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Hamsters immunized with formalin-
inactivated SARS-CoV-2 develop
accelerated lunghistopathological lesions
and Th2-biased response following
infection

Check for updates
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Francisco Javier Salguero2, Miles Carroll3, Rik L. de Swart1, Jose L. Gonzales1 & Nadia Oreshkova1

One of the concerns regarding vaccine safety during the COVID-19 pandemic was the potential
manifestation of vaccine-associated enhancement of disease (VAED) uponSARS-CoV-2 infection. To
investigate the suitability of the Syrian hamster model to test for VAED, we immunized animals with an
experimental formaldehyde-inactivated, alum-adjuvanted SARS-CoV-2 vaccine preparation. In two
independent experiments, challenge infection did not result in an enhancement of the clinical disease
in vaccinated animals compared with mock-vaccinated animals. However, at early timepoints (2–5
days) post-challenge, lung histopathology progressed faster and was more prominent in vaccinated
hamsters and lung tissue showedelevatedmRNA levels of IL-4 and IL-13. At later timepoints, cytokine
responses and lung pathology were comparable between vaccinated and mock-vaccinated
hamsters, underscoring the transient nature of the pathological aggravation. With this work we show
that the Syrian hamster model can be used to assess possible vaccine safety considerations in a
preclinical setting.

The coronavirus disease 2019 (COVID-19) pandemic led to an unprece-
dented global effort to develop SARS-CoV-2 vaccines. As a result, a wide
range of vaccines were approved worldwide for use in humans during the
pandemic. These vaccines includemRNAvaccines, vector vaccines, subunit
vaccines and inactivated whole virus vaccines. At the dawn of the vaccine
development for SARS-CoV-2, one of the safety concerns was related to
manifestation of events of vaccine-associated enhancement of disease
(VAED). Up until now, there are no records for such events in individuals
that have received any type of vaccine against COVID-19. Nevertheless, it
remains important to monitor the phenotype of the immune response and
the possible display of VAED in newly developed and in existing vaccines.

VAED can manifest in individuals who have been vaccinated and
subsequently contract an infectionwith the pathogen targeted by the vaccine.
It is defined as a disease presenting with more severe symptoms, or disease
with modified/unusual clinical manifestation1. VAED is a well-described

phenomenon in the context of formalin-inactivated whole virus vaccines
against human respiratory syncytial virus (HRSV) and measles virus (MeV)
used in the 1960s. A formalin-inactivated alum-adjuvanted HRSV vaccine
was applied to young children and, upon natural infection, was associated
with significantly increased hospitalization rate and two fatalities in the
vaccinees as comparedwith the control group2. Thediseasewas characterized
byhigh fever andmassive infiltrationof immune cells into the lungs, pointing
towards an immunopathological mechanism. This hypothesis was further
supported by studies in animal models, where challenge infection of vacci-
nated animals induced severe lung lesions associated with infiltration of
granulocytes (e.g. neutrophils andeosinophils) andmonocytes/macrophages,
Th2-bias of the immune response and the presence of low-avidity, non-
protective antibody responses that contributed to accumulation and
deposition of immune complexes and complement-mediated injury in lungs
(reviewed in refs. 3–6). Similarmechanisms have been described as the cause
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for developing “atypical measles” in association with a formalin-inactivated
MeV vaccine3,7. For both HRSV and MeV vaccines, formalin inactivation is
suspected to be a contributing factor to the Th2 polarization of the immune
response, since carbonyl groups generated during the inactivation process
were shown to favor Th2 responses in mice8. Furthermore, alum-based
adjuvants are recognized for drivingTh2 skewing of the immune response9,10,
and aluminum hydroxide was used as adjuvant for the formalin-inactivated
HRSV vaccine.

With respect to human respiratory coronaviruses, two new cor-
onaviruses had emerged before the pandemic SARS-CoV-2 in 2019, namely
SARS-CoV (in 2002-2003) and MERS-CoV (in 2012). For both viruses,
diverse vaccineswere tested in preclinicalmodels and results that potentially
reflect VAED were reported. In the context of SARS-CoV, a formalin-
inactivated SARS-CoV vaccine was associated with increased lung lesions
after challenge infection in non-human primates11. A double-inactivated
(with formalin and ultraviolet irradiation) whole SARS-CoV vaccine, either
adjuvantedwith alumor not, was poorly protective against disease and viral
replication, and induced eosinophilic immunopathology in the lungs of
agedmice following either homologous or heterologous challenge infection.
Youngmice were well protected and did not show lung pathology following
homologous challenge but were only partially protected and displayed lung
pathology following heterologous challenge12. Other types of vaccines have
also been shown to induce immunopathological lesions in the lungs of
mice13–15 or non-human primates16. For MERS-CoV, a gamma-irradiated
whole virus vaccine (either adjuvanted with Alum, MF59 or non-adju-
vanted) was found to bear risk for hypersensitive-type lung pathology in
mice, characterized by lung infiltrates consisting of mononuclear cells and
eosinophils, and increased levels of IL-5 and IL-1317. A similar
hypersensitivity-type response was reported in mice vaccinated with UV-
inactivated, alum adjuvanted MERS-CoV18. It should be noted that the
pathological results of some of these studies11,13,16,17 were discussed con-
troversially by others6. However, collectively these studies suggest that
VAED can be induced by inactivated coronavirus vaccines in preclinical
models, therefore implying that initial safety concerns regarding vaccines
developed against SARS-CoV-2 were reasonable.

To support safety assessment of novel vaccines for COVID-19, several
animalmodels were used to test if VAED can be induced after SARS-CoV-2
infection in the context of vaccine-induced immunity. In all studies, vaccine
preparations that are expected to induceVAEDwereused, such as formalin-
inactivated whole virus preparations19–21, denatured S protein vaccines21 or
recombinant spike protein22–24, for all of which except one study20, alumwas
used as adjuvant. While no VAED was observed in macaques, vaccinated
ferrets did show a transient increased pathology compared to mock-
vaccinated animals, characterized by eosinophilic infiltrates and perivas-
cular cuffing in the lung observed at 6 to 7 days post infection (DPI), which
resolved by 13 to 15DPI19. Inmice, Th2 skewing as well as eosinophilic and
neutrophilic infiltrates in the lungs were found early post infection, at 3 or 4
DPI, while the animals were partially protected from clinical signs and viral
replication21,22. At a later time point post infection (7 DPI), murine lungs
exhibited severe immunopathology, characterized by significant perivas-
cular infiltration of eosinophils andCD4+T cells, and increased expression
of Th2/Th17 cytokines24. Two studies have been described in golden Syrian
hamsters, with opposing findings. In one study, hamsters vaccinated twice
with a formalin inactivated vaccine had only limited pulmonary inflam-
matory infiltrates confined to the alveolar walls at 4 DPI, and had more
pronounced Th1 cytokines in lungs as compared with control hamsters
(Th2 cytokines were not reported)20. In the other study, an alum-adju-
vanted, non-stabilized spike protein vaccine induced VAED represented by
pronounced Th2 cytokine production andmassive eosinophilic infiltration
in lung tissue at 4 DPI23. In all aforementioned studies, a single necropsy
point after challenge was used to evaluate lung pathology.

To investigate the potential occurrence of VAED in Syrian hamsters in
the context of a formalin-inactivated whole virus preparation (FIWV)
adjuvanted with alum, we performed two experiments. In the first experi-
ment, we sought vaccine conditions that result in VAED. To that end, four

different vaccine regimens comprising two different antigen doses applied
in either single or prime-boost administration regimen were used to
determine if and under which condition(s) VAED would occur. Based on
the outcome of the first experiment, a second experiment was designed to
study the kinetics of VAEDduring the course of infection, using the vaccine
regimen that had resulted in the most pronounced VAED in the first
experiment. Vaccinated hamsters were compared with mock-vaccinated
hamsters and hamsters that had recovered from a previous homologous
SARS-CoV-2 challenge (re-challenge group). Our findings reveal an
accelerated onset of lung lesions in vaccinated hamsters compared tomock-
vaccinated controls. Although the differences were transient, neutralizing
antibodies in vaccinated hamsters were absent prior to challenge, andmore
pronouncedTh2 responseswere observed in lung tissue early after infection.

