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Immunity to infection

Rapid Short Communication

ChAdOx1-S adenoviral vector vaccine applied
intranasally elicits superior mucosal immunity
compared to the intramuscular route of vaccination
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COVID-19 vaccines prevent severe forms of the disease, but do not warrant complete pro-
tection against breakthrough infections. This could be due to suboptimal mucosal immu-
nity at the site of virus entry, given that all currently approved vaccines are administered
via the intramuscular route. In this study, we assessed humoral and cellular immune
responses in BALB/c mice after intranasal and intramuscular immunization with adenovi-
ral vector ChAdOx1-S expressing full-length Spike protein of SARS-CoV-2. We showed that
both routes of vaccination induced a potent IgG antibody response, as well as robust neu-
tralizing capacity, but intranasal vaccination elicited a superior IgA antibody titer in the
sera and in the respiratory mucosa. Bronchoalveolar lavage from intranasally immunized
mice efficiently neutralized SARS-CoV-2, which has not been the case in intramuscularly
immunized group. Moreover, substantially higher percentages of epitope-specific CD8 T
cells exhibiting a tissue resident phenotype were found in the lungs of intranasally immu-
nized animals. Finally, both intranasal and intramuscular vaccination with ChAdOx1-S
efficiently protected the mice after the challenge with recombinant herpesvirus express-
ing the Spike protein. Our results demonstrate that intranasal application of adenoviral
vector ChAdOx1-S induces superior mucosal immunity and therefore could be a promis-
ing strategy for putting the COVID-19 pandemic under control.

Keywords: ChAdOx1-S - mucosal immunity - SARS-CoV-2 - vaccination - vaccine vectors

Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Prof. Stipan Jonjic¢ ‘Maja Cokari¢ Brdovtak, Jelena Materljan, and Marko Susti¢ contributed
e-mail: stipan.jonjic@medri.uniri.hr equally to this work.

© 2022 Wiley-VCH GmbH www.eji-journal.eu


https://orcid.org/0000-0001-5003-3108

Eur. J. Immunol. 2022. 52: 936-945

Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is the causative agent of the COVID-19 pandemic. Despite the
asymptomatic or mild disease course for the majority of infected
people, more than 5 million people have succumbed to infection
[1]. The extensive morbidity and mortality associated with the
COVID-19 pandemic have made the development of SARS-CoV-2
vaccines an urgent global health priority.

Among the proteins encoded by SARS-CoV-2 genes, the S pro-
tein generated the most attention as it binds to the cell-surface
receptor angiotensin-converting enzyme 2 (ACE2) on the epithe-
lium in the respiratory tract, initiating viral entry and the infec-
tion of the susceptible cells [2]. Consequently, vaccine develop-
ment against SARS-CoV-2 has primarily focused on the induc-
tion of adaptive immune response targeting this viral protein.
Alongside mRNA-based vaccines [3, 4], replication-deficient ade-
noviral vector vaccines expressing full-length S protein (e.g.,
ChAdOx1-S/nCoV-19) [5, 6] were also administered worldwide.
Even though both approaches give rise to protective antibody and
T-cell responses, it is now evident that vaccination, particularly at
later time points, does not warrant complete protection against
reinfection. The reasons for this may not only pertain to the wan-
ing of antibody response and the appearance of new viral vari-
ants escaping recognition by neutralizing antibodies but also to
the fact that the intramuscular route of vaccination might not be
optimal for the induction of mucosal immunity, in particular IgA
response [7, 8]. There is substantial evidence indicating that both
local IgA antibodies and resident T cells (Trm) play a crucial role
in rapid protection against viral entry and dissemination [9]. In
a mouse model of influenza virus infection, Oh and colleagues
have shown that local IgA secretion in the bronchoalveolar space
was induced by intranasal immunization, but not after intraperi-
toneal immunization of mice with influenza virus [10]. Moreover,
mucosal IgA levels correlated with superior protection against
a secondary challenge with homologous and heterologous virus
infection when compared with circulating antibodies alone. These
and several other studies [11-13] emphasize that the intranasal
route of vaccine administration may generate a superior protec-
tion against respiratory viral infections. In addition to protection
against symptomatic infection, such an approach might also pre-
vent or reduce viral spread through the population by asymp-
tomatic individuals.

