenuated virus, non-
replicating virus, and subunit protein vaccines (16).

The helper-dependent adenoviral (HD-Ad) vector is a non-
replicating third generation adenoviral vector that can be used for
developing intranasal vaccines. HD-Ad leads to robust antigen
delivery in the airway (17), which allows for effective antigen
presentation by antigen-presenting cells (APCs) during T cell
priming. Additionally, HD-Ad is devoid of all viral genes except
for the packaging signals and inverted terminal repeats (ITRs),
thereby minimizing inflammation compared to the first and second
generations adenoviral vectors (18). This reduces the anti-vector
immune response, enabling prolonged antigen expression in the
airway mucosa (19). Antigen expression can be sustained for more
than 3 weeks in the mouse airway (17). Sustained antigen
expression continuously primes T follicular helper cells and B
cells in the geminal center and induces long-term immunity with
NAb production (20). Intranasal delivery of HD-Ad has been
demonstrated to be safe in different animal models (19, 21), as
well as in clinical trials (22). Previously, we developed an HD-Ad
intranasal vaccine expressing the receptor-binding domain (RBD)
of SARS-CoV-2. We demonstrated that intranasal delivery of HD-
Ad-RBD elicited strong immunity and protected mice from SARS-
CoV-2 infection (23).

Here, we describe an intranasal COVID-19 vaccine based on an
HD-Ad vector that encodes the full-length spike protein (FS) of
SARS-CoV-2 (HD-Ad-FS). The spike protein binds to the host cell
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receptor, ACE2, through its RBD domain and mediates virus-cell
fusion. The spike protein was chosen as the immunogen because it
contains multiple epitopes, including those on the RBD, which can
elicit NAb production (24). We examine the efficacy of single-dose
HD-Ad-FS against the SARS-CoV-2 ancestral strain (SARS-CoV-2
hereafter). Since the Beta, Delta, and Omicron strains are the main
variants of concern (VOC) (25-27), we also test the efficacy of
prime-boost HD-Ad-FS against these VOCs. We find that
intranasal vaccination with single-dose HD-Ad-FS induces robust
systemic, and upper and lower airway mucosal immunity against
SARS-CoV-2 in hACE2 mice and hamsters. Furthermore, the
prime-boost HD-Ad-FS elicits systemic and lower airway mucosal
immunity against SARS-CoV-2 VOCs in these animal models.

Results

Construction and expression of the HD-
Ad-FS vaccine

The sequence of the full-length spike glycoprotein (FS) was
codon-optimized, and two proline substitutions were introduced at
positions 986 and 987 to stabilize the prefusion conformation (28).
The expression of FS was driven by a chicken beta actin (CBA)
promoter, and the first intron of human ubiquitin C (UbC) was
included to increase the stability of the FS mRNA (Figure 1A). The
transcription was terminated by a bovine growth hormone (bGH)
polyadenylation tail.

To examine FS protein expression, human airway epithelial cells
(IB3-1) were transduced with HD-Ad-FS at 10, 20, and 40
multiplicity of infection (MOI). Dose-dependent expression of the
FS protein was detected from cell lysates by Western blot analysis at
day 3 post-transduction, indicating that the FS protein was
efficiently expressed (Figure 1B).

HD-Ad-FS elicits robust systemic and
airway mucosal immunity in BALB/c mice

To study the immunogenicity of HD-Ad-FS, we immunized
BALB/c mice (n=5/group) with HD-Ad-FS via the intranasal route
using single-dose (single-FS) and prime-boost (boost-FS) regimens
(Figure 1C). For the single-FS group, mice were immunized with
one dose of 5x10” viral particles (vp). For the boost-FS group, mice
received two doses of 5x10° vp at a three-week interval. For the
sham control mice, an HD-Ad empty vector (HD-Ad-control;
single-control and boost-control) was used at the same doses and
time points. Three weeks after the last vaccination, mice were
euthanized, and bronchoalveolar lavages (BALs) and sera were
collected. We chose 5x10° vp for both single-dose and prime-
boost regimens because this dosage had been shown to induce
robust immune protection against SARS-CoV-2 infection with a
HD-Ad vector expressing RBD in our previous study (23).

We measured the FS-specific secretory IgA (sIgA) level in BAL
by enzyme-linked immunosorbent assay (ELISA). High levels of
sIgA were detected in BALs of the mice vaccinated with single-FS,
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FIGURE 1

HD-Ad-FS induced efficient systemic and mucosal immunities in BALB/c mice. (A) Schematic of HD-Ad-FS vaccine. ITR, inverted terminal repeats;
¥, adenoviral packaging signal; CBA, promoter of chicken beta-actin gene; UbC intron, first intron of ubiquitin C gene; FS, full-length spike gene of
SARS-CoV-2 ancestral strain; bGH PolyA, polyadenylation tail of bovine growth hormone gene. (B) Western blot analysis of FS protein expression.
IB3-1 cells were transduced with HD-Ad-FS at the indicated MOI, and proteins were harvested at day 3 post-transduction. (C) Schematic timelines
of BALB/c mouse experiments. BALB/c mice were intranasally administered with HD-Ad-FS or HD-Ad-control at single-dose (5x10° vp) and prime-
boost regimens (5x10° + 5x10° vp, three weeks interval). Three weeks after the last administration, animal samples were harvested. (D) Levels of FS-
specific sIgA responses in BALs were determined with Enzyme-linked immunosorbent assay (ELISA). The starting dilution factor was 1:1. (E, F)
Neutralization of live SARS-CoV-2 and VOCs infection by sera (E) and BALs (F). The Omicron used in this study was BA.1.18. The starting dilution
factors were 1:50 and 1:5 for sera and BALs, respectively. (G) CD4* T cell responses in the lungs of single-dose mice were measured by the
production of IFN-y (left), TNF (middle), and double-positive IFN-y and TNF (right) at 3 weeks post-immunization, following ex vivo stimulation with
spike antigen. (H) The production of IFN-v (left), TNF (middle), and double-positive IFN-y and TNF (right) in CD4" T cells in the spleens of single-
dose mice were measured at 3 weeks post-immunization, following ex vivo stimulation with spike antigen. (1) IFN-y producing CD8" T cells in the
lungs of single-dose mice were measured by ex vivo stimulation with spike antigen. In all figures, dots represent individual mice (n=4 or 5). The
dotted lines represent the limit of detection (LOD) of the assays. Statistical analyses were performed by one-way ANOVA. Bars and errors represent
the geometric mean with geometric SD. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, and ns, not significant. Data represent one independent
animal experiment with indicated biological replicates.
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with a further increase observed after the booster dose (Figure 1D),
indicating that both regimens induced sIgA in the airway. The
reciprocal geometric mean titers (GMTs) of sIgA were 1148.7 and
3981 in single-FS and boost-FS mice, respectively (Figure 1D). FS-
specific sIgA was not detectable in BALs from HD-Ad-control
treated mice (Figure 1D).

The levels of NAbs against SARS-CoV-2 and the VOCs in sera
and BALs were measured with a 50% tissue culture infectious dose
(TCIDsp) neutralization assay. We observed that the single-FS
induced NAbs against SARS-CoV-2 in both sera and BALs, and
that the boost-FS significantly enhanced the effect (Figures 1E, F).
Moreover, we found that both HD-Ad-FS regimens induced cross-
reactive NAbs against the variants. In single-FS mice, the reciprocal
GMTs for the serum NAbs against SARS-CoV-2, Alpha, Beta,
Gamma, and Delta were 303.9, 306.5, 268.9, 456.6, and 158.5,
respectively, while the titer of the NAb against Omicron (BA.1.18
used in this study) was undetectable (Figure 1E). Boost-FS mice had
~1.5log-fold increase in serum NAb titers against SARS-CoV-2 and
all the variants (Figure 1E). In BALs of single-FS mice, the NAb
titers were 36.6 (SARS-CoV-2), 33.5 (Alpha), 20.8 (Beta), and 82.9
(Gamma, Figure 1F). The NAD titers in BALs of boost-FS mice were
similarly increased by ~1 log-fold compared to single-FS mice
against SARS-CoV-2 and the variants (Figure 1F). There were not
enough BAL samples to test NAD levels against Delta and Omicron.
Both sera and BALs from HD-Ad-control treated mice showed
undetectable NAb levels. These results suggest that intranasal
vaccination with HD-Ad-FS can elicit a robust NAb response in
both sera and the airway.

We examined spike-specific T cell responses in the lungs and
spleens of single-dose BALB/C mice three weeks post-
immunization. In the lungs, single-FS induced significantly
increased numbers of IFN-y" CD4" and TNF" (formerly known
as TNF-o) CD4" T cells compared to the control (Figure 1G).
Spike-specific IFN-y" TNF" double-positive CD4" T cells were also
identified in the lungs of single-FS mice (Figure 1G). In addition, in
the spleens, single-FS significantly increased the populations of
IFN-y" CD4" and TNF" CD4" T cells (Figure 1H). Spike-specific
IFN-y" TNF" double-positive CD4" T cells were also detected in the
spleens of single-FS mice (Figure 1H). Moreover, we identified a
significantly elevated number of IFN-y" CD8" T cells (Figure 1I).
These results indicated that in single-FS mice, Thl-type responses
were induced in the lungs and spleens, and a cytotoxic CD8" T cell
response was elicited in the lungs.

Single-dose HD-Ad-FS protects hACE2
mice from SARS-CoV-2 infection

The hACE2 mice express human angiotensin I-converting
enzyme 2 (hACE2) under the cytokeratin 18 (KI18) gene
promoter, and they develop severe disease upon SARS-CoV-2
infection (29). To examine the protective efficacy of single-dose
HD-Ad-FS, we intranasally immunized hACE2 mice (n=12) with
HD-Ad-FES (single-FS) or sham HD-Ad-control (single-control) at
a dose of 5x10° vp. At day 21 post-vaccination, the immunized
hACE2 mice were intranasally challenged with SARS-CoV-2 at
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1x10° TCIDs5,. At day 3 post-infection (dpi), the hACE2 mice were
euthanized, and serum, lung, spleen, and heart samples were
harvested for analysis (Figure 2A).

The levels of viral RNA and infectious virus in the airway were
measured with real-time quantitative PCR (RT-qPCR) and TCIDs,
assays, respectively. In single-FS hACE2 mice, the viral RNA was
undetectable in oropharyngeal swabs (Figure 2B). In contrast, the
viral RNA was at high levels (=10° copies/swab) in single-control
hACE2 mice (Figure 2B). Moreover, the levels of viral RNA in the
lungs were significantly lower in single-FS hACE2 mice (2.3x10°
copies/mg tissue) than in single-control mice (2.0x10° copies/mg
tissue, Figure 2C). Notably, the titers of infectious virus were
undetectable in the lungs of single-FS hACE2 mice, while the
titers were very high (2.6x10° TCIDsy/g lung) in the lungs of
single-control hACE2 mice (Figure 2D). These results show that
SARS-CoV-2 could not replicate in the airway of single-FS
vaccinated hACE2 mice. Additionally, there was no significant
difference in the levels of viral RNA in the spleens of single-FS
and single-control hACE2 mice, and the viral RNA in the hearts of
single-FS hACE2 mice were undetectable or very low at 3
dpi (Figure 2E).

The titers of FS-specific IgG and NAb in serum were measured
by ELISA and TCIDs assays, respectively. Significantly higher titers
of IgG (reciprocal GMT 2.0x10°) were detected in single-FS hACE2
mice compared to single-control hACE2 mice (79.4, Figure 2F). In
addition, the NAD titers were 480.9 (SARS-CoV-2), 182.6 (Alpha),
182.3 (Beta), 165.5 (Gamma), and 228.6 (Delta) in single-FS hACE2
mice, whereas the NADb titers were undetectable or very low in
single-control hACE2 mice (Figure 2G). The titer of NAb against
Omicron was undetectable in single-FS hACE2 mice. These
findings suggests that intranasal HD-Ad-FS vaccination could
elicit NAbs in the sera, effectively protecting hACE2 mice from
SARS-CoV-2 infection.