Results
FIWV vaccination provides partial clinical protection and no
aggravation of clinical signs after SARS-CoV-2 infection
In the first study, four different immunization regimens with formalin-
inactivated whole virus (FIWV) SARS-CoV-2 preparations were tested
(Fig. 1, upper panel) and one group of hamsters served as mock-vaccinated
control (mock-vaccinated group). Following challenge infection, all groups
exhibited loss of body weight (Fig. 2a), which in themock-vaccinated group
was most pronounced between 5 and 7 DPI. Only the 2x high dose vaccine
regimen showed significant reduction of body weight loss compared with
the mock-vaccinated group (Fig. 2b). The hamsters of the 1x high dose
group also trended towards a reduction in body weight loss, albeit not
significantly (Fig. 2a, b). Therewas a reduction in activity post SARS-CoV-2
inoculation in all groups, starting from 2 DPI (Fig. 2c, d). From 6 DPI
onwards, activity increased and pre-inoculation activity levels were reached
on 10 DPI. No statistically significant differences between the groups were
found (Fig. 2d). Overall, no aggravation of clinical signs was observed in the
vaccinated groups compared with the mock-vaccinated group.

FIWV vaccination fails to induce neutralizing antibodies prior to
challengeanddoes not protect fromvirus replication in the lungs
after challenge
Viral loads in lung tissue samples were assessed by subgenomic (sg)RNA
PCR, which is indicative for virus replication25. High viral loads were
detected in lung tissue of hamsters from the mock-vaccinated group on 5
DPI (9.32 log10 RNA copies per gram tissue on average) (Fig. 2e). The
vaccinated groups trended towards slightly decreased RNA loads, most
obvious in the group vaccinated with the 2x high dose (Supplementary
Table S1). Differences between the treatment groups and the mock-
vaccinated group were not significant. On 13 DPI, no sgRNA was detected
anymore.

Neutralizing antibodies were not detected in any of the pre-challenge
sera (-2/−1 DPI), except in two samples with low titers (5.7 and 10) in the
group vaccinated with 2x high dose regimen. All groups had measurable
neutralizing titers post challenge and interestingly, no significant differences
were observed between vaccinated andmock-vaccinated hamsters at 5 DPI
(Fig. 2f and Supplementary Table S2). These results indicate that neither of
the vaccination regimens provided sufficient priming of a neutralizing
antibody response. Twoof the groups, 1xhighdose and1x lowdose, showed
significant increase in titers between 5 and 13 DPI, and the 1x low dose
groupwas the only onewith higher titers than themock-vaccinated animals
at 13DPI, indicating overall different kinetics in humoral response between
the groups that had received different vaccination regimens.

FIWV vaccination transiently aggravates lung pathology in
hamsters
On −1, 5 and 13 DPI, four animals each per group were sacrificed and
SARS-CoV-2-related lung lesions were evaluated. Relative lung weights of
hamsters from all groups were comparable on −1 DPI. Hamsters in all
treatment groups showed a significant increase in relative lung weight at 5
DPI, reflecting the presence of inflammatory responses in the lung (Fig. 3a,
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significance annotation not shown). At 13 DPI lung weights had decreased
again without reaching baseline levels. The decrease was significant only in
the 1x high dose group, suggestive of an inflammation process that is more
acute and/or with different dynamics in this group. There were no sig-
nificant differences in relative lung weights between any of the treatment
groups and the mock-vaccinated group on either time point post challenge
infection (5 or 13 DPI). However, lungs of most vaccinated hamsters
trended towards a higher relative weight compared with the mock-
vaccinated group on 5DPI. This trend wasmost pronounced in the 1x high
dose vaccinated group.

No histopathological lesions were observed in any of the lungs before
challenge infection (Fig. 3b, c, −1 DPI). On 5 DPI, lungs of hamsters of all
groups showed clear SARS-CoV-2-related histopathologic changes. Inter-
estingly, the extentof lung lesionswas the leastprominent inanimals fromthe
mock-vaccinated group, as compared with the vaccinated animals (Fig. 3d, e
and Supplementary Table S3). The differences between themock-vaccinated
group and the two groups that had received single dose vaccinations were
significant (Fig. 3b). These results were confirmed in an independent eva-
luationperformedbya secondpathologist (SupplementaryFig. S1,R2 = 0.94).
Severity of histopathological changes was graded based on six different

Fig. 1 | Schematic representation of study designs for. a VAED model develop-
ment: establishing vaccination conditions that result in VAEDand bVAEDkinetics:
studying the kinetics of VAED during infection. Timelines for both studies are

shown, with the respective handlings and measurements. Numbers in black: accli-
matization days; numbers in green: days of vaccination; numbers in brown/red—
days post challenge infection. Illustrations were created with biorender.com.
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Fig. 2 | VAED model development study: relative body weight, activity, viral
loads and neutralizing antibody responses in hamsters after different regimens
of FIWVvaccination andSARS-CoV-2 challenge infection. aRelative bodyweight
over time expressed as percentage of body weight on the day of challenge (0 DPI)
(n = 8 per group up to 5 DPI and n = 4 between 6 DPI and 13 DPI; n = 7 and n = 3
respectively for group 1x high dose). bMean area under the curve (AUC) per group
for the period when the mock-vaccinated group had the lowest body weight, 5 to 7
DPI. Hamsters sacrificed on 13 DPI were used for the calculation (n = 4 or n = 3 for
group 1x high dose). Only significant differences are indicated. c Hamster activity
over time, expressed as runningwheel rotation counts (n = 4 (n = 3 for group 1x high
dose)). d AUC (log-transformed counts) of the 4 days encompassing the period of
activity recovery (7–10 DPI), calculated for each hamster. Calculations and data

display were performed on log-transformed counts. e Viral RNA loads in lungs, as
measured by RT-qPCR detecting subgenomic viral RNA. The 50% limit of detection
of the PCR assay is indicated by the dotted line. f Neutralizing antibody titers per
treatment group displayed over time; n = 12 for study days −34, −15 and -2/−1;
n = 4 (n = 3 for group 1x high dose) for 5 and 13 DPI. The dotted line represents the
detection limit of the test. Only statistically significant differences are indicated.
a–d Symbols show group means. e, f Symbols show individual values and bars
illustrate groupmeans. Error bars in plots a and c show SD (standard deviation), and
in all other plots 95%CI (confidence intervals). Differences with p values < 0.05 were
considered significant. Level of significance is illustrated with asterisks for the fol-
lowing p values: 0.01 to 0.05 - *; 0.001 to 0.01 - **; 0.0001 to 0.001 - ***; <0.0001 -
****; ns not significant (≥0.05). DPI days post infection.
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parameters (see materials and methods). Overall, histopathological changes
were present in all vaccination groups (Supplementary Fig. S2), but the
cumulative (“sum”) severity score was the highest in the 1x high dose group
(grade 3) compared with the mock-vaccinated group (grade 1 or 2) at 5 DPI
(Fig. 3c). The main lesions in mock-vaccinated animals included mild to
moderate thickening of alveolar walls, hemorrhages and alveolar infiltrates
consistingofmacrophages, granulocytes and to a lesser extent of lymphocytes
(Fig. 3f). These changeswere often centered around thebronchiole. The lungs
of vaccinatedanimals showedmore extensive andcoalescing changes (Fig. 3e,
g), characterized by severe type II pneumocyte proliferation (bulging cells

with plump nuclei) (Fig. 3h), prominent alveolar infiltrates of granulocytes,
macrophages and to a lesser extent lymphocytes and plasma cells. Prominent
hemorrhages (Fig. 3h) and perivascular infiltrates up to 5 rows were also
present (Fig. 3i). The perivascular cuffs were mainly composed of mono-
nuclear cells with fewer interspersed granulocytes. On 13 DPI, most histo-
pathologic changes were resolved and there was only a mild type II
pneumocyte hyperplasia with minimal perivascular infiltrates. Although
there was no statistically significant difference between the mock-vaccinated
and the vaccination groups, there was a trend towards slightly higher histo-
pathological changes still present in the vaccinated groups (Fig. 3b, c).
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Fig. 3 | VAED model development study: lung (histo)pathology. a Relative lung
weight of the left lung lobe, expressed as percentage of the body weight determined on
−1 DPI. Within-group changes between −1 and 5 DPI were significant (not anno-
tated). b Extent of histopathological lesions, expressed as percentage of the total lung
area of a section of thewhole left lung lobe. Three scoringswere performed of each slice
and the average values were calculated per hamster. c Severity of histopathological
lesions, expressed as the cumulative (sum) of scores for six separate parameters per
hamster per time point. To account for the different scale of the scores, all scores were
normalized before calculating the sum. a–c Symbols show individual values and bars
illustrate groupmeans,n = 4 per group except for group 1x highdose on 13DPI, where
n = 3. Error bars: 95% CI. Significant differences between groups are illustrated with

asterisks for the following p values: 0.01 to 0.05 - *; 0.001 to 0.01 - **; 0.0001 to 0.001 -
***; <0.0001 - ****; ns not significant (≥0.05). DPI days post challenge infection.
dMock-vaccinated group with mild extent of lung pathology (grade 1–2), often cen-
tered around bronchioles; e 1x high dose vaccinated group with extensive and coa-
lescing lung histopathology (grade 3); fMock-vaccinated group: alveolar lumina
containing macrophages and granulocytes (arrow); g 1x high dose group: coalescing
lung changes with prominent perivascular infiltrates (arrowhead); h 1x high dose
group: extensive type II pneumocyte proliferation (arrow) with alveolar hemorrhage
(arrowhead); i 1x high dose group: perivascular infiltrates with more than 5 layers of
cells (arrowhead), grade 3 blood vessel change; d–i Representative images from 5 DPI.
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Evaluation for virus infection of lung tissue with immunohistochem-
istry (IHC) staining revealed viral nucleoprotein (N) expression in nearly all
animals on 5 DPI, with a variable extent from grade 1 to grade 3 (Supple-
mentary Fig. S3a). N-protein expression wasmainly found in pneumocytes
and alveolar macrophages and to a lesser extent in bronchi and bronchiole
(Supplementary Fig. S3d, e). There were no significant differences between
mock-vaccinated and vaccination groups and no correlation between the
presence of viral antigen and the extent (Supplementary Fig. S3b) or severity
(Supplementary Fig. S3c) of histological lesions. No nucleoprotein expres-
sion was detected by IHC on 13 DPI.