In this study, we compared intranasal and intramuscular vac-
cination of mice with adenoviral vaccine vector ChAdOx1-S. Our
results demonstrate that intranasal application of this vaccine vec-
tor expressing the S protein of SARS-CoV-2 results in a superior
IgA response, both locally and systemically, compared to the intra-
muscular route of vaccination. Moreover, CD8 T-cell response
in the lungs was also stronger after intranasal vaccination. In
a challenge experiment, using recombinant cytomegalovirus
(CMV) expressing the S protein, we showed a similar protective
capacity of both routes. Altogether, our results indicate that
mucosal immunization against SARS-CoV-2 with adenoviral
vectors may give a strategic advantage over the intramuscular
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route in the induction of immune response at the barrier mucosal
tissue.

Results and Discussion

Superior systemic IgA response after intranasal
vaccination with ChAdOx1-S vaccine

Despite the development of several different COVID-19 vaccines
that have efficiently reduced viral spread, hospitalization, and
mortality rates, the COVID-19 pandemic is far from controlled.
With the emergence of new variants carrying mutations in the S
protein of the SARS-CoV-2, it has become evident that the spe-
cific immune response acquired by intramuscular vaccination will
not sufficiently protect against breakthrough infections [14, 15].
Several recent studies related to respiratory pathogens, including
SARS-CoV-2, provided strong evidence that vaccine administered
via the intranasal mucosa could be more effective in inducing
not only IgA antibodies, but also tissue-resident cellular immu-
nity [8, 13, 16]. One could wonder why new vaccine modalities,
administered through the respiratory mucosa either as a primary
vaccination or as a booster dose, which would likely enhance
the mucosal component of systemic immunity already created by
previous intramuscular vaccination, are still not available. A few
experimental studies have already confirmed the validity of such
an approach [17, 18].

Therefore, we decided to tackle this issue by comparing
intranasal and intramuscular routes of vaccination against SARS-
CoV-2 using the commercial adenoviral vaccine vector ChAdOx1-
S [5]. We immunized BALB/c mice with 2.5 x 10° infectious units
of ChAdOx1-S, revaccinated them with the same dose 6 weeks
later, and measured IgG and IgA levels in the sera at different time
points (Fig. 1A). Three weeks after initial immunization, we col-
lected sera from mice and measured SARS-CoV-2 S-specific anti-
body response. While a single dose of ChAdOx1-S was sufficient
to induce an IgG response after both intramuscular and intranasal
immunization, IgA antibodies were only detectable in intranasally
immunized animals at this early time point (Fig. 1B). No differ-
ences in IgG antibody levels between immunization routes were
observed neither after the second vaccine dose. However, IgA anti-
body levels remained significantly higher in the group of mice
immunized intranasally (Fig. 1C). In addition, titers of IgA anti-
bodies were significantly higher in the group of mice vaccinated
intranasally, whereas this was less pronounced for IgG titers in
sera (Fig. 1D). Finally, to evaluate the neutralization capacity of
antibodies induced via different immunization routes, at 8 and
10 weeks after the first immunization we performed a SARS-
CoV-2 neutralization assay in vitro [19]. Both intramuscular and
intranasal immunization generated a robust neutralization activ-
ity of sera (Fig. 1E). Altogether, our results indicate that both
immunization routes with adenoviral vector expressing the S pro-
tein induced similar IgG levels, while the intranasal route resulted
in a stronger IgA antibody response. Our findings are in accor-
dance with the results of Hassan et al. [7, 20] showing a superior
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Figure 1. Intranasal immunization with ChAdOx1-S adenoviral vector vaccine induces a superior IgA response and a similar IgG response to
intramuscular immunization in mice. (A) BALB/c mice were vaccinated via intranasal (IN) or intramuscular (IM) route with ChAdOx1-S and were
boosted 6 weeks after the first immunization. At 3, 8, and 10 weeks after first immunization, sera were collected for analysis. (B-D) Spike-specific
IgG and IgA were assessed by ELISA (n = 5-20). Dotted lines indicate the median absorbance value of unimmunized mice sera. (E) Neutralization
titers were determined by in vitro neutralization assay (all groups n = 5). Dotted lines indicate the median value of IU/mL of unimmunized mice
sera. Dots represent individual data points. Data were analyzed by one-way ANOVA followed by Tukey’s multiple comparison test; p values indicate
significant differences (*p < 0.05; *p < 0.01, **p < 0.001, ***p < 0.0001). All experiments (B-E) have been repeated at least two times. IU: international