Prime-boost HD-Ad-FS protects the lungs
of hACE2 mice from SARS-CoV-2 VOCs

The antibody-escape mutations and deletions in VOCs,
particularly in the Beta, Delta, and Omicron strains, has resulted
in reduced sensitivity to the neutralizing antibody elicited by
COVID-19 vaccines (25, 30, 31). Therefore, we aimed to
investigate whether intranasal administration of HD-Ad-FS could
confer protection against these variants. hACE2 mice (n=36, equal
ratio of sex) were intranasally immunized with a prime-boost
regimen (5x10° + 5x10° vp) of HD-Ad-FS (boost-FS) or HD-Ad-
control (boost-control) at a three-week interval. Three weeks after
the boost dose, the hACE2 mice were divided into three groups
(n=12/group) and intranasally challenged with SARS-CoV-2 VOCs
Beta, Delta, or Omicron at 1x10°> TCIDs. At 4 dpi, the hACE2 mice
were euthanized, and lung, serum, and BAL samples were harvested
(Figure 3A). Due to anesthetic issues, some hACE2 mice (n=3 in
Beta, n=1 in Delta, and n=2 in Omicron group) died immediately
after challenging with the variants. Although, disease signs typically
occur in hACE2 mice at 5 dpi we harvested tissues at 4 dpi. This
allowed us to investigate the ability of HD-Ad-FS to control the viral
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FIGURE 2

Vaccination of single-dose HD-Ad-FS protected hACE2 mice from SARS-Cov2 in the upper airway and lungs. (A) Schematic timeline of single-dose
hACE2 experiment. The hACE2 mice were immunized with a single-dose of HD-Ad-FS (single-FS) or HD-Ad-control (single-control) at 5x10° vp via
intranasal delivery. Three weeks after immunization, the hACE2 mice were intranasally challenged with SARS-CoV-2 at 1x10° TCIDso. Animal samples
were harvested at day 3 post-infection (dpi). (B) RNA levels of SARS-CoV-2 in oropharyngeal swabs were determined with RT-gPCR. (C) RNA levels
of SARS-CoV-2 in the lungs were determined with RT-gPCR. (D) The titers of infectious SARS-CoV-2 in the lungs were measured with TCIDsq assay.
(E) RNA levels of SARS-CoV-2 in the spleens (left) and hearts (right) were measured with RT-gPCR. (F) FS-specific IgG response in serum were
determined with ELISA. The starting dilution was 1:25. (G) Serum neutralizing activities against SARS-CoV-2 and VOCs were measured with
neutralization assays. Dots represent individual mice (n=6). The dotted lines represent the LOD of the assays. For RT-gPCR, the LOD was set to 100
E copies/sample. Statistical analyses were performed by Mann-Whitney test, two-tailed. Bars and errors represent geometric mean with geometric
SD. *p<0.05, **p<0.01, and ns, not significant. Data represent one independent animal experiment with indicated biological replicates.

replication during the initial stages of infection, before the onset of
disease symptoms.

The body weights of hACE2 mice were recorded at 0 (pre-
infection) and 4 dpi. In boost-FS hACE2 mice, they all gained
weight from 0 to 4 dpi: 1.8% (Beta), 2.6% (Delta), and 1.3%
(Omicron, Figure 3B). However, the weight difference was not
statistically significant between boost-FS and boost-control
hACE2 mice in each variant group (Figure 3B). Additionally,
there was no significant difference in weight change between male
and female hACE2 mice in each group (Supplementary Figure 1).

The levels of viral RNA and infectious virus in the lungs were
measured with RT-qPCR and TCIDs, assays, respectively, at 4 dpi.
The viral RNA level was undetectable (3/4 in Beta, 4/6 in Delta, and
3/5 in Omicron group) or very low in the lungs of boost-FS hACE2
mice. In contrast, high levels of viral RNA (6.1x10° in Beta, 1.1x10°
in Delta, and 2.5x10° copies/mg in Omicron) were detected in the
lungs of boost-control hACE2 mice (Figure 3C). In addition, the
infectious virus was at very low levels in the lungs of boost-FS
hACE2 mice, whereas high levels (2.5){104 in Beta, 1.4x10° in Delta,
and 6.0x10” TCIDs/g lung in Omicron group) were detected in the
lungs of boost-control hACE2 mice (Figure 3D). There was no
significant difference in viral RNA levels in the lung between male
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and female mice in each VOC group (Supplementary Figure 2A).
Furthermore, there was no difference in the levels of viral RNA from
oropharyngeal swabs between boost-FS and boost-control hACE2
mice at 4 dpi (Supplementary Figure 3). These results suggest that
prime-boost HD-Ad-FS protects against VOC infection in the lungs
but not in the upper airway.

The levels of FS-specific IgG and sIgA were measured with
ELISA at 4 dpi. In boost-FS hACE2 mice, the IgG titers were
significantly elevated in sera and BALs, compared to boost-control
hACE2 mice (Figures 3E, F). Specifically, in boost-FS hACE2 mice,
the IgG reciprocal GMTs in sera were 1.9x107 (Beta), 2.9x10”
(Delta), and 1.2x10”7 (Omicron), and those in the BALs were
1.7x10* (Beta), 1.1x10* (Delta), and 4.6x10* (Omicron). Notably,
sIgA was also induced in the BALs of boost-FS hACE2 mice, with
reciprocal GMTs of 141.4 (Beta), 126.0 (Delta), and 174.1
(Omicron, Figure 3G). There was no significant difference in the
levels of sIgA between male and female mice in each variant group
(Supplementary Figure 4A).

The titers of NADbs in sera and BALs were measured with the
TCIDs, neutralization assay at 4 dpi. Compared to boost-control
hACE2 mice, serum NAbs were only significantly increased in
Delta-challenged boost-FS hACE2 mice (Figure 3H). However, in
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FIGURE 3

Prime-boost vaccination of HD-Ad-FS protected hACE2 mice from SARS-CoV-2 VOCs in the lungs. (A) Schematic timeline of prime-boost hACE2
experiment. The mice were intranasally administered with a prime-boost regimen of HD-Ad-FS or HD-Ad-control (5x10° + 5x10° vp, three-week
interval). Three weeks after the boost dose, the mice were intranasally challenged with a SARS-CoV-2 variant (Beta, Delta, or Omicron) at 1x10°
TCIDso. Animal samples were harvested at 4 dpi. (B) Body weight was recorded at O (pre-challenge) and 4 dpi after challenge. (C) SARS-CoV-2
variant RNA levels in the lungs were measured with RT-gPCR. (D) The titers of infectious SARS-CoV-2 variant in the lungs were determined with
TCIDsg assays. (E, F) The titers of FS-specific IgG in sera (E) and BALs (F) were determined with ELISA. The starting dilution factors were 1:25 and 1:5
for sera and BALs, respectively (G) The titers of FS-specific sIgA in BALs were measured with ELISA. The starting dilution factor was 1:1. (H, 1)
Neutralizing activities in sera (H) and BALs (I) against SARS-CoV-2 variants were determined with neutralization assays. Dots represent individual
mice (n=4, 5, or 6). For (C-F, H, 1), the horizontal dotted lines represent the LOD of the assays. For (B), statistical analyses were performed by two-
way ANOVA. Error bars represent mean + s.e.m. For (C-I), statistical analyses were performed by Mann-Whitney test, two-tailed. Error bars represent
geometric mean with geometric SD. *p<0.05, **p<0.01, and ns, not significant. Data represent one independent animal experiment with indicated

biological replicates.

all the VOC groups, the BAL NAbs were not increased significantly
in boost-FS hACE2 mice compared to boost-control hACE2 mice
(Figure 3I). There was no significant difference in either serum or
BAL NAbs between male and female mice in each VOC group
(Supplementary Figures 4B, C).

Single-dose HD-Ad-FS protects hamsters
from SARS-CoV-2 infection

The protective efficacy of HD-Ad-FS was further examined in
hamsters, which are susceptible to SARS-CoV-2 infection and can
develop pathology similar to that of COVID-19 patients (32). The
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hamsters (n=32, equal ratio of sex) were intranasally immunized
with a single dose of HD-Ad-FS (single-FS) or HD-Ad-control
(single-control) at 5x10° vp. At day 21 post-vaccination, the
hamsters were intranasally challenged with SARS-CoV-2 at 1x10°
TCIDs,. Hamsters were euthanized at 4 (n=12) and 14 (n=20) dpi,
and oropharyngeal swab, serum, lung, spleen, and heart samples
were collected and analyzed (Figure 4A).

The body weight of hamsters was monitored for 14 days
following SARS-CoV-2 infection and compared to their pre-
infection weight. In single-FS hamsters, the average weight mildly
decreased between 1 and 3 dpi but then increased and exceeded the
pre-infection levels between 4 and 14 dpi (Figure 4B). However,
single-control hamsters had sustained weight loss between 1 and 9
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FIGURE 4

Single-dose vaccination of HD-Ad-FS protected hamsters against SARS-CoV-2 in the upper airway and lungs. (A) Schematic timeline of single-dose
hamster experiment. Hamsters were immunized with a single-dose of HD-Ad-FS or HD-Ad-control at 5x10° vp via intranasal route. Three weeks
after immunization, hamsters were intranasally challenged with SARS-CoV-2 at 1x10° TCIDso. Animal samples were harvested at 4 and 14 dpi. (B, C)
Body weight was monitored at the indicated days after challenging with SARS-CoV-2. For (C), the change of weight in male and female hamsters
were analyzed separately. (D, E) RNA levels of SARS-CoV-2 from oropharyngeal swabs were determined with RT-qPCR. Swabs were collected at the
indicated time points. For (E), the levels of viral RNA in male and female hamsters were analyzed separately. (F) RNA levels of SARS-CoV-2 in lungs
were determined with RT-qPCR at 4 dpi. (G) The titers of infectious SARS-CoV-2 in lungs were determined with TCIDsq assays at 4 dpi. (H) RNA
levels of SARS-CoV-2 in spleens (left) and hearts (right) were measured with RT-gPCR at 4 dpi. (I) The titers of FS-specific IgG in sera were
measured with ELISA at 4 dpi. The starting dilution factor was 1:1000. (J) Serum NAb activities against SARS-CoV-2 and variants were determined
with neutralization assays at 14 dpi. Dots represent individual hamsters (4 dpi, n=6; 14 dpi, n=9 or 10). For (D-J), the horizontal dotted lines represent
the LOD of the assays. For (B, C), statistical analyses were performed by two-way ANOVA; error bars represent mean + s.e.m. For (D, E), statistical
analyses were performed by two-way ANOVA; error bars represent geometric mean with geometric SD. For (F-J), statistical analyses were
performed by Mann-Whitney test, two-tailed. Error bars represent geometric mean with geometric SD. For (C), the asterisk signs represent statistical
analyses in single-FS hamsters, and the pound signs represent statistical analyses in single-control hamsters. */# p<0.05, **/## p<0.01, ***<0.001,
*hkx [ ##4#4#p<0.0001, and ns, not significant. Data represent one independent animal experiment with indicated biological replicates.

dpi (Figure 4B). Specifically, the most severe weight loss was 0.5% in
single-FS hamsters at 3 dpi, as compared to 5.6% in single-control
hamsters at 4 dpi (Figure 4B). The weight change observed in
single-FS hamsters indicates the potential efficacy of HD-Ad-FS in
preventing severe disease and promoting recovery following SARS-
CoV-2 infection. Sex-based analysis showed that male hamsters in
both single-FS and single-control groups had significantly more
severe weight loss than female hamsters (Figure 4C).
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Viral RNA levels in oropharyngeal swabs were measured with
RT-qPCR. In single-FS hamsters, viral RNA was undetectable in 8
out of 10 swabs at 6 dpi and in all swabs at 11 dpi (Figure 4D). In
contrast, in single-control hamsters, high levels of viral RNA
(2.7x107 copies/swab) were detected in all swabs at 6 dpi and the
levels remained elevated in 8 out of 10 swabs at 11 dpi (Figure 4D).
These findings indicated that single-FS could reduce SARS-CoV-2
infection and replication in the upper airway. In addition, sex-based
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analysis indicated that in female HD-Ad-FS hamsters viral RNA
levels decreased more rapidly and became undetectable earlier than
those in male hamsters (Figure 4E). In the single-control group,
viral RNA levels were high in both male and female hamsters after
infection, with male hamsters having slightly higher levels than
female hamsters (Figure 4E).