FIWV vaccination promotes a Th2-skewed cytokine profile in
the lung
Expressionof keyTh1andTh2cytokines in lung tissuewasquantifiedbyRT-
qPCR (Fig. 4). Ifng, Il6 and Il2 expression was elevated in all groups at 5 DPI
and returned to (nearly) baseline levels at 13 DPI, while an increasing trend
was observed for Tnf over time. No significant differences among the groups
were observed for any of these classical Th1 cytokines at any time point.
Expression of Th2-type cytokines Il4 and Il13, however, was markedly
increased in all vaccination groups at 5DPI,with significant differences in the
groups 2x low dose (only Il4), 1x high dose and 1x low dose compared with
themock-vaccinated animals. At 13 DPI, Il4 and Il13mRNA levels returned
to near baseline levels with no significant differences between groups.

Collectively, the1xhighdoseFIWVgroup showed themostpronounced
lung histopathology at 5 DPI, as well as significant upregulation of Th2-
associated cytokines. Therefore, this vaccination regimen was selected for a
follow-up experiment, in which the kinetics of pathology and expression of
genes associated with Th-type immune biases were evaluated in more detail.

Single, high-dose FIWV vaccination provides partial protection
against SARS-CoV-2 infection-associated body weight loss
One group of hamsters (n = 15) was vaccinated once with high dose of
FIWV.Twogroups served as controls: onewas vaccinatedwithPBS (mock),

and another one was challengedwith SARS-CoV-2D614G 3weeks prior to
challenge infection of all three groups with the same virus strain (re-chal-
lenge group) (Fig. 1, lower panel). The first infection of the re-challenge
group was confirmed by analyzing viral loads in oropharyngeal swabs
(Supplementary Fig. S4a). Post challenge, the highest relative body weight
loss in the mock-vaccinated group was observed between 5 and 7 DPI
(Fig. 5a) and maximum weight loss (average of 15.9%) was comparable to
the first study (average of 14.9%). The re-challenged control animals were
protected from body weight loss. The vaccinated hamsters in this study lost
significantly less body weight compared to mock-vaccinated animals, but
significantlymore than the fully protected re-challenged hamsters (Fig. 5b).

FIWV vaccination reduces duration of viral replication in the lung
after challenge, but does not prime neutralizing antibody
response
Subgenomic RNA (sgRNA) in lung samples was not detectable in the re-
challenged animals, indicating lack of active virus replication (Fig. 5c). The
vaccinated animals were positive for sgRNA in lungs collected on 2 and 4
DPI. From 6 DPI onwards, sgRNA was not detectable in the vaccinated
animals any longer,while sgRNAwasdetected in all testedmock-vaccinated
animals up to 8 DPI. To confirm that virus reached the lungs in the re-
challenge group upon the second infection, we also performed PCR for total
viral E geneRNA.Re-challenged animals had relatively constant amounts of
RNA in the lungs for the whole post-challenge observation period, indica-
tive of lack of virus replication (Supplementary Fig. S4b and Table S4).
Detected viral RNA was most likely the result of virus inoculum that had
been taken up by immune cells to facilitate clearance. In contrast, both the
mock-vaccinated and the vaccinated groups had higher levels of total viral
RNA at 2 DPI, which then gradually decreased over time. By 10 DPI, total
viral RNA levels were comparable to those in the re-challenged group.

No neutralizing antibodies (NA) were detected in vaccinated animals
prior to challenge (Fig. 5d), corroborating previous results with the same
vaccination regimen (Fig. 2f).After challenge infection, onlyoneout of three

Fig. 4 | VAEDmodel development study: cytokine gene expression in lung tissue
as quantified with RT-qPCR. Quantities are expressed as fold change increase com-
pared to baseline levels (in lungs harvested at−1 DPI). Symbols show individual values
and bars illustrate groupmeans,n= 4per group except for group 1x high dose on 13DPI

where n = 3. Error bars: 95% CI. Significant differences between groups are illustrated
withasterisks for the followingpvalues: 0.01 to0.05 -*; 0.001 to0.01 -**; 0.0001 to0.001 -
***; <0.0001 - ****; ns not significant (≥0.05). DPI days post challenge infection.
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vaccinated animals had detectable NAs at 2 DPI and one out of three at 4
DPI. From 6 DPI onwards, all vaccinated and all mock-vaccinated animals
were NAs positive. The overall kinetics of the NA response in vaccinated
hamsters was similar to what was observed for hamsters in the mock-
vaccinated group, and significantly different from the re-challenged group.
All re-challenged animals had NAs already at 0 DPI, three weeks after the
first virus inoculation and titers increased further following re-challenge. In
contrast to the NAs, spike-binding IgG antibodies were found in all but one
vaccinated hamster (Fig. 5e) at 0 DPI, although titers were significantly
lower andmore variable than the titers in the re-challenged group.However,
the overall kinetics of the anti-spike (S) binding antibodies of the vaccinated
hamsters was similar to the re-challenged hamsters and significantly dif-
ferent from the kinetics in the naïve hamsters from the mock-vaccinated
group. Anti-nucleoprotein (N) antibodies were found in 3 out of 15 vacci-
nated hamsters prior to challenge (Fig. 5f). Titers of these antibodies
increased earlier than in the hamsters of the mock-vaccinated group but
followed the same kinetics. The re-challenged group had the highest anti-N
titers early after infection and the titers remained stable over time.

Single, high-dose FIWV vaccination accelerates lung pathology
characterized by prominent perivascular infiltrates
To evaluate kinetics of lung pathology in more detail over time, necropsies
were performed at 2, 4, 6, 8 and 10 DPI. On both macroscopic level (based
on relative lung weights, Fig. 6a) and on histological level (based on extent
and severity of pathological lesions, Fig. 6b, c), pathological lesions occurred
with accelerated kinetics in the vaccinated group as compared with the

mock-vaccinated group. The scores of all evaluated histopathological
parameters increased earlier in the vaccinated group (between 2 and 6DPI)
(Fig. 6a–d and Supplementary Fig. S5), consistent with the differences
observed at 5 DPI in themodel development study. Notably, SARS-CoV-2-
related pathological lung changes in the mock-vaccinated group reached a
similar magnitude as in the vaccinated group, but at a later timepoint (at 8
DPI), when the lung pathological lesions in the vaccinated group already
started to resolve. However, two observations revealed more prominent
lesions in the vaccinated, as compared with the mock-vaccinated hamsters.
First, on themacroscopic level, the peak in relative lungweight in themock-
vaccinated animals was observed at 6 DPI but overall remained lower than
in the vaccinated group (Fig. 6a), suggestive of higher inflammation burden
in the lungs of the vaccinated hamsters. Second, on the histological level, the
perivascular cuffing up to 6 DPI was consistently more pronounced in the
vaccinatedanimals as compared to themock-vaccinatedanimals and from8
DPI decreased in both groups (Fig. 6d, g, h and Supplementary Fig. S5).
Perivascular infiltrates were composed of mononuclear cells intermingled
with granulocytic cells (eosinophilic, heterophilic or neutrophilic) (Fig. 6i).
In the re-challenged group, hamsters displayed only mild histopathological
changes characterized by a mild increase of inflammatory cells within the
alveoli (throughout the whole observation period), mild thickening of the
alveolar walls (between 4 and 10 DPI) and small perivascular infiltrates
(observed only on 2 DPI) (Fig. 6j and Supplementary Fig. S5). No other
histopathological lesions were observed in this group.