units.

IgA response after intranasal compared to intramuscular vaccina-
tion.

Intranasal immunization with ChAdOx1-S provides a
higher quality of mucosal immunity

It is well known that local antigen delivery substantially alters
the pattern of mucosal adaptive immune response [9]. Therefore,

we sought to investigate the differences in the development of

© 2022 Wiley-VCH GmbH

adaptive immunity in the respiratory tract upon intranasal and
intramuscular vaccination with ChAdOx1-S. We assessed whether
high levels of IgA in blood also correspond to secretory IgA in
the respiratory tract. To that aim, we performed bronchoalveolar
lavage (BAL) in mice vaccinated intranasally or intramuscularly
with ChAdOx1-S (Fig. 2A) and measured IgA and IgG in BAL 9
weeks after immunization (Fig. 2B, left). A significantly higher
level of IgA in BAL was detected in intranasally vaccinated mice
compared to animals vaccinated intramuscularly. Notably, even
IgG level in BAL was higher in mice vaccinated intranasally.
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Figure 2. Intranasal immunization with ChAdOx1-S induces a superior mucosal immunity in the lungs compared to intramuscular immunization.
(A) BALB/c mice were vaccinated via intranasal (IN) or intramuscular (IM) route with ChAdOx1-S. (B) At 6 weeks after the first immunization, mice
were boosted, and at 9 weeks mucosal, Spike-specific immune response in BALs was assessed by ELISA (n = 3-4). Dotted lines indicate the median
absorbance value of unimmunized mice sera. Neutralization titers were determined by in vitro neutralization assay (all groups n = 5). Dotted lines
indicate the median value of IU/mL of unimmunized mice sera. Dots represent individual data points. (C) Eight weeks after the first immunization,
spleen and lung homogenates were restimulated with Spike-specific peptide KNKCVNFNF (S535-543). The responding CD8 T cells were identified
by intracellular staining for accumulated IFN-y. Bars represent group means overlaid with individual data points (n = 10). (D) Tissue-resident
phenotypes of antigen-experienced CD8 T cells (CD8"CD44") were assessed by staining for CD69 and/or CD103. Data were analyzed by one-way
ANOVA followed by Tukey’s multiple comparison test; p values indicate significant differences (*p < 0.05; *p < 0.01, **p < 0.001, ***p < 0.0001). All
experiments (B-D) have been repeated two to three times. IU: international units.

Importantly, we also tested the neutralizing capacity of BAL  muscular immunization with ChAdOx1-S (Fig. 2A). Two weeks
from immunized mice. BAL derived from intranasally vacci- after the second dose, lymphocytes were isolated from spleens
nated animals showed significant neutralizing capacity, which  and lungs and stimulated with the H2-D9 restricted S protein epi-
was completely lacking in BAL of intramuscularly vaccinated tope KNKCVNFNF [24]. Epitope-specific CD8 T cells were identi-
group (Fig 2B, right). Hence, intranasal immunization with the  fied with intracellular IFN-y staining (gating strategy in Support-
adenovirus vaccine vector induces a superior mucosal antibody  ing Information Fig. S1). Although vaccination elicited CD8 T-cell
response, which can efficiently neutralize SARS-CoV-2. response in both groups of immunized mice, epitope-specific CD8