The levels of viral RNA and infectious virus in the lungs were
determined with RT-qPCR and TCIDs, assays, respectively, at 4
dpi. The viral RNA was either undetectable (4/6) or very low
(3.6x10> copies/mg) in single-FS hamsters, whereas the viral RNA
levels were high (9.5x10” copies/mg) in all single-control hamsters
(Figure 4F). Furthermore, infectious virus was undetectable in
single-FS hamsters, whereas substantial levels of infectious virus
were detected in all single-control hamsters (Figure 4G). These
findings indicate that single-FS could effectively prevent SARS-
CoV-2 infection and replication in the lungs. Sex-based analysis
showed no significant difference in viral RNA (Supplementary
Figure 5A) or infectious virus levels (Supplementary Figure 5B)
between male and female hamsters.

The levels of viral RNA in the spleens and hearts were also
measured with RT-qPCR at 4 dpi. Viral RNA was undetectable in the
spleens and hearts of single-FS hamsters (5/6), but it was detectable in
all single-control hamsters (Figure 4H). These findings indicate that
single-FS could prevent systemic spread of SARS-CoV-2.
Furthermore, sex-based analysis showed that male single-control
hamsters had significantly higher levels of viral RNA in the spleens
compared to female hamsters. However, there was no significant
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difference in the levels of viral RNA in the hearts between male and
female hamsters in each treatment (Supplementary Figure 5C).

The levels of FS-specific IgG and NAbs in serum were measured
with ELISA at 4 dpi and by TCIDs, neutralization assays at 14 dpi,
respectively. The level of serum IgG was increased significantly in
single-FS hamsters (reciprocal GMTs 9.0x10°) compared to single-
control hamsters (Figure 4I). Additionally, the NAb levels against
SARS-CoV-2 were significantly higher in single-FS hamsters (IDs:
2184.3) compared to single-control hamsters (Figure 4]). Notably,
in single-FS hamsters, the serum NAbs cross-reacted with the Alpha
(1463.4), Beta (647.2), Gamma (562), Delta (1731.9), and Omicron
VOCs (71.3, Figure 4]). The presence of serum IgG and NAbs
indicate that intranasally delivered single-FS could elicit a systemic
antibody response. There were no significant differences in the
serum NAb levels between male and female hamsters in each
treatment, except that the titers of female hamsters were
significantly higher than those of male hamsters in the single-
control group after SARS-CoV-2 infection (Supplementary
Figure 5D). We did not measure sIgA levels in hamsters as there
were no commercially available antibodies for hamster IgA at the
time of the experiment.

The presence and distribution of SARS-CoV-2 in the lungs after
challenge was investigated with RNA in situ hybridization at 4 and
14 dpi. With the antisense probe, a positive signal was nearly absent
in the lungs of single-FS hamsters at 4 dpi, whereas a strong signal
was observed in the lungs of single-control hamsters, particularly in
bronchial and bronchiolar epithelial cells, alveoli, and interalveolar

14 dpi

Single FS

Single control

El

Histopathology of SARS-CoV-2 infection in the lungs of single-dose HD-Ad-FS immunized hamsters. (A, B) The presence of SARS-CoV-2 RNA in
lung sections was detected with RNAscope in situ hybridization at 4 (A) and 14 dpi (B). Hematoxylin and eosin staining (H&E, 5th row) was performed
with lung sections of the indicated conditions. Continuous lung sections were used for staining. Scale bars = 200 (grey bar) or 1000 (black bar) pm.
Images are representatives of n=2 per group. Data represent one independent animal experiment with indicated biological replicates.
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septa (Figure 5A). With the sense probe, the signal was almost
undetectable in single-FS hamsters at 4 dpi, but a moderate signal
level was observed in single-control hamsters, especially in
bronchial epithelial cells (Figure 5A). There was no obvious signal
observed in the lungs of single-FS and single-control hamsters at 14
dpi (Figure 5B). These findings show that single-FS could protect
hamsters from SARS-CoV-2 infection and replication in the lung.

Prime-boost HD-Ad-FS protects the lungs
of hamsters from SARS-CoV-2
VOC infection

After evaluating the protective efficacy of single-dose HD-Ad-FS,
we further investigated the efficacy of prime-boost HD-Ad-FS against
the SARS-CoV-2 VOCs Beta, Delta, and Omicron. Hamsters (n=96,
equal ratio of sex) were intranasally immunized with a prime-boost
dose (5x10° + 5x10° vp) of HD-Ad-FS (boost-FS) or HD-Ad-control
(boost-control) at a three-week interval (Figure 6A). Three weeks
after the boost dose, the hamsters were divided into three groups
(n=32/group) and intranasally challenged with Beta, Delta, or
Omicron at 1x10° TCIDso. Due to a housing issue, one hamster
(from the Omicron group) died prior to the challenge. At 4 (n=12/
group) and 14 (n=19 or 20/group) dpi, the hamsters were euthanized,
and serum, BAL, and lung samples were collected and analyzed.

The body weight of hamsters was monitored daily after
infection and compared to their pre-infection weight. Both boost-
FS and boost-control hamsters experienced weight loss after VOC
challenge (Figures 6B, C, D). However, the boost-FS hamsters had
significantly less weight loss compared to the boost-control
hamsters in each group (Figures 6B-D). These findings suggest
that the HD-Ad-FS could alleviate the morbidity caused by VOC
infection in hamsters. Sex-based analysis showed that hamsters of
the same sex in the boost-FS group had significantly less weight loss
than hamsters in the boost-control group after challenge
(Supplementary Figure 6).

The levels of viral RNA in the upper airway were measured from
oropharyngeal swabs with RT-qPCR. At 4 dpi, the viral RNA levels in
the swabs from boost-FS hamsters were significantly lower than those
of the boost-control hamsters in each group (Supplementary
Figure 7). However, viral RNA remained at high levels from 4 to
14 dpi in boost-FS hamsters (Supplementary Figure 7).

The levels of viral RNA and infectious virus in the lungs were
measured with RT-qPCR and TCIDs, assays, respectively, at 4 and
14 dpi. At 4 dpi, viral RNA was either undetectable or at very low
levels (<10* copies/mg) in boost-FS hamsters, while it was at high
levels (>10* copies/mg) in boost-control hamsters in each group
(Figure 6E). Notably, at 14 dpi, viral RNA was still undetectable or
at very low levels (<10% copies/mg) in boost-FS hamsters
(Figure 6E). Moreover, the infectious virus was undetectable or at
very low levels in boost-FS hamsters at 4 and 14 dpi (Figure 6F). In
contrast, the titers of infectious virus were high in boost-control
hamsters at 4 dpi (Figure 6F). There were no significant differences
in the levels of infectious virus between male and female hamsters in
each group (Supplementary Figure 8A). These results, combined
with the results of viral mRNA levels from oropharyngeal swabs,
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indicate that the boost-FS could protect hamsters from VOC
infection and replication in the lungs, although it may not
completely prevent infection in the upper airway.

The levels of FS-specific IgG in sera and BALs were measured
with ELISA at 4 dpi. The IgG titers were significantly higher in sera
and BALs of all the boost-FS hamsters compared to the boost-
control hamsters in each group (Figures 6G, H). Specially, in boost-
FS hamsters, the reciprocal serum IgG GMTs were 1.1x10° (Beta),
2.4x107 (Delta), and 1.6x10” (Omicron, Figure 6G). The reciprocal
BAL IgG GMTs were 1.4x10* (Beta), 1.3x10* (Delta), and 1.1x10*
(Omicron) in boost-FS hamsters (Figure 6H).

The titers of NAbs in sera and BALs were measured with
TCIDs, neutralization assays at 4 and 14 dpi. For the serum
NAbs, at 4 dpi, elevated titers were only detected in boost-FS
hamsters (Figure 6]). Specifically, in boost-FS hamsters, the serum
NAD titers were 448.4 (Beta), 785.2 (Delta), and 97.4 (Omicron,
Figure 6I). At 14 dpi, elevated serum NAD titers were detected in
both boost-FS and boost-control hamsters, but the NADb titers were
significantly higher in boost-FS hamsters than in boost-control
hamsters (Figure 6I). For BAL NAbs, at 4 dpi, a significantly
increased titer was detected only in the Delta group (3/6) of
boost-FS hamsters (Figure 6J). The levels of serum
(Supplementary Figure 8B) and BAL (Supplementary Figure 8C)
NAbs were significantly higher in female hamsters than male
hamsters in the Delta group of boost-FS hamsters at 4 dpi.

RNA in situ hybridization was conducted to assess the presence
of VOCs in the lungs of hamsters at 4 and 14 dpi. With the antisense
probe, the signal was nearly absent in the lungs of boost-FS
hamsters in each group at 4 dpi (Figures 7A-C). Conversely,
strong and abundant signal was detected in the lungs of boost-
control hamsters at 4 dpi, particularly in bronchial and bronchiolar
epithelial cells, alveoli, and interalveolar septa (Figures 7A-C). We
did not observe obvious signal in the lungs of boost-FS or boost-
control hamsters at 14 dpi (Figures 7D-F). These findings suggest
that boost-FS could inhibit VOC infection and replication in the
lungs of hamsters.

Discussion

The present study evaluates the efficacy of a HD-Ad-based
COVID-19 vaccine candidate (HD-Ad-FS) through intranasal
administration in mice and hamsters. The HD-Ad-FS encodes the
full-length spike protein of SARS-CoV-2. Following a single-dose of
HD-Ad-FS, immunity against the ancestral SARS-CoV-2 strain was
induced systemically as well as in the upper and lower airways. We
detected potent NAD levels in sera, as well as robust levels of NAb
and sIgA on the airway mucosal surface, the first line of defense
against viral entry. Notably, minimal or undetectable levels of
infectious virus were found in the upper and lower airways
after SARS-CoV-2 challenge. In addition, the prime-boost
elicited systemic and lower airway protection against SARS-CoV-
2 VOCs in hamsters. Compared to our previous HD-Ad-RBD
vaccine (23), the HD-Ad-FS vaccine demonstrates superior
humoral and cellular immune responses. In particular, HD-Ad-FS
generated higher levels of NAb in the airways and elicited

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1430928
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhou et al. 10.3389/fimmu.2024.1430928

a c d
Intranasal Beta Delta Omicron
delivery Intranasal ™
Prime Boost challenge Harvest g _ 107 104 10+
K-Ir3
t } } =S 5
Day 0 3 weeks 6 weeks 4 and 14 dpi '?E o
[]
5x10° vp 510°vp  1x10°TCIDs 2E
HD-Ad-FS HD-Ad-FS SARS-CoV-2 ° g . . Mg =
HD-Ad-Control  HD-Ad-Control Variants lg % 101 ok -10 o+ ‘ L -10 ]
5 x * ™
: S S 15

e —T ——
0123456789101M121314 () 1 73 4567 8 91011121314 01234567 891011121314

5
Days post-infection Days post-infection Days post-infection
e f
Lungs Lungs
Beta Delta Omicron Beta Delta Omicron
-
10 10 —
z
shkekok -
3 - 2
a [=]
o o
Qo
w &
: g
2 a
-
0
4dpi 14dpi 4dpi 14dpi 4dpi 14dpi 4dpi 14dpi 4dpi 14dpi 4dpi 14dpi
g h
Serum IgG- 4 dpi BAL IgG- 4 dpi
T 109, - ="
E 8 .f__;’ 8 Hok *ox fid
HE S s
Hl Boost control :(I . oo
g 4 & = BoostFS @ 4
d,g 2 # ﬁ 3 Boost control § 2 2
2 | | B BoostFS S I
T T
Beta Delta Omicron Beta Delta Omicron
i i i .
Serum NAD titers BAL NAbD titers
5- Beta Delta Omicron - Beta Delta Omicron
T e i -
g4 e, s § 4]
2 : s = 3
£ i = ¥ s | = =
g v < =
& 29 = E;,
= e
5 ®
£ §
0.