Viral protein expression in the lungs of vaccinated animals clearly
trended towards reduced expression over time as compared with themock-

Fig. 5 | VAED kinetic study: relative body weight, viral loads and antibody
responses following challenge infection with SARS-CoV-2. a Relative body weight
over time expressed as percentage of body weight on the day of challenge infection (0
DPI); n = 15 at 0 DPI and decreasingwith 3 hamsters on every evenDPI. bArea under
the curve (AUC) for 5 to 7DPI, calculated for each hamster and shown as groupmeans
(n = 6, subgroups sacrificed at 8 and 10DPI were used for graphical representation and
statistical analysis). Only significant differences are indicated. cViral RNA loads in lung
tissue, as measured by RT-qPCR detecting subgenomic viral RNA. The 50% limit of
detection of the PCRassay is indicated by the dotted line. No viral RNAwas detected in
the re-challenged animals. d Neutralizing antibody titers (end-point titers). Left panel
shows datapoints at 0 DPI (n = 15). Right panel displays titers post challenge over time

(n = 3 per time point). End-point ELISA titers of total anti-spike (e) and anti-
nucleoprotein (N) (f) IgG antibodies. Left panels shows datapoints at 0 DPI (n = 15).
Right panels display titers post challenge over time (n = 3 per time point). The dotted
lines in all plots represent the detection limit of the respective test. a, b Symbols show
group means; c–f Symbols show individual values, n = 3 per group per timepoint;
d–fbars illustrate groupmeans.Error bars in plota showsSD, and in all otherplots 95%
CI. Differences in groupmeans (b) and group contrasts over time between 2 and 6DPI
(d–e) with p values < 0.05were considered significant. Level of significance is illustrated
with asterisks for the following p values: 0.01 to 0.05 - *; 0.001 to 0.01 - **; 0.0001 to
0.001 - ***; <0.0001 - ****. DPI days post challenge infection.
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vaccinated animals (Supplementary Fig. S6a). No viral protein expression
was detected in any of the lungs of the re-challenged animals. The immu-
nohistochemistry scores (used to evaluate the spread of virus in lungs) and
the levels of viral sgRNA correlated well in both vaccinated and mock-
vaccinated groups (Supplementary Fig. S6b). No correlation was observed
between viral protein expression in lungs and extent or severity of histo-
pathological lesions (Supplementary Fig. S6c, d).

Single, high-dose FIWV vaccination promotes a Th2-type cyto-
kine signature in the lung after SARS-CoV-2 infection
Amultiplex mRNA analysis of the local immune response to SARS-CoV-2
infection in hamster lungs was performed on n = 128 selected genes that are
associated with Th1, Th2, Th17 and Treg pathways, and with several

immune cell populations (Supplementary Table S5). Consistent with the
clinical and pathological observations, gene expression in the lungs of the
vaccinated hamsters was more comparable to the mock-vaccinated ham-
sters and distinct from the re-challenged animals (Supplementary Fig. S7).
Principle component analysis (PCA) revealed that most samples of the re-
challenge group clustered relatively closely together regardless of the
necropsy day (Fig. 7a), suggesting limited consistent changes in gene
expression of the surveyed transcripts over time in response to the second
SARS-CoV-2 infection in this group. Based on the first PC, samples of the
vaccinated group from 2 DPI separated more clearly from the bulk of both
mock-vaccinated and re-challenged animals from the same DPI, which
points towards an earlier (“faster”) vaccine-dependent response on gene
expression level in the immunized animals. Samples from 4 and 6 DPI
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largely formed separate clusters but did not segregate into distinct clusters
for the vaccinated andmock-vaccinated groups. Samples obtained on 8DPI
were most variable and spread most heterogeneously. Samples taken on 10
DPI clustered closely with the re-challenge group, suggesting that gene
expression changes in response to infection were already attenuated at
this point.

Pathway analysis revealed that the Th1, Th2, Th17 and Treg pathways
were regulateddifferently in themock-vaccinated and thevaccinated groups
as comparedwith the re-challenge group (Fig. 7b). Notably, they followed a

similar trend over time: Th1, Th17 andTreg pathwayswere downregulated,
while the Th2 pathway was up-regulated in both groups. Th2 pathway
upregulation followed similar kinetics over time in both groups. However,
themagnitude of activationwas significantly higher in the vaccinated group
at 2 DPI, and still higher (without reaching significance) at 4 DPI (Fig. 7b).
Expression levels of individual genes corroborated the pathway scores, since
transcripts associated with Th2-skewing of the immune response were
upregulated in the vaccinated group, especially early after infection (2 and 4
DPI) (Fig. 7c). There was a marked upregulation of the Th2-associated
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cytokines Il4 and Il13 in this group as measured by both nCounter tech-
nology and RT-qPCR (Supplementary Fig. S8). Although the correlation
between the two measurements (RT-qPCR and nCounter) was moderate
(R2 = 0.45 for Il4, R2 = 0.19 for Il13), both revealed the same trend early post
infection (2 and 4 DPI) (Supplementary Fig. S8). Furthermore, the che-
mokine Ccl22 was markedly increased (Fig. 7c). This chemokine is mainly
expressed by macrophages and dendritic cells26 and attracts Th2-polarized
lymphocytes via their CCR4 receptor27. Th1 pathway expression differed in
kinetics between the vaccinated and the mock-vaccinated group, showing a
faster recovery to baseline in the former group (Fig. 7b), which coincided
with upregulation of several genes associatedwith Th1/Th17-response on 6
DPI and 8 (Fig. 7c). Similar to the first study, individually measured tran-
scripts of Ifng, Tnf, Il6 and Il2 did not show clear differences between the
vaccinated and the mock-vaccinated animals (Supplementary Fig. S9). The
Th17 pathway was the least activated in the vaccinated group at 2 DPI, and
overlapped with themock-vaccinated group at later timepoints (Fig. 7b). In
contrast, the Treg pathway score overlapped for the vaccinated and mock-
vaccinated group early post infection (2 and 4 DPI), but showed a trend of
faster recovery in the vaccinated group from 6 DPI onwards (Fig. 7b).
Transcripts associated with the Th17 and the Treg pathways were hetero-
geneously represented, with some genes upregulated and some down-
regulated in the vaccinated group (Fig. 7c).

Next to the Th pathway-associated genes, a significant upregulation of
a cluster of genes associated with immune cells was also observed in the
vaccinated group, most prominently on 4 and 6 DPI (Fig. 7c). Of note, this
coincided with the increased perivascular cuffing observed in this group
(Fig. 6d). Transcripts associated with T-cells and cytotoxic cells were enri-
chedmainly at 6 and8DPI,which correlatedwith the faster activation of the
Th1 and the Treg pathways in vaccinated animals (Fig. 7b). Transcripts
associated with neutrophils and macrophages were less abundant in the
vaccinated groupat 4 and6DPI, respectively.Given thepronounced cellular
infiltration of the lungs of the hamsters in the vaccinated group at these time
points, this finding most likely reflects changing ratios between cell popu-
lations, rather than decreased abundance of macrophages and neutrophils
in absolute numbers.

Discussion
Vaccine Associated Enhanced Disease (VAED) is a well-described phe-
nomenon in the context of formalin-inactivated whole virus vaccines
against human respiratory syncytial virus (HRSV) andmeasles virus (MeV)
used in the 1960s7,28. However, a unified definition of this phenomenon
remains challenging. In 2021, a case definition of the term “Vaccine Asso-
ciated Enhanced Disease” was proposed by a group of experts within the
Brighton Collaboration, summoned by the Coalition for Epidemic Pre-
paredness Innovations (CEPI) in the context of developing safe vaccines for
SARS-CoV-2 and other emerging pathogens1. According to the definitions
from this working group, a probable case of VAED in a previously ser-
onegative vaccinated individual is characterized by the following criteria: (1)
Laboratory confirmed infection with the pathogen targeted by the vaccine;
AND(2)Clinicalfindings of disease involving one ormore organ systems (a

case of VAERD (vaccine-associated enhanced respiratory disease) if the
lung is the primarily affectedorgan);AND(3) Severe disease as evaluatedby
a clinical severity index/score (systemic in VAED or specific to the lungs in
VAERD); AND (4) Increased frequency of severe outcomes (including
severe disease, hospitalization and mortality) when compared to a mock-
vaccinated population (control group or background rates); AND (5) Evi-
dence of immunopathology in target organs involved by histopathology,
when available, including among others: present or elevated tissue eosino-
phils in tissue and elevated pro-inflammatory Th2 cytokines in tissue (Il4,
Il5, Il10, Il13) AND the absence of identified alternative etiology29).