Tissue resident T cells are known to play a key role in pre- T cells were more frequent in the lungs after intranasal immuniza-
venting severe viral pneumonia and resolving the infection [21].  tion and in the spleen of the intramuscularly immunized group,
It is also well established that intranasal vaccination promotes  indicating the importance of the immunization route for the gen-
the induction of virus-specific T lymphocytes in the lungs [7, 8].  eration of local cellular immunity (Fig. 2C). Notably, a substan-
Clinical studies have shown a good correlation between disease  tially higher percentage of CD8 T cells in the lungs exhibited
resolution and T lymphocyte response [22, 23]. We, therefore, tissue resident phenotype upon intranasal immunization com-
compared CD8 T-cell response in mice upon intranasal or intra-  pared to the intramuscular route (Fig. 2D), which is in accordance
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with recently published data [7, 8] (gating strategy in Supporting
information Fig. S2). We have also performed experiments using
a peptide pool consisting of 158 overlapping peptides (JPT Pep-
tide Technologies) and observed no major differences compared
to the data obtained with the KNKCVNFNF peptide (Support-
ing information Fig. S3). Based on these results, we concluded
that ChAdOx1-S applied intranasally not only generates superior
mucosal antibody response, but also potent CD8T cell response in
lungs, which may be essential for efficient virus control.

Intranasal immunization with ChAdOx1-S confers
protection against recombinant CMV vector
expressing the S protein

To compare the protective capacity induced with different immu-
nization routes against viral infection, in the absence of a BSL3
animal facility, we performed a challenge experiment using mouse
CMV (MCMV) engineered to express S protein of SARS-CoV-2
(MCMV-S) (Fig. 3A). We have previously characterized several
MCMYV vectors and demonstrated their capacity to present for-
eign proteins [25, 26]. For this study, we generated an MCMV-S
vector, which contains the full-length coding sequence for the S
protein in place of the MCMV ie2 gene. The expression of the S
protein in purified virus stock of MCMV-S was verified by west-
ern blot (Fig. 3B). Moreover, intravenous infection of mice with
MCMV-S (Fig. 3C) induced S protein-specific CD8 T-cell response
(Fig. 3D) (gating strategy in Supporting information Fig. S1) and
SARS-CoV-2 neutralizing antibodies (Fig. 3E). A similar cellu-
lar and humoral response was evident in mice after intranasal
infection with MCMV-S (Supporting information Fig. S4). Mice
vaccinated with ChAdOx1-S were intraperitoneally challenged
with MCMV-S at 8 weeks after vaccination, sacrificed 3 and 7
days after the challenge (Fig. 3F) and viral titers in organs were
determined (Fig. 3G). On day 3 after the challenge, mice immu-
nized intranasally and intramuscularly had significantly lower
viral titers in the spleen, lungs, and liver compared to the unim-
munized group. The protection was also evident 7 days after the
challenge, when once again, viral titers in the spleen and lungs
of intranasally or intramuscularly immunized mice were lower
compared to the unimmunized group. No virus was detected in
the liver samples at day 7 after MCMV challenge. At both time-
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points, there were no differences in viral titers in any of the organs
between the intranasally and intramuscularly immunized groups
of mice. Moreover, we performed an experiment in which mice
vaccinated either intranasally or intramuscularly with ChAdOx1-S
were challenged with MCMV-S intranasally at 8 weeks after vac-
cination. Five days after the challenge, virus titer in the lungs was
dramatically reduced (2 to 3 log;, differences) in both groups of
vaccinated mice compared to the unvaccinated group (Fig. 3H).
We did not detect any plaques in spleen and liver samples at day
5 after intranasal MCMV challenge (Supporting information Fig.
S5B), which is in agreement with previously published data [27].
To test if efficient immune control of MCMV-S in the ChAdOx1-S
immunized groups depends on CD8 T cells, mice were treated
with a depleting anti-CD8ua antibody 1 day prior to intranasal
MCMUV-S challenge and viral titers were determined in organs 5
days after the challenge. Efficacy of CD8 T-cell depletion in the
spleen and perfused lungs was almost 100% (Supporting infor-
mation Fig. S6). Although the depletion of CD8 T cells resulted
in increase of viral titers, the difference between unimmunized
group of mice and group of mice vaccinated intranasally was still
significant (Fig. 3I). High level of S protein specific antibodies in
BAL of mice vaccinated intranasally (Fig. 2B) is the most likely
explanation for the control of MCMV-S virus in mice vaccinated
intranasally and depleted of CD8 T cells before challenge. All
in all, the results provide strong evidence that intranasal immu-
nization with the ChAdOx1-S vaccine vector provides an equal
or slightly better reduction of MCMV-S titer in tissues as com-
pared to intramuscular vaccination after viral challenge. One may
wonder why a high titer of neutralizing antibodies induced by
intranasal immunization failed to induce a sterilizing immunity
after the intranasal challenge with MCMV-S. MCMV uses dif-
ferent glycoprotein complexes for cell entry (e.g., gH/gL/gO or
gH/gL/MCK-2 [28]), and therefore, in MCMV-S, ectopic Spike
protein most likely does not participate in the infection of suscep-
tible cells in the respiratory tract. In that case, antibodies targeting
Spike protein may not be fully efficient in neutralizing MCMV-S,
which would explain the lack of differences in protection between
intranasal and intramuscular route of immunization. Further-
more, it is important to emphasize the differences between CMV
and SARS-CoV-2 infections. Although CMV can cause viral pneu-
monia that can manifest as ARDS [29], it primarily causes a sys-
temic infection. After initial infection of the epithelial cells, CMV