4dpi 14dpi 4dpi 14dpi  4dpi 14 dpi 4dpi 14dpi A4dpi 14dpi 4dpi 14 dpi

FIGURE 6

Prime-boost vaccination of HD-Ad-FS protected hamster against SARS-CoV-2 VOCs in the lungs. (A) Schematic timeline of the hamster experiment.
Hamsters were intranasally immunized with a prime-boost regimen of HD-Ad-FS or HD-Ad-control (5x10° + 5x10° vp, three-week interval). Three
weeks after the second dose, the hamsters were intranasally challenged with SARS-CoV-2 variants (Beta, Delta, or Omicron) at 1x10° TCIDso. (B-D)
Hamster body weight was monitored at the indicated days after challenging with SARS-CoV-2 variant Beta (B), Delta (C), or Omicron (D). (E) RNA
levels of SARS-CoV-2 variants in the lungs were determined with RT-qPCR at 4 and 14 dpi. (F) Levels of infectious SARS-CoV-2 variants in the lungs
were measured with TCIDsg assay at 4 and 14 dpi. (G) The titers of FS-specific IgG in sera were measured with ELISA at 4 dpi. The starting dilution
factor was 1:40. (H) The titers of FS-specific IgG in BALs were measured with ELISA at 4 dpi. The starting dilution factor was 1:10. (I) Serum NAbs
against SARS-CoV-2 variants were measured with neutralization assays at 4 and 14 dpi. (J) BAL NAbs against the SARS-CoV-2 variants were
determined with neutralization assay at 4 and 14 dpi. Dots represent individual hamsters (4 dpi, n=6; 14 dpi, n=9 or 10). For (E-J), the horizontal
dotted lines represent the LOD of the assays. For (B-D), statistical analyses were performed by two-way ANOVA; error bars represent mean + s.e.m.
For (E, F), statistical analyses were performed by two-way ANOVA; error bars represent geometric mean with geometric SD. For (G-J), statistical
analyses were performed by Mann-Whitney test, two-tailed; error bars represent geometric mean with geometric SD. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001, and ns, not significant. Data represent one independent animal experiment with indicated biological replicates.

an increased number of spike-specific IFN-y" CD4" and IFN-y"  viral entry and transmission. However, current COVID-19 IM

CD8" T cells in the lungs. vaccines mainly induce serum neutralizing activity, with limited

The expression and distribution of vaccine-induced NAbs can ~ mucosal activity (11). In contrast, intranasal vaccination has the

be affected by immunization routes (11). Given that SARS-CoV-2is  potential to induce both serum and mucosal NAbs. The induction
primarily airborne, airway mucosal NAbs are crucial for blocking  of mucosal NAbs is likely achieved by providing antigen to lung-
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FIGURE 7
Histopathological analysis of SARS-CoV-2 VOC infection in the lungs of prime-boost HD-Ad-FS vaccinated hamsters. (A-C) Detection of SARS-CoV-
2 variant RNA (Beta, A; Delta, B; Omicron, C) in lung sections with RNA in situ hybridization at 4 dpi. (D-F) The presence of SARS-CoV-2 variant RNA
(Beta, d; Delta, e; Omicron, f) in lung sections with RNA in situ hybridization at 14 dpi. Continuous lung sections were used for H&E staining (3, 6,
and 9" rows). Scale bars = 200 (grey bar) or 1000 (black bar) um. Images are representatives of n=2 per group. Data represent one independent
animal experiment with indicated biological replicates.

resident T and B cells (15, 33). Indeed, intranasal COVID-19
vaccines have shown promising mucosal immunogenicity in
animal models (34-36). For example, a mouse study using an Ad-
based vaccine encoding the Omicron BA.1 spike showed that
intranasal immunization induced NAbs against BA.1 in both
BALs and sera, while IM immunization only induced NAbs in
sera (36). Another study using a chimpanzee Ad-based vaccine

Frontiers in Immunology

demonstrated that intranasal immunization elicited serum NAbs
and reduced SARS-CoV-2 infection in the upper airway and lungs
compared to IM immunization in hamsters (34).

As mentioned above, intranasal administration of HD-Ad-FS
induced FS-specific sIgA in the airway. Indeed, airway mucosal sIgA
confers protection against respiratory viruses, such as influenza (37)
and SARS-CoV-2 (38). In two human studies, the level of sIgA
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correlates more strongly with protection against SARS-CoV-2 than
the level of serum IgG (39, 40). However, we found that, in prime-
boost hamsters and hACE2 mice challenged with VOCs, the levels of
VOC mRNA in the upper airways did not differ significantly between
vaccinated and unvaccinated animals, whereas the levels of infectious
VOCs were undetectable in the lungs of vaccinated animals. These
findings indicate that HD-Ad-FS can induce immune protection
against VOCs in the lungs but not in the upper airway. The
mechanism underlying the varied vaccine efficacies in different
parts of the airway is not fully understood. Based on our results,
since NAbs were only elicited in the sera of prime-boost vaccinated
hamsters, it is likely that serum NAbs are more effective at protecting
the lung than the upper airway. Alternately, the T cell response
mounted in the lung may be more effective against VOCs than the B
cell response in the lung. Supporting this suggestion, the VOC
epitopes recognized by CD4" and CD8" T cells are better
conserved than are the B cell epitopes (41).

We found that HD-Ad-FS vaccinated hamsters had less weight
loss and recovered to the pre-infection weight sooner than
unvaccinated hamsters. Interestingly, we also observed that male
hamsters experienced more weight loss compared to female
hamsters, independent of vaccination status, suggesting that sex
differences play a role in the severity of the disease. The impact of
sex differences on the severity of COVID-19-related disease has
been observed in animal studies (42, 43) as well as in clinical studies
(44, 45). Males have a higher percentage of severe disease (45) and a
higher fatality rate compared to females (44). Although the exact
mechanism determining the sex differences is still unknown, studies
indicate that sex differences in the immune responses could be
important (42, 45). For example, a study showed that activated
CD4" and CD8" T cells were more abundant in the sera of female
patients, while male patients had lower levels of these T cells (45). In
a study using hACE2 mice, male mice had a higher fatality rate than
female mice, with inflammatory cytokines and chemokines
significantly increased in the lungs of the male mice (42).

The weight loss caused by the Omicron variant in other hamster
studies is significantly less than that observed for the sublineage
(Supplementary Table 1) used in our work (46-48). Given that the
challenge dose used in our study was lower than those used in the
aforementioned studies, we speculate that the difference in Omicron
induced weight loss could be attributed to the varying infectivity of
different Omicron sublineages.

Clinical studies have provided evidence supporting the safety of
intranasal delivery of Ad-based vaccines (49, 50). For instance, a
study demonstrated that intranasal delivery of the prime-boost
Ad5-based COVID-19 vaccine was well-tolerated in adults (50).
Another vaccine, Ad5-nCoV, using the same Ad5 capsid as used in
this study, has been approved for use in the COVID-19 pandemic
from the World Health Organization (51, 52). Recently, an Ad-
based intranasal vaccine, iNCOVACC (phase III trial), has
demonstrated promising mucosal immunogenicity, particularly in
inducing an sIgA response, and has been granted emergency use
authorization in India (53).

The safety of the HD-Ad vector has been established in clinical
trials (54). Our group has demonstrated the safety of delivering an
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HD-Ad vector into the airways using a porcine model (21). We have
also demonstrated that a HD-Ad vaccine encoding the RBD of
SARS-CoV-2 was safe in mice (23). Here, we extended this finding
and demonstrated the safety of HD-Ad-FS in mice and hamsters.
Studies have indicated that the SARS-CoV-2 spike protein could
potentially cause tissue damage and adverse effects (55, 56). We
recognize the importance of comprehensively evaluating the safety
profile of HD-Ad-FS vaccines in future studies.

There are limitations in this study. Firstly, the unexpected
mortality during anesthesia limited the sample size for the prime-
boost hACE2 mice, thereby reducing the statistical power. Secondly,
BAL samples from the single-dose hACE2 mice and hamsters were
not collected, which precluded a comprehensive assessment of
vaccine-induced mucosal immune responses. Thirdly, we did not
measure CD4" and CD8" tissue-resident memory T cells, which are
important in providing rapid response and long-term immunity
(57). Additionally, while BALB/c, hACE2, and hamsters were used
to assess vaccine efficacy, we appreciate that the immune systems of
animals do not precisely represent those of humans. Future research
should incorporate nonhuman primates that closely mimic
humans. Furthermore, we did not determine the profile of the
proinflammatory cytokines and chemokines in lung samples.
However, we do not expect high levels of vector-induced
proinflammatory cytokines and chemokines since the vector
dosage used in this study is 3 tol0-fold lower than that used for
gene delivery (58). Lastly, this study was conducted over a relatively
short duration. A long-term study is needed to monitor vaccine-
induced immunity over time.

In conclusion, our study demonstrates the safety and efficacy of
an intranasal HD-Ad-FS vaccine in eliciting protective systemic and
mucosal immunity against SARS-CoV-2 and VOCs. SARS-CoV-2
is continuously evolving to generate new variants and multivalent
vaccines are one approach to addressing this issue (59, 60). With the
large capacity (36kb) of the HD-Ad vector, multivalent HD-Ad can
be engineered to express multiple variant-specific spike antigens
simultaneously. Such multivalent HD-Ad vaccines have the
potential to induce broadly neutralizing activities and provide
protection in regions where multiple variants are circulating. In
addition to SARS-CoV-2, other pathogens, including influenza
virus, respiratory syncytial virus, human immunodeficiency virus,
and rotavirus, rely on penetrating mucosal barriers for infection.
Considering the ability of HD-Ad-FS to generate mucosal
immunity, HD-Ad is a promising vaccine platform for these
transmitted pathogens. Further research is needed to evaluate the
efficacy of HD-Ad as vaccines against evolving SARS-CoV-2
variants and other mucosal pathogens.

Materials and methods
Tissue culture
Vero E6 and Vero-TMPRSS2 cells were cultured in Dulbecco’s

Modified Eagle’s Medium (DMEM, Sigma-Aldrich, D5796)
supplemented with 10% heat-inactivated fetal bovine serum (FBS,
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Gibco, 12483-020) and 1% penicillin/streptomycin (Sigma-Aldrich,
P4333). For the Vero-TMPRSS2 cells, blasticidin (A11139-03,
Gibco) was added into DMEM at a final concentration of 5 ug/
mL. The cells were maintained in T175 tissue culture flasks
(Sarstedt, 83.3912.002) at 37°C with 5% CO,.

SARS-CoV-2 strains

The SARS-CoV-2 ancestral (NR-53565), Alpha (B.1.1.7, NR-
54011), Beta (B.1.351, NR-54009), Gamma (P.1, NR-54982), Delta
(B.1.617.2, NR-55672), and Omicron (BA.1, NR-56461) strains
were obtained from BEI resources. The Omicron strain was later
confirmed as BA.1.18 by whole-genome sequencing. The ancestral,
Alpha, Beta, and Gamma strains were cultured using Vero E6 cells,
and the Gamma and Omicron strains were cultured using Vero-
TMPRSS2 cells. The full sequences of all strains were confirmed by
next-generation sequencing at the Lunenfeld-Tanenbaum Research
Institute. All SARS-CoV-2-related experiments were approved by
the Institutional Biosafety Committee and performed in
Containment Level 3 facilities at EPIC (Emerging & Pandemic
Infections Consortium) center of the University of Toronto.