Early in the COVID-19 pandemic, it was disputed whether Syrian
hamsters were a suitable model for studying VAED in the context of
candidate SARS-CoV-2 vaccines. These doubts were based on previous
results obtained while studying SARS-CoV infection in hamsters13,30.
Recently, a study in golden Syrian hamsters vaccinated with formalin-
inactivated whole SARS-CoV-2-based vaccine preparation showed no
evidence of enhanced pathology in vaccinated hamsters at 4 DPI20. In
that study, an unadjuvanted vaccine preparation was used, and neu-
tralizing antibodies were measurable prior to challenge. In contrast,
another study in golden Syrian hamsters designed to promote the
occurrence of VAED by using a non-stabilized SARS-CoV-2 spike
protein adjuvanted with aluminum hydroxide as a vaccine, did report
VAEDassociated with up-regulation of Th2 cytokine genes (Il4, Il5 and
Il13), inadequate levels of neutralizing antibodies and presence of non-
neutralizing antibodies23. The results of this study are in line with the
definition for VAED cited above, and with our own findings in the two
hamster studies reported here. We consistently observed aggravated
lung pathology post challenge, associated with increased perivascular
infiltration of mononuclear cells and granulocytes, and the upregula-
tion of Th2 cytokines (Il4 and Il13) in lung tissue of vaccinated hamster
when compared to naïve hamsters. We did not detect an increased
severity or frequency of clinical outcomes. However, to our knowledge,
clinical aggravation has never been reported in vaccinated as compared
to mock-vaccinated animals in SARS-CoV-2 models.

In both studies, bodyweight loss in themock-vaccinated hamsters was
overall similar, with maximum weight loss during the period used for sta-
tistical analysis averaging 14.9% in themodel development study and 15.9%
in the kinetics study. However, the body weight loss in the 1x vaccinated
group of the kinetics study was less pronounced than in the 1x high dose
groupof themodel development study, (maximumweight loss average5.8%
vs. 12.0%) and body weight recovery started a day earlier—at 4 DPI instead
of 5 DPI. This discrepancy could be due to various factors, including
between-study variations, sample size, andpotentially the sexof the animals.
It has been demonstrated that body weight loss differs between male and
female hamsters post SARS-CoV-2 challenge infection31. In our model
development, both sexes were used, while in the kinetics study only females
were included.This choicewasmade to reduce animal-to-animal variability,
as the group size for each necropsy time point was small. For future
experiments using thismodel as a control for VAED, it is essential tomatch
the sex of the animals with those used in the candidate vaccine groups, and

Fig. 7 | VAED kinetic study: expression of selected genes and Th-2 skewing in
lungs of infected hamsters. Digital nCounter technology was used to survey
expression patterns of n = 128 genes associated with either Th1, Th2, Th17 and Treg
pathways or with different immune cells populations. a Principal component ana-
lysis based on ln(x)-transformed normalized count values obtained for all profiled
genes in hamster lungs. Unit variance scaling was applied to rows and singular value
decomposition with imputation was used to calculate principal components 1 (PC1)
and 2 (PC2), which are plotted on the X and Y axis and explain 32.9% and 28.9% of
the variance in the dataset, respectively. Colors indicate the different necropsy days
and symbols represent different treatment groups. The ellipses in green are only for
visualization purposes. b Immune response patterns on Th-pathway level. Pathway
scores related to the indicated 4 different T cell subsets were plotted over time.
Symbols represent individual scores, and the lines shows the group means; n = 3 per
group per timepoint. Level of significance is illustrated with asterisks for the

following p values: 0.01 to 0.05 - *; 0.001 to 0.01 - **; 0.0001 to 0.001 - ***; <0.0001 -
****. DPI days post challenge infection. c Differentially expressed genes on at least
one of the necropsy days (p < 0.05; no fold change cut-off; n = 3 per group and DPI)
when comparing vaccinated vs. mock-vaccinated AND vaccinated vs. re-challenge
groups. n = 37 genes fulfilled these criteria: n = 28 were upregulated (upper cluster)
and n = 9 were downregulated (lower cluster) in association with the vaccination.
For any given gene, brown indicates higher expression relative to all samples’ average
and blue indicates lower expression (difference of ±1 = values are one SD away from
the average of the row). Note that expression levels can only be compared within a
row (i.e. per gene across samples), not between different rows. The numbers in
column “DPI” indicate the day(s), when a specific gene was significantly upregu-
lated, as compared to both the mock-vaccinated and re-challenge group. Genes
associated with Th2 pathway are shown in pink, genes associated with Th1 pathway
are shown in green, and immune cells are highlighted with blue.
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ensure group sizes are sufficiently large to account for variability in the
readout parameters.

In our first study, animals were sacrificed at 5 or 13 DPI. At 5 DPI, the
vaccinated hamsters exhibited a transient increase in the severity of
pathological lesions, compared with the mock-vaccinated hamsters. By 13
DPI, no clear histological differences were observed between the groups,
although the vaccinated hamsters showed a slight trend toward higher
histological scores. However, the limited number of animals per time point
and the inclusion of only two necropsy time points made it challenging to
fully elucidate the kinetics of the observed processes. Therefore, in the
second study, the development of lung pathology was followed over time. It
became evident that rather than the overall severity of histological lung
lesions, the types of lesions and the kinetics of pathological changes dis-
tinguished the vaccinated from the mock-vaccinated hamsters. The
pathological lesions associated with FIWV vaccination had accelerated
kinetics, manifesting with faster exacerbation, followed also by faster
recovery as compared with the mock-vaccinated group. An important
exception to the overall trend of faster recovery in the vaccinated animals
were the perivascular infiltrates, which remainedmost pronounced in these
animals up to 6 DPI, and gene expression profiles showing enrichment of
immune cell-associated transcripts up to 8 DPI. The perivascular infiltrates
consisted of mononuclear cell and several granulocyte cell types (eosino-
philic, heterophilic or neutrophilic). Eosinophils are known to play an
important role in the vaccine-associated immunopathology of the lung.
However, in hamsters, it is particularly challenging to distinguish eosino-
phils from other types of granulocytes. The predominant type of granulo-
cyte in blood of hamsters are neutrophilic granulocytes32, which are also
known as pseudoeosinophils or heterophils, because their granules stain
with eosin33. True eosinophils compose only a small percentage of the blood
cell fraction and differentiation from neutrophils based on their morphol-
ogy is unreliable34. Additional staining methods have been suggested to
discriminate eosinophils from neutrophils/heterophils23,35. However, we
were unable to establish a satisfactory method for eosinophil-specific dif-
ferentiation. Furthermore, dense inflammatory infiltrates in both naïve and
vaccinated hamsters further complicated the differentiation between eosi-
nophils and neutrophils. Therefore, we did not discriminate between the
different types of granulocytes in thehistology analysis.Overall,weobserved
more pronounced infiltrates in the perivascular space with an increase in
eosinophilic and heterophilic/neutrophilic cell populations in the vacci-
nated hamsters as compared with the mock-vaccinated hamsters.

Concurrent with the accelerated lung histopathology, gene expression
profiles revealed more prominent Th2 skewing of the immune response in
the vaccinated compared with mock-vaccinated hamsters early after
infection (2 and 4 DPI). This activation was associated with increased
production of the Th2 cytokines Il4 and Il13, and the chemokine Ccl22.
Despite this early and stronger skewing of the immune response towards a
Th2 phenotype, the vaccinated hamsters recovered faster in terms of Th1
and Treg regulation, and histological lesions observed in the lung. By 10
DPI, histological changes were largely resolved and expression of the genes
associated with Th-pathways and immune cells were comparable in re-
challenged, mock-vaccinated and vaccinated animals. This observation
contrasts with results obtained in mice after challenge with either SARS-
CoV or SARS-CoV-2, where enhanced lung histology accompanied by
pronounced eosinophilic infiltration was observed at 10 DPI in association
with vaccination22,36,37, underscoring species-specific differences in the ani-
mal models used for preclinical studies. Intriguingly, in a recent work in
ACE2-humanized mice, local and systemic upregulation of Th17 was
reported at 7 DPI in animals vaccinated with the S1 and S2 extracellular
domains of the SARS-CoV-2 Spike protein, adjuvanted with alum24. This
finding contrasts our results in hamsters. From all genes associated with
differential T-cell regulation, the selected genes associated with the Th17
pathway were the most abundant (Supplementary table S5), yet the only
difference between vaccinated and mock-vaccinated animals was observed
very early post infection (at 2 DPI), when the Th17 pathway was the least
activated in the vaccinated group. The observed difference could be a result

of species differences, dissimilar vaccines used, and the distinct challenge
used in the mouse study, namely first a low dose, followed 3 days later by a
high dose of the same challenge virus.