<

Figure 3. Intranasal immunization with ChAdOx1-S confers excellent protection from challenge with a heterologous virus expressing SARS-CoV-2
S protein. (A) Schematic representation of the recombinant MCMV vector (MCMV-S). The SARS-CoV-2 Spike ORF was inserted in the place of the
MCMV ie2. (B) Western blots of purified virus stocks of MCMV-S and MCMV were performed with an antibody against the SARS CoV-2 S protein.
Protein gB/M55 of MCMV was used as a loading control. (C) BALB/c mice were infected intravenously with MCMV or MCMV-S (2 x 10° PFU/mouse),
and 3 weeks later, mice were boosted. (D) Four weeks after the first immunization, spleen homogenates were restimulated with Spike-specific
peptide KNKCVNFNF (S535-543). The responding CD8 T cells were identified by intracellular staining for accumulated IFN-y. Bars represent group
means overlaid with individual data points (n = 5). (E) Neutralization titers were determined by in vitro neutralization assay (all groups n = 5). Dotted
lines indicate the median value of IU/mL of unimmunized mice sera. Dots represent individual data points. (F) BALB/c mice were vaccinated via
intranasal (IN) or intramuscular (IM) route with ChAdOx1-S. Six weeks after the first immunization, mice were boosted and 2 weeks later challenged
with either intraperitoneal (IP) or intranasal (IN) inoculation of MCMV-S (2 x 10° PFU/mouse). At different time points, namely at 3 and 7 days after
the intraperitoneal (G), or 5 days after the intranasal challenge (H-I), respectively, tissues were harvested, and viral titers were determined in lung,
spleen, and liver homogenates (n = 4-7). (I) In some groups, CD8 T cells were depleted systemically by intraperitoneal injection of 500 ng of a-
CD8a antibody 1 day before intranasal MCMV-S challenge. (G-I) Titers in organs of individual mice are shown (circles); horizontal bars indicate the
median values. Dotted lines indicate the detection limit of the assay (DL). Data were analyzed by Mann-Whitney U test (D-E, G-I); p values indicate
significant differences ("p < 0.05; *p < 0.01). All experiments (B, D, G-I) have been repeated two to three times. IU: international units.
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enters the blood stream, either as a free or cell-associated virus,
and, due to its wide cellular tropism, can infect virtually any tissue
in the host [30]. CMV also uses a plethora of immunevasins that
enable the virus to persist within the host [31]. Also, intranasal
immunization with MCMV-S failed to induce an IgA antibody
response (Supporting information Fig. S4B), which implies that
the IgA response is not protective in the context of CMV infection.
These differences are important to consider when evaluating the
data in Fig. 3, as they might explain why we observed a similar
protective capacity to MCMV-S challenge, following both immu-
nization routes. However, the fact that intranasal immunization
with ChAdOx1-S induced neutralizing antibodies in the BAL fluid
of vaccinated animals, which were completely lacking in intra-
muscularly immunized group (Fig. 2B, right), suggests that in the
context of SARS-CoV-2 challenge, intranasal route of vaccination
would provide superior protection.