Animals

BALB/c mice, K18-hACE2 C57BL/6 mice, and hamsters were
purchased from the Jackson Laboratory. Mice and hamsters aged
between 8-12 weeks were used in the study. Mice were housed in
groups. Female hamsters were housed individually, and male
hamsters were housed in pairs. All animals were acclimated for at
least one week before experiments. The mouse and hamster models
were randomly assigned into groups. All animal experiments were
approved by the University of Toronto Animal Care Committee or
the Hospital for Sick Children Animal Care Committee. Efforts
were made to minimize animal suffering. All procedures were
performed under anesthesia with isoflurane. The sample size was
selected based on our previous study and other relevant studies (23,
32, 61). Ethical guideline on the numbers of animals were followed
in designing this study. The sample size represents the minimum
number of animals required to address our research question.

Construction of HD-Ad-FS vaccine and
HD-Ad-C4 control

The pC4HSU-NM was used as the backbone for cloning HD-
Ad-FS vector. The pPBCMV-sipke-1-1273-S-2P-WPRE contained
the FS of SARS-CoV-2. A Bluescript plasmid containing chicken
beta actin (CBA) promoter-Ubiquitin C (UbC) intron-bovine
growth hormone (bGH) polyadenylation tail was used as a shuttle
plasmid. The FS gene was first inserted between the UbC intron and
bGH poly(A) tail in the shuttle plasmid by using the Rapid DNA
Ligation kit (Thermo Scientific, K1422). Then, the cassette of CBA
promoter-UbC intron-FS-bGH poly(A) was cut out from the
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shuttle plasmid by AscI restriction enzyme and ligated with Ascl-
digested pC4HSU-NM. The final HD-Ad-FS vector was
constructed as inverted terminal repeats (ITR)-CBA promoter-
UbC intron-FS-bGH poly(A)-ITR. The pC4HSU-NM was used
for constructing HD-Ad-control.

HD-Ad production

The HD-Ad vectors were produced as previously described by
Ng et al. (62). Briefly, the HD-Ad vectors were amplified in
producer 116 cells with NG163 helper virus. The NG163 helper
virus provided all the essential genes for HD-Ad production, and its
package signal was flanked by two loxP sites. The 116 cells
expressed Cre recombinase which cleaved off the package signal
of NG163 helper virus. As a result, only HD-Ad vector could be
packaged. After serial passages, the HD-Ad vectors were harvested
from cell lysates and purified by 3 rounds of CsCl density gradient
centrifugation. The number of HD-Ad particles were calculated by
measuring the absorbance at 260nm.

Immunization of BALB/c mice

Female BALB/c mice were intranasally immunized with 5x10°
vp of either HD-Ad-FS or HD-Ad-control in 20 pl of PBS with 40
pg/mL of diethylaminoethyl (DEAE)-Dextran (Sigma-Aldrich,
30461) and 0.1% L-o-lysophosphatidylcholine (Sigma-Aldrich,
L1381). For the single-dose group, mice only received one dose of
HD-Ad-FS or HD-Ad-control and were euthanized at day 21 post-
vaccination (dpv). For the prime-boost group, mice received two
doses of HD-Ad-FS or HD-Ad-control (three-week interval) at the
same viral particle dose and were euthanized at 21 dpv after the
second dose. Lung, blood, and bronchoalveolar lavage (BAL)
samples were collected and stored at -80°C.

Immunization and viral challenge of K18-
hACE2 C57BL/6 mice

K18-hACE2 C57BL/6 mice (24 males and 24 females) were
intranasally immunized with 5x10° vp of either HD-Ad-FS or HD-
Ad-control in 20 ul of PBS with 40 pg/mL of DEAE-Dextran and
0.1% LPC. For the single-dose group, K18-hACE2 mice (6 males and
6 females) received one dose of HD-Ad-FS or HD-Ad-control. For
the prime-boost group, K18-hACE2 mice (18 males and 18 females)
received two doses of HD-Ad-FS or HD-Ad-control (three-week
interval) at the same viral particle dose. Three weeks after the last
vaccination, all K18-hACE2 mice were intranasally challenged with
1x10° TCIDs of virus in 50 pl of DMEM. The single-dose group was
infected with the ancestral strain, and the prime-boost group was
infected with Beta, Delta, or Omicron variants. Body weights were
monitored and recorded daily at 0 (before infection) and 4 dpi. The
K18-hACE2 mice were euthanized at 4 dpi. Lung, BAL, blood, spleen,
and heart samples were collected and stored at -80°C.
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Immunization and viral challenge
of hamsters

Hamsters (64 males and 64 females) were intranasally
immunized with 5x10° vp of either HD-Ad-FS or HD-Ad-control
in 100 pl of PBS with 40 pug/mL of DEAE-Dextran and 0.1% LPC.
For the single-dose group, hamsters (16 males and 16 females)
received one dose of HD-Ad-FS or HD-Ad-control. For prime-
boost group, hamsters (48 males and 48 females) were immunized
with two doses of either HD-Ad-FS or HD-Ad-control (three-week
interval). Three weeks after the last vaccination, the single-dose
hamsters (16 males and 16 females) were intranasally infected with
1x10° TCIDsj of the ancestral strain, and the prime-boost hamsters
(16 males and 16 females for each strain) were intranasally infected
with 1x10° TCIDs, of either Beta, Delta, or Omicron variants in 100
ul of DMEM. Body weights were monitored and recorded daily
from 0 (before infection) to 14 dpi. Hamsters were euthanized at 4
(12 hamsters per strain, equal sex ratio) and 14 (20 hamsters per
strain, equal sex ratio) dpi. Lung, BAL, blood, spleen, and heart
samples were collected and stored at -80°C.

Protein isolation and Western blot analysis

Proteins were isolated from cell lysates using RIPA buffer (1%
Triton X-100, 0.1% SDS, 150mM NaCl, 20mM Tris-HCI, 0.5%
Deoxycholate) and 10% proteinase inhibitor (Roche, 11836145001).
Protein concentrations were measured by BCA assay (Thermo
Fisher Scientific, 23225). The proteins were mixed with 4X
Laemmli sample buffer (Bio-Rad, 1610747) and 2.5% beta-
mercaptoethanol. 30 ug of protein was incubated at 95°C for 5
minutes before loading onto mini-PROTEAN TGX Stain-Free Gels
(Bio-Rad, 4568086). Protein bands were transferred to Amersham
Protran Premium 0.45 pum nitrocellulose membranes (GE
Healthcare Life Science, 10600003), which were then probed with
the SARS Spike protein antibody (Novus Biologicals, NB-56578) at
1:500, and the goat anti-rabbit IgG (H+L)-HRP conjugate antibody
(Bio-Rad, 170-6515) at 1:10000. The antibodies were prepared in a
blocking solution containing 2.5% albumin (BioShop, ALB001.500)
and 2.5% non-fat dry milk (Bio-Rad, 1706404XTU) in TBST (1X
TBS + 0.5M Tween-20). A purified recombinant FS protein was
used as a positive control.

Neutralization assay

Vero E6 or Vero-TMPRSS2 cells were seeded into 96-well tissue
culture microplates (Corning, 3997) at 20,000 to 30,000 cells/well.
Serum and BAL samples were heat-inactivated at 56°C for 30 minutes.
The starting dilution ratios for serum and BAL samples were 50-fold
and 5-fold, respectively. Subsequently, the samples were serially
diluted in DMEM at a 2-fold ratio. Each dilution was performed in
6 technical replicates. The diluted samples were mixed and incubated
with 200 TCIDs, of SARS-CoV-2 or its variants at 37°C for 1 hour.
After incubation, the sample-virus mixtures were added into Vero E6
or Vero-TMPRSSII cells. The final DMEM medium contained 2%
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EBS. Cytopathic effect (CPE) was monitored on day 4 and day 7 using
a light microscope (EVOS FLoid Imaging system). The neutralization
titer was determined as the highest dilution that protected 50% of cells
from infection by SARS-CoV-2 and its variants.

Measurement of infectious SARS-CoV-2
and variant titers from lung homogenates

The infectious viral titers were determined by TCIDs, assay.
Vero-E6 or Vero-TMPRSS2 cells were seeded into 96-well tissue
culture microplates at 20,000 to 30,000 cells/well, 16 hours before
inoculation. One lobe of lung tissue was weighted and placed in 1
mL of DMEM. The lobes were homogenized using 5 mm stainless
steel beads (Qiagen, 69989) in a homogenizer (Bead Ruptor 4,
Omni). Debris was removed by centrifuging the homogenates at
3,000 g for 5 minutes. The supernatants were serially diluted at a 10-
fold ratio in DMEM and added to either Vero-E6 or Vero-
TMPRSS2 cells in 6 technical replicates. The final DMEM
medium contained 1% FBS. The CPE was monitored on day 4
and day 7. The TCIDs, was calculated by Karber method (63) and
normalized to tissue weight.

Measurement of SARS-CoV-2 and variant
viral RNA from lung homogenates and
oropharyngeal swabs

For lung homogenates, one lobe of lung tissue was weighted and
homogenized with 5 mm stainless steel beads (Qiagen, 69989) in
buffer RLT (Qiagen, 79216) using a homogenizer. The RNA was
extracted with the RNeasy Mini kit (Qiagen, 74106) following the
manufacturer’s instruction, and eluted in 35 pl of water.

For oropharyngeal swabs, samples were collected by
oropharyngeal swabbing. In K18-hACE2 mice, swab samples were
collected at 0 (post-infection) and 4 dpi. In single-dose hamsters,
samples were collected at 1, 4, 6, 8, 11, and 14 dpi. In prime-boosted
hamsters, swab samples were collected on 1, 2, 4, 10, and 14 dpi. All
samples were stored in 500 pl of PBS at -80°C. Swabs were vortexed
and centrifuged before RNA extraction. For each swab sample, 140
ul of eluted PBS was used for RNA extraction by the QIAamp Viral
RNA Mini Kit (Qiagen, 52906), as per manufacturer’s instruction.
The RNA was eluted in 60 pl of buffer AVE.

The viral RNA (envelop gene) was reverse transcribed and
amplified with the Luna Universal One-Step RT-qPCR kit (NEB,
E3005). 1 pl of lung RNA and 5 pl of swab RNA were used for the
RT-qPCR. Primers (E_Sarbeco_F1 Forward Primer, 10006889;
E_Sarbeco_R2 Reverse Primer, 10006891; Integrated DNA
Technologies) targeting the envelope (E) gene were used to detect
genomic/subgenomic viral RNA. A standard curve was generated
by serially diluting the E gene plasmid (2019-nCoV_E_Positive
Control, 10006896, Integrated DNA Technologies) at a 10-fold
ratio. The viral RNA copies were calculated by converting the Ct
values based on the standard curve. The RT-qPCR stages were as
follows: 55°C for 10 minutes; 95°C for 1 minute; 95°C for 10
seconds, 58°C for 30 seconds, read plate, 44 cycles; 95°C for 5
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seconds; 65°C, 30 seconds; 65°C, 5 seconds, + 0.5°C/cycle, ramp 0.5°
C/seconds, read plate, 60 cycles.

Enzyme-linked immunosorbent assay

96-well microplates (Nunc MaxiSorp flat-bottom, Invitrogen, 44-
24-4-21) were coated with purified recombinant FS protein at 1 ug/
mL in 50 mM carbonate coating buffer (Thermo Scientific, 28382) at
4°C overnight. Plates were washed with PBST (Phosphate-buffered
saline with 0.1% Tween 20) and blocked with blocking buffer (1%
BSA in PBST) for 1 hour at room temperature. Serial diluted serum
or BAL samples were added to the plates and incubated for 1 hour at
37°C. After washing with PBST, the plates were incubated with goat
anti-mouse IgG conjugated with horseradish peroxidase (1:5000,
Invitrogen, 31430), goat anti-mouse IgA conjugated with
horseradish peroxidase (1:2000, Invitrogen, 62-6720), or goat anti-
hamster IgG conjugated with horseradish peroxidase (1:4000,
Thermo Scientific, PA1-29626) in blocking solution for 1 hour at
room temperature. Signal was developed with 3,3°,5,5’,-
tetramethylbenzidine (TMB, Thermo Scientific, 34028) for 1 hour
at room temperature. The reaction was stopped by adding 1 M
H,SO,. Plates were read at OD,so (Cytation 5, BioTek).