In our studies, we established the presence of binding, but the absence
of neutralizing antibodies in the vaccinated hamsters. Antibody disease
enhancement (ADE) mediated by vaccine-induced non-protective anti-
bodies iswell-studied forHRSV,measles andDENV(summarizedby ref. 1).
For SARS-CoV-2, in vitro evidence for antibody-mediated enhanced cell
entry has been found in experiments with human lymphoid cell lines and in
other cell lines expressing Fcγ receptor or hACE2 receptor (reviewed by
ref. 38). In human macrophages however, despite Fcγ-mediated inter-
nalization of SARS-CoV-2, the virus is uncapable of productive replication
in those cells38, arguing against the possibility of a directmacrophage-driven
ADE. Furthermore, when antibodies found to be enhancing in vitro were
administered to mice and NHP, no disease or pathology enhancement
in vivo was observed39. These results in preclinical models, together with
studies proposing that antibody effector functions other than neutralization
play a role in preventing ADE manifestation38,40–42, suggest that the accel-
erated pathology observed in our study is not a sole result of the presence of
non-protective antibodies. Rather, a combination of lack of neutralizing
antibodies, a Th2-skewed immune response, and the presence of non-
protective antibodies facilitating possible immune complexes formation
seem to be a plausible explanation for the lung pathology in vaccinated
hamsters. With respect to the nucleoprotein (N) and anti-N antibodies, it
has been shown that the N protein has the ability of inducing macrophages
to produce high levels of IL-6, one of the cytokines associated with severe
disease in COVID-19 patients43. Moreover, the N protein aggravates lung
injury and promotes IL-1β and IL-6 secretion in mouse models44. Anti-N
antibodies enhanced the effect of N on IL-6 production by macrophages45

and sera from patients with severe COVID-19 had high concentration of
anti-N IgG46. However, in our hamster model, only 3 vaccinated animals
had detectable levels of anti-N binding antibodies prior to challenge.
Although anti-N antibodies increased earlier in vaccinated hamsters, the
overall kinetics followed the same slope as in mock-vaccinated hamsters.
Moreover, we did not observe increased production of IL-6 on the tran-
scriptional level in vaccinated as compared with mock-vaccinated animals.
Collectively, these findings suggest that anti-N antibodies did not play a
pivotal role in the accelerated lung pathology in our hamster model.

One point of attention indicated by Munoz et al. is the importance of
methodically clearing challengematerials and vaccines from cellular debris,
which may otherwise enhance reactogenicity in animal models and bias
observations1. In our study, significant effort was devoted to purifying the
vaccine preparation from culture contaminants to avoid sensitization of
vaccinated animals towards those contaminants, but the inoculum itself was
administered unpurified. In that context, it cannot be ruled out entirely that
the accelerated Th2-enhanced response is (partially) associated with sen-
sitization towards inoculum contaminants. However, if that would be the
case, a double vaccination regimen would be expected to manifest as
stronger pathological response towards challenge infection, but we did not
observe such a trend in our first study. Therefore, it is unlikely that sensi-
tization towards inoculum contaminants can explain the Th2 polarization
and the accelerated lung pathology in vaccinated hamsters. To avoid con-
cerns about challenge inoculum purification, a standardized transmission
model can be considered for future studies exploring VAED.

There are several limitations to this study.We chose to perform a gene
expression survey with pre-selected genes, instead of complete unbiased
transcriptomics analysis. The power of such a targeted survey is the focused
inquiry of only a relevant group of genes of interest. At the time of selecting
target genes for our study, Syrian hamster-specific gene annotations for
either genome-wide or immunologically-focused transcriptional analysis
were still largely unavailable. Therefore, some of the genes identified by
Ebenig et al.23 as potentially additional important players behind the VAED
mechanism (i.e. Il19 andCcl11) or byNouallies et al.47 as geneticmarkers for
immune cells were not included in our custom multiplexed hybridization
panel.However, it is important to note that the key genes associatedwithTh
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regulation are represented in our custom nCounter panel, including Il4, Il5
and Il13, which are considered as the pivotal cytokines indicative of Th-2
skewing of the immune response48. Therefore, we were able to gain insights
into the Th-skewing of the treatment groups in the kinetics study. Another
limitation of our study is the translatability of the obtained data in hamsters
to the human situation. To this date, there is no evidence of vaccine-
associated disease enhancement in humans following natural infectionwith
SARS-CoV-2. Furthermore, a recent study49 examined the risk of ICU
admission and severe illness in hospitalized COVID-19 patients. Their
findings revealed that vaccinated individuals experienced significantly lower
disease severity, providing strong evidence against the occurrence of
vaccine-associated enhanced disease (VAED). Given that COVID-19 vac-
cines have beenadministered on anunprecedentedglobal scale, a significant
occurrence of VAED would likely have been detected by now. The lack of
such evidence strongly suggests that VAED is not a relevant risk in the
context of COVID-19 vaccination. It is however important to have readily
available models in which safety of new vaccines for SARS-CoV-2 or other
pathogens can be tested1.

In conclusion, our data support the hypothesis that Syrianhamsters are
a suitablemodel for inducingVAEDwithFIWVadjuvantedwith alum.The
vaccination elicited spike-binding antibodies and virtually no neutralizing
antibodies prior to challenge. Post challenge, animals did not display
aggravation of clinical disease as compared with mock-vaccinated animals.
VAED manifested with early upregulation of Th2 cytokines (Il4 and Il13)
and chemokines (Ccl22) and faster progression of immunopathology,
characterized by more pronounced and prolonged perivascular infiltrates,
and dominated by eosinophilic and heterophilic/neutrophilic cell species.

Materials and methods
Ethical statement
Wageningen Bioveterinary Research is authorized to perform animal
experiments according to the Dutch Law on Animal Experiments (WoD)
and in accordance with European legislations and guidelines. The current
study was performed under project license no. AVD4010020209446 of the
Dutch Central Authority for Scientific procedures on Animals (CCD). The
experimental plan was approved by the Animal Welfare Body of Wagen-
ingen University and Research prior to the start of the in-life phase. Pro-
tocols were prepared in compliance with 3 R policies, and the study reports
are presented in compliance with the ARRIVE guidelines50.

Vaccine preparation
For production of the virus stock, Vero/hSLAM cells (Sigma-Aldrich,
Merck, Darmstadt, Germany, Cat# 04091501-1VL) were used, cultured in
minimum essential medium (Life Technologies, Carlsbad, CA, USA) sup-
plemented with 4% heat-inactivated FBS (Sigma-Aldrich), 25mM Hepes
(Life Technologies) and geneticin (0.4 µg/ml) (Gibco, Thermo Fischer
Scientific;Waltham,MA,USA). Production of the stock, preparation of the
formalin-inactivated whole virus (FIWV) SARS-CoV-2 vaccine, and the
subsequent purification and characterization of the FIWV have been
described previously19. Prior to administration, frozen formalin-inactivated
whole virus was thawed, diluted with phosphate buffered saline (PBS), and
mixed 1:1 with 2% Alhydrogel (InvivoGen, Toulouse, France) to a final
concentration of 0.5 µg vaccine antigen per dose (low dose) or 5 µg vaccine
antigenper dose (highdose) for thefirst study, or to 5 µg vaccine antigenper
dose for the second study. The same vaccine preparation was used for both
studies described in this manuscript.

Viruses and cells
The virus used for inoculation in both studies was SARS-CoV-2 D614G,
strain SARS-CoV-2/human/NL/Lelystad/202051. In the first study, an
undiluted virus stock prepared as previously described51 was used at a dose
104.22 TCID50 per hamster. For the second study, the virus stock was
obtained following a second passage of the original isolate on Vero/hSLAM
cells at MOI 0.0001. The culture medium consisted of MEM (Gibco,
Thermo Fischer Scientific; Waltham, MA, USA, Cat# 21090;),

supplementedwith2%FCS, 1%antibiotic/antimycotic, 1%L-glutamine, 1%
MinimalEssentialMediumNon-EssentialAminoAcids (MEM-NEAA) (all
fromGibco). Inoculations of hamsters were performedwith undiluted virus
stock at a dose of 104.13 TCID50 per hamster. Sequences of both virus stocks
were determined by next generation sequencing and were identical to the
original isolate, with no deletions ormutations in the furin cleavage site. For
virus neutralization test, VERO-E6 cells (ATCC® CRL-1586™; Manassas,
VA,USA)were used, cultured inMEM(Gibco,Cat# 21090;), supplemented
with 5% FCS, 1% antibiotic/antimycotic, 1% L-glutamine, 1% Minimal
Essential Medium Non-Essential Amino Acids (MEM-NEAA) (all
from Gibco).