Overall, our results, together with the already published data,
support the view that mucosal vaccination might have a strategic
advantage in combating respiratory viruses since it provides pro-
tection at the site of virus entry [7, 20]. In a recent study, Lapuente
et al. used intranasal application of adenovirus vaccine vectors as
a boost strategy and showed complete protection against SARS-
CoV-2 infection in mice primarily vaccinated with plasmid DNA
[8]. However, in their case, unlike in our study, as well as in the
study by Hassan et al. [11], two adenovirus vectors, Ad5 and
Ad19a, expressing the SARS-CoV-2 S protein, failed to induce a
strong immune response without prior plasmid DNA vaccination,
suggesting that these vectors differ in their capacity to establish
efficient mucosal immunity. It is currently unclear what could be
the explanation for a differential efficacy of adenovirus vectors,
but one of the possibilities could be the use of different receptors
for virus entry [8].

Concluding Remarks

Although existing COVID-19 vaccines are efficient in preventing
severe disease, we are witnessing their low efficiency in protect-
ing vaccinated people from breakthrough infection. In addition to
the viral evasion of antibody control, one reason certainly lies in
the fact that intramuscular administration of the vaccine does not
induce strong local immunity at the site of SARS-CoV-2 entry into
the body. Together with recently published data, our study using
ChAdOx1-S demonstrated that in addition to systemic immunity,
an adenovirus vector applied intranasally can induce a superior
mucosal IgA response to the S antigen, as well as CD8 T-cell
response in lungs. Antiviral antibodies also exhibited a strong
capacity to neutralize SARS-CoV-2. In addition, intranasal vacci-
nation appears to be equally protective as intramuscular vaccina-
tion against challenge infection with CMV expressing the SARS-
CoV-2 S protein. Altogether, our results further emphasize the
importance of mucosal immunization for combating respiratory
viral infections such as SARS-CoV-2.

© 2022 Wiley-VCH GmbH
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Materials and Methods

Vaccination of mice

Mice were housed and bred under specific pathogen-free condi-
tions at the Central Animal Facility, Faculty of Medicine, Univer-
sity of Rijeka. Ministry of Agriculture, Croatia, approved all exper-
iments. Age-matched, eight- to twelve-week-old female BALB/c
mice were used in all experiments. The animals were immunized
with 2.5 x 10° infectious units of the commercially available
ChAdOx1-S (ChAdOx1 nCoV-19, lot number ABW4801) diluted
in PBS. The ChAdOx1-S consisted of a replication-deficient chim-
panzee adenovirus ChAdOx1 containing the SARS-CoV-2 gene
encoding the S protein as described elsewhere [5, 32]. For
intranasal immunizations, mice were anesthetized and then inoc-
ulated using a plastic tip onto the external nares with 20 uL of
the vaccine. For intramuscular immunizations, the vaccine was
injected in a volume of 50 uL in the thigh muscles of the hind
leg. Blood samples for ELISA and neutralization analysis were
obtained from the tail vein and the retro-orbital sinus, respec-
tively. For BAL sampling, mice were sacrificed, and lungs were
rinsed with 1 mL cold HBSS supplemented with 10 nM EDTA
through the cannulated trachea. For challenge experiments, mice
were inoculated intraperitoneally or intranasally with 2 x 10°
PFU/mouse of MCMV-S. Viral titers in the organs were deter-
mined by plaque assay on murine embryonic fibroblasts [33]. In
vivo CD8 T-cell depletion was performed by intraperitoneal injec-
tion of 500 pg of a-CD8a antibody (YTS 169.4) 1 day before
MCMV-S challenge.