Flow cytometry analysis

Left lung lobes and spleens from single-FS and single-control
immunized BALB/c mice were used for flow cytometry analysis. Lung
lobes were digested with a digestion buffer containing 2 ug/mL of
Liberase (Roche Diagnostics, 1988433) and 25 unites/mL of type IV
DNase I (Sigma-Aldrich, D5025) at 37°C for 45 minutes. Following
digestion, lung tissues were dispersed with 18-gauged needles and
filtered through 100 nm cell strainers (Falcon, 352360). Spleenocytes
were isolated by straining spleens through 70 nm cell strainers
(Falcon, 352350). Red blood cells (RBC) were lysed by
resuspending filtered cells in 1X RBC Lysis Buffer (eBioscience, 00-
4333-57). Subsequently, each cell sample was split into two replicates.
One replicate was incubated with purified FS protein at 10 ug/mL at
37°C for 12 hours, while the other replicate was not incubated with FS
protein. After incubation, GolgiPlug (Fixation/Permeabilization
Solution Kit with BD GolgiPlug, 555028) was added for 6 hours.
Cells were stained with the Live/Dead Fixable Violate Dead Cell kit
(Invitrogen, L34955) and blocked with CD16 and CD32 antibodies
(Mouse BD Fc Block, 553142). Next, cells were stained with surface
markers: BV711 rat anti-mouse CD4 (BD Biosciences, 563726), APC-
Cy7 rat anti-mouse CD8a (BD Biosciences, 557654), PE-Cy7 rat anti-
mouse CD19 (BD Biosciences, 552854), and BV510 rat anti-mouse
CD44 (BD Biosciences, 563114). The cells were then fixed and
permeabilized with Fixation/Permeabilization Solution Kit (BD
Biosciences, 555028). Finally, cells were stained with intracellular
markers: FITC rat anti-mouse IFN-y (BD Biosciences, 554411), and
PE rat anti-mouse TNF-o. (BD Biosciences, 554419). Flow cytometry
was performed on a Becton Dickinson LSR II CF I and analyzed with
Flowjo v10 software.
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Histopathology and RNA in
situ hybridization

Lung tissues were fixed directly in 10% neutral phosphate
buffered formalin (Sigma-Aldrich, HT501128) without inflation for
a minimum of 2 weeks prior to paraffin embedding. The paraffin
blocks were continuously sectioned into 4 um-thick slices and
mounted onto slides (Fisherbrand, 12-550-15). The hematoxylin
and eosin (H&E) staining was performed at the Centre for
Phenogenomics in Toronto. The RNA in situ hybridization was
performed using the RNAscope 2.5 High Definition-RED Assay
(Advanced Cell Diagnostic, 322350), according to manufacturer’s
instruction. The Probe-V-nCoV2019-S (Advanced Cell Diagnostic,
848561) was an anti-sense probe for spike RNA. The Probe-V-
nCoV2019-S-sense was a sense probe for spike RNA.

Briefly, formalin-fixed, paraffin-embedded tissues were baked at
60°C for 1 hour and then deparaffinized using xylene and ethanol.
Subsequently, samples were treated with hydrogen peroxide for 10
minutes at room temperature, followed by target retrieval using
RNAscope Target Retrieval Solution. Samples were incubated with
Protease Plus solution at 40°C for 30 minutes. After hybridizing
with the probes, signals were detected using a mixture of RED-B
and RED-A. A counterstain was performed using 50% hematoxylin
and 0.02% ammonia water. The slides were mounted with
VectaMount Permanent Mounting Medium (Vector Laboratories,
H-5000-60) and cover clips (VWR, 48366-067), and scanned with a
3DHistech Slide Scanner at the Imaging Facility at the Hospital for
Sick Children.

Data analysis

The results and graphs were generated with GraphPad Prism
version 8 (GraphPad Software). Statistical analyses were performed
using analysis of variance (ANOVA) with multiple comparison test
or unpaired t-test (two-tailed) with Mann-Whitney test. ChatGPT
(OpenAl, GPT-3, 2023) was employed for grammar checking
during the preparation of this manuscript. All Al-assisted
revisions were reviewed and approved by the authors to ensure
the accuracy and quality of the final manuscript.
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Neurological complications, including encephalopathy and stroke, occur in a
significant proportion of COVID-19 cases but viral protein is seldom detected in
the brain parenchyma. To model this situation, we developed a novel low-
inoculum K18-hACE2 mouse model of SARS-CoV-2 infection during which
active viral replication was consistently seen in mouse lungs but not in the brain.
We found that several mediators previously associated with encephalopathy in
clinical samples were upregulated in the lung, including CCL2, and IL-6. In
addition, several inflammatory mediations, including CCL4, IFNy, IL-17A, were
upregulated in the brain, associated with microglial reactivity. Parallel in vitro
experiments demonstrated that the filtered supernatant from SARS-CoV-2 virion
exposed brain endothelial cells induced activation of uninfected microglia. This
model successfully recreates SARS-CoV-2 virus-associated para-infectious brain
inflammation which can be used to study the pathophysiology of the neurological
complications and the identification of potential immune targets for treatment.
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GRAPHICAL ABSTRACT

The low inoculum SARS-CoV-2 mouse model of para-infectious brain effects in the absence of active viral replication had increased cytokines
(CCL4, IFNy and IL-17A) and microglia reactivity (increased Ibal expression and ramification index).
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Introduction

SARS-CoV-2 infection has been associated with a range of
neurological complications. Although their incidence has decreased
with widespread vaccination and effective anti-viral and anti-
inflammatory treatments, they remain a significant clinical issue
(1). A large retrospective study with contemporary controls found
neurological complications were more common in people who had
experienced COVID-19 but were also found in non-hospitalised/mild
cases of COVID-19, revealing a large healthcare burden left in the
wake of the pandemic (2). The different neurological complications,
ranging from loss of smell to encephalitis, caused by SARS-CoV-2
infection most likely have very different aetiologies, but viral protein
is seldom found in the brain parenchyma strongly suggesting that
indirect effects of the virus, such as immune-mediated pathologies,
are a likely potential cause (3-6). Indeed, we and others previously
found that COVID-19 patients with neurological complications had
elevated serum immune mediators and cytokines (IL-6, IL-12p40,
IL1-RA, M-CSF, CCL2, and HGF) which correlated with serum brain
injury markers (7-10).

Mouse models are important to systematically study early changes
in disease and disease progression, but most models of SARS-CoV-2
have involved systemic dissemination with brain pathology that may
not reflect the clinical scenarios (11-14). We established a mouse
model using an inoculum of virus ten times lower than that which
earlier studies have used, and looked for evidence of brain immune
activation in the absence of viral replication in the brain. We also
developed an in vitro assay to investigate how exposure of endothelial
cells to viral protein can lead to cytokine-mediated indirect effects on
microglia, which we hypothesize is the most common clinical scenario
for how SARS-CoV-2 affects the brain (15).

Methods

Mouse studies of infection
with SARS-CoV-2

An AWERB-approved protocol was followed for the mouse
studies (University of Liverpool Animal Welfare and Ethical Review
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Body, UK Home Office Project Licence PP4715265). Mice were
maintained under SPF barrier conditions in individually ventilated
cages. Male and female 2-4 month old heterozygote hACE2-
transgenic C57BL/6 mice (Charles River Laboratory) were
infected intranasally with 1x10% or 1x10* plaque-forming units
(PFU) of a human isolate of SARS-CoV-2 (Pango B lineage
hCoV-2/human/Liverpool/REMRQO0001/2020) under isoflurane
anaesthesia. Mice were euthanized on day 5 post infection. Brains
were perfused with 30mL PBS w/1mM EDTA, then one hemisphere
fixed in formaldehyde-containing PLP buffer overnight at 4°C.
Brains were then subjected to a sucrose gradient- 10 and 20%
sucrose for 1hr each and then 30% sucrose O/N at 4°C. Brains were
then frozen in OCT by submerging moulds in a beaker of 2-
methylbutane on dry ice. The other hemisphere was divided in
two sagittal sections and half preserved in 4%PFA for histology and
half in trizol for RNA and protein extraction. Sera was collected and
frozen and then heat-inactivated at 56°C for 30 mins prior to be
moved from CL3 to CL2 lab. Lung tissue was preserved in 4%PFA
for histology, in trizol for RNA and protein extraction, and in PLP
for cryosectioning. Cytokines were measured from tissue protein
extract with Bio-rad reagents on a Bio-plex 200 following the
manufacturer's protocol.

qPCR of SARS-CoV-2 genes and
mouse cytokines

Gene expression was measured from trizol isolated RNA
(Invitrogen cat# 15596018, manufacturer’s protocol) using
Promega’s GoTaq Probe 1-Step RT-qPCR system (cat#A6120,
manufacturer’s protocol) on an Agilent AriaMx. Primers and
FAM probes for SARS-CoV-2, cytokines, and housekeeping genes
were purchased from IDT (Tables 1, 2) with standard IDT qPCR
primer/probe sets for the mouse cytokines.

The thermal cycle for N1 and the mouse cytokines was: 45°C for
15min 1x, 95°C for 2 min, then 45 cycles of 95°C for 3 secs followed
by 55°C for 30 sec.

For subgenomic E: 45°C for 15 min 1x, 95°C for 2 min, then 45
cycles of 95°C for 15 secs followed by 58°C for 30 sec.
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TABLE 1 Primers and probes for viral genes and normalization.

10.3389/fimmu.2024.1440324

Gene Reagent IDT Cat# Sequence (5'-3)

N1 Forward primer: 10006830 GACCCCAAAATCAGCGAAAT
Reverse primer: 10006831 TCTGGTTACTGCCAGTTGAATCTG
FAM probe: 10006832 ACCCCGCATTACGTTTGGTGGACC

subgE Forward primer: 10006889 CGATCTCTTGTAGATCTGTTCTC

Reverse primer: 10006891 ATATTGCAGCAGTACGCACACA
FAM probe: 10006893 ACACTAGCCATCCTTACTGCGCTTCG

18S Forward primer: Custom ACCTGGTTGATCCTGCCAGTAG
Reverse primer: Custom AGCCATTCGCAGTTTCACTGTAC
FAM probe: Custom TCAAAGATTAAGCCATGCATGTCTAAGTACGCAC

For 18S it was: 45°C for 15 min, 95°C for 2 min and 40 cycles of
95°C for 15s, 60°C for 1 min.

Histology and confocal microscopy

Paraffin-embedded formalin-fixed tissue was sectioned to 4 um
sections. Slides were baked at 60°C for 30 minutes and then stained
with H&E in an autostainer. H&E slides were imaged on a Leica
microscope. For immunofluorescent staining and confocal
microscopy, OCT-embedded frozen tissue was sectioned to 12 um
or 30 um sections (thicker sections needed for the Z-stack imaging
and microglia ramification/reactivation quantification). 100%
acetone was used for antigen retrieval (10 mins at room
temperature). After air-drying, then PBS washing, tissue sections
were permeabilized with 0.1% Triton X-100/PBS (20 mins at room
temperature). After rinsing with PBS, tissue sections were blocked
with Dako block (5 minutes at room temperature). After another PBS
wash, primary antibodies were added at dilutions listed in table for an
overnight incubation at 4°C in a humidified chamber. Tissue sections
were washed twice with PBS for 5 minutes each wash. Secondary
antibody (as described in Table 3) was added for a 2 hr room

TABLE 2 Primers and probes for mouse cytokines.