Experimental design
For both studies, Syrian hamsters (Mesocricetus auratus), strain RjHa-
n:AURA were obtained from Janvier, France. All hamsters were housed
solitary in cages with open grids in one animal room under human BSL3
containment level. Water and food were provided ad libitum. Hamsters
weremonitoreddaily for their general health from thedayof arrival until the
end of the study and were allowed to acclimatize for at least 7 days before
subjected to any study-related handlings. Vaccines and mock-treatment
(phosphate buffered saline (PBS)) were administered intramuscularly (IM)
by injection of 100 µL in the left hind leg. Where relevant, booster vacci-
nation was administered IM in the right hind leg. Body weights of all
hamsters were measured approximately twice per week during the accli-
matization and vaccination period. Blood drawn from the retroorbital sinus
and challenge infectionwith SARS-CoV-2 via the intranasal (IN) routewere
performed under general anesthesia with 0.15mg/kg medetomidine
(Sedastart, ASTfarma; Oudewater, The Netherlands) and 100mg/kg keta-
mine (Narketan, Vetoquinol; Breda, The Netherlands). The anesthesia was
antagonized with atipamezole (Sedastop, ASTfarma; Oudewater, The
Netherlands). Animals were euthanized by anesthesia with 0.25mg/kg
medetomidine and 200mg/kg ketamine, followed by exsanguination.
Definition of humane endpoints (HEPs) were described previously51.

VAEDmodel development: establishing vaccination conditions that
result in VAED (Fig. 1, upper panel). A total of 60 golden Syrian ham-
sters, (30 male and 30 female), 6–8 weeks of age at arrival, were used for
the study. Hamsters from the same sex were assigned to one of 5 treat-
ment groups (n = 6 males and n = 6 females per group) based on equal
distribution of body weights across groups and subgroups (per day of
euthanasia). One group of hamsters was immunized with a low (0.5 µg)
dose, and one with a high (5 µg) dose of FIWV vaccine 33 days prior to
challenge (−33 DPI) and then at−14 DPI (2x low dose and 2x high dose
groups, respectively). Two other groups received either a single low or
high dose of the same vaccine at−14 DPI only (1x low dose and 1x high
dose, respectively). The fifth group received a vaccination with PBS at
−14 DPI and served as mock-vaccinated control. All vaccinations were
applied in a volume of 100 µl via the intramuscular (IM) route. Thirteen
days post last vaccination (−1 DPI), n = 4 hamsters of each group were
sacrificed for necropsy and served as unchallenged controls. The rest of
the hamsters (n = 8 hamsters per group) were inoculated with SARS-
CoV-2 at 0 DPI. From the inoculated hamsters, n = 4 per group were
euthanized at 5 days post inoculation (5 DPI) and the other n = 4 animals
per group were sacrificed at 13 DPI. During the challenge phase, body
weights were measured daily. In addition, activity of the hamsters to be
sacrificed on 13 DPI (n = 4 per group) was monitored daily by means of
individual activity tracking wheels (Tecnilab BMI, Someren, The
Netherlands)51. The running wheels were connected to an automatic
rotation counter. Counts were recorded once per 24 h at approximately
the same time of day and the counterswere reset to 0.One completewheel
rotation corresponded to 4 counts. Serum samples were collected on the
day prior to each vaccination (−34 and −15 DPI), two days prior to
challenge (-2 DPI) and on both necropsy days (5 and 13 DPI) by retro-
orbital puncture under general anesthesia. From the hamsters that were
euthanized at -1 DPI, serum samples were taken during necropsy. At
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necropsy, the left lung lobe was weighed and collected for pathological
investigation, while cranial, medial and caudal right lung lobes were
collected for viral load. The cardiac lung lobe was collected for cytokine
measurements.

One hamster of the 1x high dose vaccine group reached a HEP on 7
DPI, showing depression, abdominal breathing and 19% body weight loss,
and it was euthanized. This same animal also exhibited nonspecific symp-
toms (ruffled fur, hunched posture, and reduced alertness) on the day of
challenge infection, prior to administration of the anesthesia. Furthermore,
it was also one of the smallest in the study and consistently had the lowest
body weight from −5 DPI until reaching HEP at 7 DPI, except for two
measurements (0DPI and 3DPI).We cannot rule out the possibility that an
unknown underlying condition contributed to the deterioration of the this
onehamsterpost-challenge.Therefore, data fromthis hamsterwas excluded
from the study.

VAED kinetics: investigation of the kinetics of VAED during infection
(Fig. 1, lower panel). A total of 45 female golden Syrian hamsters,
8 weeks of age at arrival, were assigned to one of 3 treatment groups
(n = 15 animals per group in total) based on equal distribution of body
weights across groups and subgroups (per day of euthanasia). One group
of hamsters was inoculated INwith SARS-CoV-2 (re-challenge group) at
−22 DPI. To confirm successful infection in this group, oropharyngeal
swabs (MW100, Medical Wire, Corsham, UK) were collected every 2 to
3 days, starting 3 days prior to inoculation until 10 days post inoculation.
Hamsters from the other two groups were injected IM at −14 DPI with
either vaccine (5 µg vaccine antigen) or with PBS (1x vaccinated and
mock-vaccinated groups respectively), both in a volume of 100 µl. Two
weeks post vaccination (vaccinated and mock-vaccinated groups) and
approximately 3 weeks post first challenge (re-challenge group), all
hamsters were inoculated IN with SARS-CoV-2 (0 DPI). At 2, 4, 6, 8 and
10 DPI, n = 3 hamsters per group were euthanized to perform necropsies
and to collect lung tissue. The left lung lobe was collected for pathological
analysis and the right caudal and cardiac lobes for virological andmRNA
expression analysis (Nanostring® nCounter technology, Seattle, WA,
USA). During the challenge phase, body weights were measured once
daily starting 5 days prior to challenge and ending on the day of necropsy.
Serum samples were collected before vaccination, prior to challenge and
during necropsy by retroorbital puncture under general anesthesia.

Pathological evaluation of lung tissue and
immunohistochemistry
The left lung lobe was removed and weighed, and the weight was expressed
as percentage of the body weight measured on the day of challenge (relative
lung weight). Subsequently, the left lung lobe was gently inflated and
immersed in 10%neutral buffered formalin,fixed for 14days and embedded
in paraffin, sectioned at 5 μm and stained with hematoxylin and eosin
(H&E) for histological examination. Thepercentage of the total extent of the
left lung lobe that was microscopically affected by SARS-CoV-2-related
lesions, was estimated in a blinded fashion by a board-certified veterinary
pathologist. Three blinded estimates with different order of slides were
performed and averaged for afinal score. For themodel development study,
a section from the lung of each hamster from both 5 and 13 DPI was
evaluated by a second, independent board-certified veterinary pathologist in
a blinded fashion. Percentage of affected lung tissue was calculated using
digital image analysis (Nikon NIS-Ar software, Tokyo, Japan). The agree-
ment between the scores assigned by both pathologists was assessed by
correlation analysis (GraphPad (San Diego, CA, USA) software Prism v.
9.4.0). The severity and characteristics of the (histo)pathological lesions
were scored semi-quantitatively as described previously51 with slight mod-
ifications as shown in Table 1a. To account for the different scales of the 6
individual parameters that were scored, all scores were normalized by
multiplying by a correction factor (4/highest score of each scale). Normal-
ized scores were used to calculate cumulative (“sum”) scores for visual
representation and for statistical analysis. The severity and characteristics of

the lung lesions were also analyzed by the second pathologist in a blinded
fashion and in a descriptive way.

SARS-CoV antigen expression was evaluated with immunohis-
tochemistry (IHC) on formalin-fixed and paraffin-embedded (FFPE) lung
tissue sections. Heat-induced epitope retrieval (HIER) method was used to
prepare slides for IHC stain as previously described51. Briefly, after routinely
dewaxing and endogenous peroxidase quenching (methanol/0.3%H2O2),
the sections were heated for 15min at 100 °C (Pascal, Dako, Agilent, Santa
Clara, CA, USA pressure cooker) in 10mmol citrate buffer pH 6,0 (Dako,
Cat# S1699). The slides were blocked with 10% goat serum (Dako) and
stained with primary polyclonal rabbit anti-SARS-CoV NucleoProtein
(Sino Biological, Beijing, China, Cat# 40163-T62) and secondary HRP-
conjugated anti-rabbit reagent (Envision+ Single Reagent, Dako, Cat#
K4003). For visualization, the 3,3’-diaminobenzidine (DAB) (Dako, Cat#
K3468) substrate was used. Slides were counterstained with haematoxylin.
The semiquantitative scoring system for the level of SARS-CoV-2 virus
antigen expression in the lungs is shown in Table 1b (Level of antigen
expression).

Oropharyngeal swab sampling and analysis
Following sampling, the swabs were directly submerged in 2ml of complete
culture medium and kept on melting ice until transport to the lab and
freezing at≤−70 °C.Upon thawing, swab sampleswere vortexed, and200 µl
of the sample was mixed with 211 µl lysis master mix, consisting of 200 µl
lysis buffer supplemented with 1 µl Poly-A RNA and 10 µl Proteinase K
solution (Molgen Pureprep PathogensKit, Utrecht, TheNetherlands). Lysis
buffer-inactivated samples were stored at ≤−15 °C until RNA isolation and
PCR analysis. RNA from oropharyngeal swabs was isolated by an auto-
mated robot system (PurePrep 96, Molgen), using the Pureprep Pathogens
RNA isolation kit (Molgen) according to manufacturer instructions.