Detection of anti-Spike antibodies in mouse sera

SARS-CoV-2-specific IgA and IgG titers were determined by
ELISA. In short, high-binding ELISA 96-well plates (Greiner Bio-
One) were coated overnight at 4°C with 2 ug/mL of target protein
in carbonate/bicarbonate coating buffer and then blocked for 2
h at room temperature (RT). Additionally, commercially available
pre-coated plates (EUROIMMUN Medizinische Labordiagnostika
AG) were used. After incubation of samples on prepared plates,
plates were washed with PBS and incubated with HRP-conjugated
mouse IgA- or IgG-specific antibodies for 1 h at RT. The OPD sub-
strate was used to develop the reaction. The stop solution (1 M
H,S04) was added to stop the reaction. The absorbance of the
samples was read using an optic reader at 490 nm, with 630 nm
as the reference wavelength.

Virus neutralization assay
The SARS-CoV-2 isolate of B.1.1.1. lineage 297/20 Zagreb was

used in experiments (GISAID database, accession ID GISAID EPI
_ISL _3013041). Virus neutralization assay was performed as
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described in more detail in Ravli¢ et al. [19]. Briefly, serial dilu-
tions of mouse sera were preincubated with SARS-CoV-2 work-
ing stock at 37°C and 5% CO; for 90 min. Subsequently, Vero E6
cells were added to the mixture, and after 4 days of incubation at
37°C and 5% CO,, the wells with cytopathic effect were counted.
The anti-SARS-CoV-2 in-house standard was calibrated to the first
WHO International Standard for anti-SARS-CoV-2 (NIBSC, UK),
upon its availability, enabling expression of neutralization titer
(NT) in IU mL~1.

T-cell assays

Flow cytometry was performed according to the Guidelines for the
use of flow cytometry and cell sorting in immunological studies
[34]. Single-cell leukocyte suspensions for in vitro stimulation and
phenotype assay were prepared from perfused lungs and spleen as
described before [35]. Fc receptors were blocked with 2.4G2 mAb
to reduce nonspecific staining. CD8 T-cell-surface staining was
performed for the following antigens: anti-CD8a SB780 (clone:
53-6.7; 1:200), anti-CD45.2 eFluor 506 (clone: 104, 1:200), anti-
CD44 A700 (clone: IM7, 1:100), anti-CD69 FITC (clone: H12.F3;
1:100), anti-CD103 APC (clone: 2E7, 1:100), and Fixable Viabil-
ity Dye eFluor-780 (1:1000, eBioscience) were used to exclude
dead cells. IFN-y production by CD8 T cells was stimulated as
previously described [36] and examined by intracellular staining
using anti-IFN-y PE or eFluor450 (XMG1.2, 1:100) antibody. All
antibodies were purchased from eBioscience. In vitro stimulation
assay has been performed using an overlapping pool of 158 pep-
tides PepMix SARS-CoV-2 Spike (JPT Peptide Technologies) and
H2-D4 restricted S protein epitope KNKCVNFENF (GenScript). Data
were acquired using FACSAriallu (BD Biosciences) and analyzed
using FlowJo v10 (TreeStar) software.

MCMV mutagenesis

A recombinant MCMV vector expressing the SARS-CoV-2 Spike
(MCMV-S) was generated by inserting the full-length Spike ORF
from the Wuhan-1 strain (GenBank: MN_908947) [26] in place
of the MCMV ie2 gene. It was based on the BAC molecular clone
pSM3fr. The infectious virus was reconstituted by transfection of
purified BAC DNA into mouse embryonic fibroblasts.

Western blot analysis

Western blot analysis on virus preparations was performed as
described elsewhere [37]. Affinity purified mAbs (Center for
Proteomics, Faculty of Medicine Rijeka) used for Western blot
are as follows: anti-SARS-CoV-2 Spike (S1-$2.22) and anti-gB
(M55.01).

© 2022 Wiley-VCH GmbH

Immunity to infection

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8.0
(GraphPad Software, Inc.). One-way ANOVA analysis was used
to compare multiple groups at single time points. Comparisons
between two groups were performed using the Mann-Whitney U
test. p < 0.05 was considered statistically significant. In all figures,
only statistically significant differences are indicated.
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