Gene IDT Primetime Cat#

IL-1RN Mm.PT.58.43781580
IL-6 Mm.PT.58.10005566
IL-12p40 Mm.PT.58.12409997
M-CSF Mm.PT.58.11661276
CCL2 Mm.PT.58.42151692
HGF Mm.PT.58.9088506
CCL4 Mm.PT.58.5219433
IENG Mm.PT.58.41769240
IL-17A Mm.PT.58.6531092

For mouse cytokines, the primer/probe sets listed in Table 2 were used and the cycle was: 45°C
for 15 min; 95°C for 2 min; 45 cycles of 95°C for 3 sec and 55°C for 30 sec.
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temperature incubation, followed by two 5-minute PBS washes.
DAPI-mounting medium was used for coverslipping. Imaging was
performed with Andor Dragonfly spinning disk confocal microscope.
Marker fluorescence and microglia counts, intensity, and reactivation
indices [method based on previous work (16, 17)] were quantified
with Fiji (confocal microscope set up in Table 4 and macros
downloadable from the public Github repository). The reactivation
index is the area of the cell divided by the projection area (the whole
polygon covered by the cell). Reactivation indices of 0-1 of objects
with a threshold size of 19 mm? were quantified from three Z-stack
images/mouse and two mice/group.

In vitro cell culture assays

The investigated cell lines were cultured according to the
manufacturer’s reccommendations. The mouse brain endothelial cell
line, bEnd.3 (ECACC 96091929) was used between passage 22 and
29. The cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 2mM Glutamine, 5uM 2-
Mercaptoethanol (2ME), 1mM Sodium Pyruvate (NaP), 1% Non
Essential Amino Acids (NEAA), 10% Foetal Bovine Serum (FBS) and
1X penicillin/streptomycin (P/S). Primary mouse microglia
(ScienCell, SC-M1900-57) were cultured on poly-L-lysine
(ScienCell 0413) coated flasks in Microglia medium (ScienCell
1901) supplemented with 1% FBS, 1x microglia growth supplement
(MGS, ScienCell 1952) and 1 x P/S. Primary mouse astrocytes were
cultured on poly-L-lysine (ScienCell 0413) coated flasks in Astrocyte
Medium (ScienCell 1801) supplemented with 2% FBS, 1x astrocyte
growth supplement (AGS, ScienCell 1852) and 1 x P/S.

In vitro incubation with inactivated virus
and endothelial supernatants

Acid/heat inactivated SARS-CoV-2 (B.1.1.7) (NIBSC 101027) of
known titre was used for all experiments. For incubation with
inactivated virus, cells were seeded into either 24 well plates or 6
well plates at 125,000 cells per cm® and allowed to adhere overnight.
Virus dilutions were then prepared to give a ratio of 1 copy (MOI 1),
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TABLE 3 Antibodies for immunofluorescent stain and confocal imaging.

10.3389/fimmu.2024.1440324

Dilution Factor

Antibody target-fluorochrome Company (for 200 pL per section)
CD45-PE Invitrogen 12-0451-82 Rat 50
CD11b-AF647 BDBioscience 557686 Rat 200
NKI1.1-AF488 BioLegend 108718 Mouse 100
CD3-FITC Abcam ab34722 Rat 50
GFAP Invitrogen 41-9892-82 Mouse 100
NeuN Merck MAB377X Mouse 100
CD68 unconjugated Abcam ab53444 Rat 200
Anti-rat AF488 Jackson Immunoresearch 712-546-153 Donkey 500
Ibal unconjugated Wako 019-19741 Rabbit 500
Anti-rabbit IgG-AF647 Invitrogen A-31573 Donkey 500
Spike unconjugated Invitrogen 703958 Human 100
Anti-human AF568 Fisher A-21090 Goat 500

0.1 copies (MOI 0.1) or 0.01 copies (MOI 0.01) per cells plated in the
culture medium. For bEnd.3 experiments, cells were incubated for 24
hours with inactivated virus, 20 pg/mL polyl:C (Merck PL530) or
with untreated culture medium. For astrocyte and microglia
experiments, cells were incubated for 2 hours with inactivated
virus, polyl:C, untreated medium, or supernatant from bEnd.3 cells
previously exposed for 24 hours to MOI 1 virus dilution. Supernatant
from bEnd.3 cells was filtered with a 20 nm syringe filter directly prior
to treating microglia and astrocytes to remove viral particles. After 2
hours, treatments were removed, cells were washed with 1X
phosphate-buffered saline (PBS) (Capricorn Scientific CSR154)
three times and then the normal culture medium was replaced. For
each treatment condition (virus or supernatant) 6-7 individual well
replicates were performed and for control conditions (poly:IC or
untreated) 3-4 replicates were performed. After 24 hours, the
supernatant from these cells was collected and cells were fixed with
4% paraformaldehyde (Sigma 16005).

ELISA of in vitro supernatants

Supernatants were collected into 1 mL cryovials and stored at 4°
C for no longer than 1 week prior to cytokine levels being assessed
using ELISA. Kits were purchased from Invitrogen for IL-6 (88-
7064), CCL2 (88-7391), IFNYy (88-7314) and performed according
to manufacturer’s protocol.

Immunostaining of in vitro samples

Microglia were fixed with 4% paraformaldehyde and washed 3x
with 1X PBS with calcium and magnesium (PBS +/+) (Capricorn
Scientific CSR1576). Cells were then incubated for 1 hour with
Dakoblock (Agilent X090930-2). Cells were then washed 1x with
PBS and incubated with primary antibody (Ibal Wako Chemicals
019-19741; CD45-PE Thermo Fisher 12-0451-83) diluted in
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antibody diluent (1X PBS +/+, 1% BSA, 10% donkey serum
(Sigma D9663), 0.1% Triton-X (Sigma X100)) overnight at 4°C.
Cells were then washed 3x with 1x PBS +/+ and incubated with
secondary antibody (Donkey anti-rabbit AF657, Thermo Fisher
A31573) and DAPI (Thermofisher P36962) in antibody diluent and
incubated in the dark for 2 hours at room temperature. Cells were
then washed 3x with PBS +/+.

TABLE 4 Confocal microscopy settings.

Parameters

Microscope

component

Microscope Leica DMi8 with Andor Dragonfly

Light source 7-line integrated laser engine equipped with:

Solid state 405 smart diode laser at 100mW: set to 10%
Solid state 488 smart diode laser at 50mW: set to 35%
OBIS LS 561 smart OPSS laser at 50mW: set to 2.0%
OBIS LX Solid state 637 smart diode laser at 140mW:

set to 7.0%

Dichroic mirror: Quad EM filter 405-488-561-640
Dual camera beam splitter: Dual camera dichroic
565nm long pass

Emission filters:

450/50nm bandpass filter

525/50nm bandpass filter

600/50nm bandpass filter

700/75nm bandpass filter

Spinning disk with 40 um pinholes

Excitation/
emission optics

Objective lenses Leica objectives:

11506358 HC PL APO 40x/1.30 OIL CS2

Andor iXon Ultra 888 Ultra EMCCD Camera
1024 x 1024;

405: 500 ms exposure; 65 EM gain

488: 500 ms exposure; 65 EM gain

561: 30 ms exposure; 156 EM gain

637: 30 ms exposure; 156 EM gain

Averaging: 1; Binning: 1; camera magnification 1x
Nyquist Z sampling

Detector
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In vitro confocal microscopy and
reactivation/ramification index quantitation

Microglia were imaged at 25x magnification on a Leica DMi8 on
an Andor Dragonfly spinning disk confocal microscope. 16 images
per well were taken and stitched into a tilescan image using Fusion
imaging software. Tilescan images were then processed in Fiji/
Image] by thresholding the PE/647 channel and gating for
individual cells (excluding cell clusters) and then analysing
particles between 500-1000 pm for solidity.

Statistical analyses

Prism software (version 9.4.1, GraphPad Software Inc.) was used
for graph generation and statistical analysis. The Shapiro-Wilk
normality test used to check the normality of the distribution. Data
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are expressed as mean + S.E.M. The difference between two or more
non-normally distributed groups was tested using Mann-Whitney U
or Kruskal-Wallis tests, respectively. P < 0.05 was considered
statistically significant.

Results

Low inoculum intranasal SARS-CoV-2
infection in human ACE2 transgenic
C57BL/6 mice does not cause viral
replication in the brain parenchyma

We established the mouse model by comparing intranasal
infection with a low (1x10°> PFU) and a high (1x10* PFU)
inoculum of SARS-CoV-2, collecting serum, brain and lung
tissues at day 5 post-infection (Figure 1A). At this stage, none
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Low inoculum intranasal SARS-CoV-2 infection in human ACE2 transgenic C57BL/6 mice does not cause viral replication in the brain parenchyma.
(A) Schema of K18 human-ACE2 transgenic C57B/6 mouse study randomised to no infection, ‘low inoculum’ infection at 1x10° plaque-forming units
(PFU) and ‘high inoculum' infection at 1x10* PFU, with endpoint at day 5 post-infection, showing one of two independent experiments, (n=4/group).
(B) Real-time polymerase chain reaction (RT-QPCR) identifies SARS-CoV-2 N1 and (C) subgenomic E transcripts in lung homogenate confirming
pulmonary infection and viral lytic replication at both inoculum of infection. (D) RT-QPCR of brain homogenate demonstrates that minimal SARS-
CoV-2 N1 is present in the perfused brain parenchyma and there are no detectable SARS-CoV-2 subgenomic E transcripts (E) confirming the
absence of lytic viral replication in the brain at low-dose infection. ND, not detected.

Frontiers in Immunology

133

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1440324
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Dunai et al.

of the mice showed weight loss (Supplementary Figure 1A). Both
levels of infection caused pathology in the lung, with viral loads
evidenced by qPCR of N1 with both low and high inocula
(Figure 1B). There was also evidence of active viral replication
in the lung, as defined by the surrogate readout of qPCR of
subgenomic E which correlates with infectivity (18) (Figure 1C).
SARS-CoV-2 N1 transcripts were detected in four out of four
brains of mice that had received high inoculum of SARS-CoV-2
and in six of nine that received low inoculum (Figure 1D; first
experiment displayed, n=4 group). However, whilst three of four
high inoculum mice showed active viral transcription in the brain
by the detection of subgenomic E, this was only detectable in two
of nine low inoculum mouse brains (tissue from these two
animals were not included in subsequent ex vivo experiments,
Figure 1E; Supplementary Figures 1E-G).

H&E staining of lung and brain sections from infected mice
were assessed for pathology and mononuclear cell clusters
(Supplementary Figures 1B-D). The lungs of SARS-CoV-2
infected mice showed signs of pathology including
oedema, haemorrhage, and fibrosis (Supplementary Figure 1B).
Mononuclear cells were present with both inocula compared with
uninfected mice (Supplementary Figure 1B. The brain tissue also
had a few clusters of mononuclear cells in the frontal cortex with
both inocula of SARS-CoV-2 (Supplementary Figures 1C, D).
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Spike protein is present in the lungs, but
not brains, of 1x10° PFU SARS-CoV-2
infected mice and there are differences in
immune activation

Immunofluorescent staining and confocal microscopy of the
lungs showed large amounts of viral spike protein with increased
Ibal expression (Figure 2A). The lungs also showed increases in
CD45 and CDI1b staining compared with uninfected animals
(Figure 3A). Confocal microscopy of ex vivo brain sections from
mice, following the low inoculum, demonstrated Iba-1 staining but,
in contrast to lung tissue, showed no evidence of staining for SARS-
CoV-2 spike protein (Figures 2B, 3B). These brains also showed no
increases in numbers of CD3+ or NKI.1+ cells (Supplementary
Figures 2A, B), or apoptotic cells (Supplementary Figure 2C).

Several inflammatory mediators are
elevated in the lungs and brains of 1x10*
PFU SARS-CoV-2 infected mice

In order to understand the mechanisms driving this apparent
para-infectious neuropathology, we assessed transcription and protein
levels of inflammatory mediators in brains and lung from the seven
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Spike protein is present in the lungs, but not in the brains of low-inoculum SARS-CoV-2 infected mice at day 5 post 1x10° PFU infection

(A) Confocal microscopy of low-inoculum infection in this model confirms the presence of both SARS-CoV-2 spike protein (yellow) and monocyte
lineage cells (red) in the lungs. (B) Despite the absence of spike protein (yellow) in the brain in the low-inoculum infection model, there are
consistent large areas of accumulation of Ibal+ microglia (red) of perfused brain parenchyma
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low-inoculum infected mice that showed no evidence of local viral
replication in the brain. Our previous clinical study, comparing serum
immune mediators from low vs. normal Glasgow coma scale score
COVID-19 patients, demonstrated that six mediators of interest were
increased in serum (7). Lung tissue from the mice revealed four of
these, IL1-RA, IL-6, CCL2, and IL-12p40, to be upregulated with low-
inoculum infection by QPCR (Figures 4A, B).

The brains from low inoculum infected mice showed increased
transcripts of CCL4 and decreased levels of IL-1RA and IL-12p40
(Figures 4C, D; Supplementary Table 1). Although many brain cytokine
proteins were not different between uninfected and low inoculum mice,
CCL4, IFNy and IL-17A were increased (Figures 4E, F; Supplementary
Table 2). Consistent with an intra-cerebral local response, there were no
increases in any of these cytokines in the mouse sera (Figures 4G, H).

Brains from low inoculum SARS-CoV-2
infected mice showed immune activation
and increases in microglial reactivity
despite the absence of active
SARS-CoV-2 replication

Brains from low inoculum mice showed no detectable viral
proteins (checked by spike staining) and no detectable viral
transcription (checked using subgenomic E). However, these
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10.3389/fimmu.2024.1440324

brains showed reactive microglia, with increased Ibal expression
(as measured by percentage area, fluorescence intensity and
reactivation indices, Figures 5A-F). Clusters of GFAP+ astrocytes
were found in the regions of high Ibal expression in the brain,
suggesting concomitant microgliosis and astrogliosis, as has been
reported in human post-mortem samples (Supplementary
Figures 3A, B). To ask whether parainfectious brain injury with
potential blood-brain-barrier damage had taken place, the brain
supernatant/serum albumin ratios were measured in uninfected
mice and low inoculum infected animals (Supplementary
Figure 3C). In humans post-COVID-19, NfL has been found to
be raised, but there were no significant differences in the brain
injury marker NfL, either by ELISA or Simoa (Supplementary
Figure 3D) at this early time point (day 5 post infection) (7).

Viral effects on endothelial cells in vitro
lead to pro-inflammatory cytokine
production and subsequent

microglia reactivation

We hypothesized that the cerebral vasculature is the most
common route for SARS-CoV-2 infection interacting with

neuroglial cells and causing local, not necessarily systemic,
inflammation. To study the cascade of events in a controlled
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FIGURE 3

20 um scale bar

Immune activation is present in the lungs of SARS-CoV-2 infected mice at day 5 post 1x10° PFU infection. (A) Confocal microscopy of perfused
organs in the low-inoculum SARS-CoV-2 infection model identifies the presence of CD45 positive leucocytes (yellow) and occasionally CD11b
positive cells of macrophage/monocyte lineage (red), shown with DAPI (blue) in the lung. (B) No significant differences in CD45 and CD11b

expression were found when comparing uninfected and infected brains
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environment, we exposed mouse endothelial cells (bEnd.3 cell line)
to inactivated SARS-CoV-2 viral particles at three multiplicities of
infection (MOI), collected and filtered the supernatant, and
measured the cytokines present. The TLR3 agonist polyl:C served
as a positive control (Figures 6A, B). The MOIs of 0.1 and 1 used to
treat endothelial cells produced significant amounts of pro-
inflammatory cytokines IL-6 and CCL2, so the MOI of 1 was
chosen for the subsequent experiments as a way to mirror direct
infection of brain endothelial cells, but not microglia and astrocytes

10.3389/fimmu.2024.1440324

(Figures 6C-E; Supplementary Figures 4A, B). Primary mouse
microglia and astrocytes were exposed to the filtered supernatant
from endothelial cells and their cytokine production and for
microglia, their reactivation index was measured by Ibal+
morphology (Figures 6D, E; Supplementary Figures 4A, B). The
supernatant from MOI=1 exposed endothelial cells resulted in the
highest reactivation index indicating a pathway by which SARS-
CoV-2 can indirectly affect brain cells and which is consistent with
our in vivo data.
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RT-QPCR of perfused lung parenchyma in the low-inoculum infection model (day 5 post 1x10° PFU infection) confirms upregulation of several

inflammatory mediators. (A) RT-QPCR of six immune mediators of interest in

perfused lung. (B) Luminex was used to check the same six immune

mediators of interest in perfused lung. (C—=F) In this low-inoculum infection model several pro-inflammatory mediators were found to be increased
in the perfused brains, including (D) CCL4 by RT-QPCR and (F) IL-17A and IFNy by Luminex. (G, H) In contrast, no statistically significant differences
were seen in serum cytokine protein levels. *IL-RA undetectable by ELISA in all, but one uninfected serum sample (=3.5 pg/mL). (These data are
from two independent experiments combined, n=7-8/group). Pairwise comparisons by Mann-Whitney U test (*p<0.05, **p<0.01).

Frontiers in Immunology 136

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1440324
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Dunai et al.

Discussion

To better study the acute host response in SARS-CoV-2, and
given that SARS-CoV-2 is rarely identified in the brain parenchyma
in clinical samples, we developed a low-inoculum mouse model of
COVID-19 which induced pulmonary infection in the absence of
replication of virus in the brain. Following intranasal
administration, by five days the mice had developed evidence of
lung infection and immune cell infiltration (18), with production of
inflammatory mediators, including CCL2, IL-6, IL-12p40 and IL-
1RA; these cytokines were also elevated acutely in the serum of
COVID-19 patients with low Glasgow coma scale scores (7).
Despite the absence of viral replication in the brain parenchyma,
there was some, albeit limited, production of inflammatory
mediators in the brain, including CCL4, IFNy and IL-17A. In
addition, there was an increase in microglial Ibal staining and
microglia reactivation morphology. We had expected to also see
increased numbers of CD45+ and CD11b+ cells, but believe that
this was limited by the thin cryosections examined. In fact, we
needed to examine thicker cryosections in order to quantify the
microglia morphology (17). In future studies, flow cytometry would
be an important way to quantify immune cell infiltration. Immune
infiltrates and microgliosis were also observed in our previous
mouse studies (19, 20). Parallel in vitro studies demonstrated that
the filtered supernatant from brain endothelial cells exposed to
SARS-CoV-2 virions, induced activation of microglia and
production of CCL2. Our in vitro model using inactivated virus
(due to limitations on CL3 work) delivered viral particles to
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endothelial cells and we hypothesize that this strongly stimulated
them via innate PAMP pathways such as TLRs. Building on this,
future studies could apply similar approaches to compare direct and
indirect effects of vaccines and active virus on neuroglial cells.
Active viruses would stimulate by DAMPs and PAMPs.

Our findings suggest that a primarily pulmonary inflammatory
process is rapidly associated with parainfectious immune activation
in the brain and the signature of an NK cell and/or T cell response
which indicates a cascade of inflammation potentially amenable to
treatment. Our mouse model is novel in using a low inoculum of
SARS-CoV-2 virus for infection which does not induce lethal brain
pathology, allowing us to study the immune activation in the brain
in the absence of direct viral invasion. This is congruent with the
majority of human autopsy results which show limited virus in the
brain, but nevertheless demonstrate inflammation and microglia
reactivity (21, 22). Human autopsy studies have studied this concept
and found that exposure to lung-derived cytokines is association
with microglia activation and that this was reduced by
corticosteroid treatment (23). This may also reflect longer term
effects, as a hamster model which examined neuropathology at 31
days post-SARS-CoV-2 infection found that Ibal expression
remained elevated (24). Studies of brain organoids have reported
that Ibal+ microglia engulf post-synaptic material contributing to
synapse elimination (25).

There have been reports of viral encephalitis and neuron
degeneration and apoptosis observed in non-human primates (26,
27). Interestingly, in these studies the virus was present at low
amounts in the brain and was found predominantly in the

b c
% 108 "ok
*
201 107
g15 — i 5 108
2 :
* 104 2
. < 408
o ==
0 . 104 — .
Uninfected 1x10° PFU Uninfected  1x10° PFU
« 1000n < 1.09
£ <
< 0.8+ *%
el WP
c T -t
3 6004 £ 06 i
2 § 0.4 z
= | —— S 04
8 400 5 ;
* 200 T 0.2
© [0
Qo [0}
o € 00

S

)
Uninflected 1x10° PFU Uninfected 1x10éPFU

Low inoculum intranasal SARS-CoV-2 infection in mice results in increased pro-inflammatory cytokines in the lung and brain and causes increased
microglia reactivity in the brain. (A) Confocal microscopy of 30 um sections of frontal lobe brain parenchyma following low-inoculum infection
reveals reactive microglia with increased expression of Ibal (red) with nuclei stained by DAPI (purple, 3 images/mouse brain at 40X, n=2/group).
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Viral effects on endothelial cells in vitro lead to pro-inflammatory cytokine production and subsequent microglia reactivation. (A, B) bEnd.3 cells
were treated with heat and acid inactivated SARS-CoV-2 at a ratio of 0.01,0.1, or 1 virus copies per cell for 24 hours. At 24 hours concentrations of
cytokines IL-6 and CCL2 were determined by ELISA and groups compared by ANOVA *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (C—E) Primary
mouse microglia were treated with 20 nm filtered supernatant taken from bEnd. 3 cells incubated with virus at an MOI of 1, for 2 hours, before being
washed and culture medium replaced. At 24 hours cells were fixed and immunostained for Ibal and CD45 and imaged by confocal microscopy. 6-7
separate wells were cultured for each treatment condition and 3-4 for each control condition, with 16 images taken per well at 25x magnification.

Dots represent individual cells. Groups compared by Kruskal-Wallis *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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vasculature as visualized by co-localization with Von Willebrand
Factor (27). Mimicking the clinical scenario, there was no
correlation found between neurological markers with severity of
respiratory disease. Another study reported increased CCL11
(eotaxin) in mouse serum and CSF that correlated with
demyelination (28). That mouse model also lacked direct viral
neural invasion by infecting mice that were intratracheally
transfected with human ACE2. The demyelination was also
observed after intraperitoneal administration of CCLI11.
Interestingly, clinical studies showed higher plasma levels of
CCLI11 in the patients who had brain fog (28). We did not
observe elevated serum cytokines in our studies and this could be
due to severity, timepoint, and/or technical differences. Our
negative results in the serum are at least in part contributed to by
heat-inactivation of experimental samples, which were part of safety
protocols in the CL3 lab at the point when these experiments were
conducted (29). Hamster studies have showed that COVID-19 leads
to IL-1P and IL-6 expression within the hippocampus and medulla
oblongata and is associated with decreased neurogenesis in the
hippocampal dentate gyrus which leads to learning and memory
deficits (30). This has also been shown in direct in vitro assays—
with application of serum from COVID-19 patients with delirium
with elevated IL-6 leading to decreased proliferation and increased
apoptosis of a human hippocampal progenitor cell line (31). Our in
vitro studies enabled us to isolate a potential mechanism by which
SARS-CoV-2 indirectly affects brains cells—by studying endothelial
cells which express ACE2 and can be directly infected by the virus
(15), collecting their supernatants containing pro-inflammatory
cytokines, and exposing microglia and astrocytes to them. Spike
protein alone has previously been found to cause inflammation and
associated cognitive deficits in animal models which is a common and
important long-lasting symptom of COVID-19 in humans (32-34).
In conclusion, the low inoculum SARS-CoV-2 mouse model
and parallel in vitro studies highlight an approach to study
parainfectious effects on the brain and enables characterisation of
the neuroglial cells themselves. The cytokine signature and
microglia reactivity post infection indicate an acute local immune
response including initial inflammation in the absence of active
viral replication in the brain that could be amenable to targeted
immunosuppression which can direct future studies.
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