Assessment of viral genome loads
In the VAED model development study, the collected cranial, medial and
caudal right lung lobes were kept on melting ice until initial storage at
≤−70 °C. Upon further processing, tissue samples were weighed, thawed
and homogenized in 6mL Earl’s MEM (Gibco), supplemented with 1%
antibiotic/antimycotic (Gibco), using DT-20 Tubes with Rotor Stator Ele-
ment (Thermo Fisher Scientific) and an Ultra-Turrax® homogenizer (IKA;
Staufen, Germany). The tissue homogenates were centrifuged for 15min at
3400 × g at 4 °C and 85 µl of the supernatant was mixed with 255 µl Trizol-
LS and stored at ≤−15 °C. In the VAEDkinetics study, the right cranial and
middle lung lobes were directly snap-frozen in liquid nitrogen and kept on
dry ice until initial storage at ≤−70 °C. Upon further processing, snap-
frozen lung tissue samples were weighed and homogenized in 5mL Trizol
by an Ultra-Turrax® homogenizer. The tissue homogenate was centrifuged
for 15min at 3400 × g at 4 °C and supernatants were aliquoted and stored at
≤−15 °C. RNA extraction from the lung suspensions in Trizol was per-
formed manually with individual columns of the Direct-zol Miniprep Kit
(Zymogen, Irvine, CA, USA), following manufacturer instructions. The
isolated RNA samples were stored at ≤−70 °C until further use for analysis
by SARS-CoV-2qPCRtoassess total viralRNAlevels and subgenomicRNA
levels. Viral RNA loads were measured by qPCR essentially as previously
described51, using primer/probe sets for both total viral E-gene PCR52 and
subgenomic PCR (sgPCR)25. The former PCR detects all positive RNA
species (genomic and subgenomic) containing the E-gene sequence, while
the latter detects only the subgenomic species generated during active virus
replication.

Cytokine PCR
Lung tissue samples were used for analyses with RT-qPCR to assess mRNA
expression levels of Th1 (Ifng, Tnf, Il2, Il6) and Th2 (Il4, Il13) cytokines. To
that end, in the model development study the accessory lung lobe was
submerged in 1mLTrizol in a vial prefilledwith lysing beads (matrixD,MP
Biomedicals, Irvine, CA, USA). Subsequently the lobe was grinded using a
Fastprep-24 instrument (MPBiomedicals) and then stored at≤−70 °Cuntil
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further processing. In kinetics study, the right cranial andmiddle lung lobes
were used and were processed as described above (“Assessment of viral
genome loads”). RNAextraction inboth studieswas performed as described
above, using individual columns of theDirect-zolMiniprepKit (Zymogen),
according to manufacturer instruction, including a DNAse step performed
on the columns to degrade host DNA. To prepare cDNA, 200 ng RNA per
sample (model development study) or 100 ng RNA (kinetics study) was
used as an input for a reverse transcription reaction, using the Superscript IV
First-strand synthesis system Thermo Fisher Scientific, Waltham, MA,
USA), following the manufacturer’s instructions. The cDNA reaction was
performed on an Applied Biosystems 7500 Instrument with the following
temperature conditions: 10min at 23 °C (annealing step); 10min at 50 °C
(reverse transcription step); 10min at 80 °C (denaturation); 4 °C (termi-
nation). For normalization, the reference genes RPL18 and Ywhaz were

selected, following an initial screening of 6 reference genes (Rpl18, Rpl13,
Pp1a, Ywhaz, B-actin, B2m) and determining the twomost stable ones with
theGeNex Software v.7 (MultiDAnalysesAB, Götenburg, Sweden). For the
screening, half of the samples were used in the first study and selection was
confirmed on one third of the samples in the second study. Primer
sequences and cycling conditions are provided in Tables 2 and 3. Primers
were ordered at Biolegio (Nijmegen, The Netherlands). All PCRs were
performed using Power SYBR Green PCR Master mix (Thermo Fisher
Scientific) according to manufacturer’s instructions with 1:10 diluted
sample cDNA and primer concentrations as indicated in Table 2 in a total
reaction volumeof 20 µl or 50 µl in thefirst or second study, respectively. All
PCRs were performed on an Applied Biosystems 7500 Instrument.

Relative expression of the genes of interest (GOI) was determined with
the ΔΔCT method53, using Rpl18 and Ywhaz as reference genes for

Table 1 | Scoring system for the severity and characteristics of (a) lung gross pathology and histopathology (H&E staining) and
(b) for level of SARS-CoV-2 antigenexpression in the lungs (modifications in comparisonwith thepreviously described system51

are indicated with cursive)

(a) Parameter Score Extent of lesions

General scores

Gross pathology 0 No macroscopical changes

1 Focal discoloration of the lung in <15% of lung surface

2 Multifocal discoloration of approximately 15–40% of lung surface

3 Multifocal discoloration affecting approximately 40–70% of lung surface

4 Whole lung affected in >70% of lung surface

Extent lung histopathology (general score, percentage) (H&E) 0 No changes

1 Focal to multifocal (<15% of tissue)

2 Multifocal (15–40% of tissue)

3 Multifocal to coalescing discoloration (40–70% of tissue)

4 Diffuse (>70% of tissue)

Individual histological parameters (severity)

Alveoli - (thickening alveolar wall, type II pneumocyte proliferation,
inflammatory cells alveoli)/ interstitial pneumonia

0 No changes

1 Focal to multifocal (<20% of tissue)

2 Multifocal (20–50% of tissue)

3 Multifocal to coalescing (>50% of tissue)

Bronchi and bronchiole 0 No changes

1 Peribronchiolar infiltrate or in lumina with no or mild epithelial degeneration < 20% of
bronchi/bronchioles

2 Peribronchiolar infiltrate or in lumina with mild to moderate epithelial
degeneration > 20–50% of bronchi/bronchioles

3 Peribronchiolar infiltrate or in lumina with severe epithelial degeneration and
necrosis > 50% of bronchi/bronchioles

Blood vessels 0 No changes

1 Perivascular clear spaces (edema) with only mild infiltrates of inflammatory cells > 15%of
large blood vessels

2 Clear perivascular cuffing in > 15–30% of blood vessels, with occasionally presence of
inflammatory cell in blood vessel wall without clear degeneration

3 Extensive perivascular cuffing often of more than 5 cell layers, also in large arteries with
clear Infiltrates of inflammatory cells in blood vessel walls

Hemorrhage/hemosiderophages (macrophages with hemosiderin) 0 No hemorrhage/hemosiderophages

1 Mild focal to multifocal hemorrhage/hemosiderophages

2 Moderate to severe multifocal hemorrhage/hemosiderophages

(b) Parameter Score Extent of lesions

Level of antigen expression (IHC) 0 No staining

1 Focal or multifocal staining (<5 foci) en < 15% of tissue

2 Multifocal staining in 15–40% of the tissue

3 Multifocal to coalescing staining in > 40–70% of the tissue

4 Diffuse staining in > 70% of the tissue
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normalization. This method generates a unit-free number indicating
expression of the GOI relative to a reference gene, taking variations among
PCR plates into consideration. Before normalizing the GOI, the ΔCt values
obtained for the two reference genes were averaged. Standard curves for
each gene were prepared by 5-fold serial dilutions of a sample pool,
including pre-selected samples mixed in equal amounts (Rpl18, Ywhaz and
Tnf) or the sample pool was spiked with 5-fold serial dilutions of a synthetic
DNA fragment (synthesized by GenScript Biotech, Piscataway, NJ, USA),
encompassing the generated by PCR amplicon (Il2, Il4, Il6, Il13 and Ifng). A
standard curve was included on each PCR test plate.

Virus neutralization test
Serial 3-fold dilutions of sera were prepared in duplicates, starting at 1:10
initial dilution. A standard dose of ~100 TCID50 of SARS-CoV-2/human/
NL/Lelystad/2020wasmixedwith the serumdilutions and incubated for 1 h.
Subsequently, VERO-E6 cells were added to the mixture, at a density of
2 × 104 cells/well. The plates were incubated for 4 days at 37 °C and 5% CO2,
after which cell monolayers were fixed with 4% formaldehyde, followed by
fixation with pure methanol (kept at −20 °C) for cell permeabilization. Cell
monolayers were then washed 3 times with PBS and stored at 4 °C until
staining with an immunoperoxidase monolayer assay to visualize viral
antigen, as described previously51. Briefly, cell monolayers were stained using
primary anti-SARS-CoV-2 S1 (Wuhan strain) polyclonal antibody (custom-
made by Davids Biotechnologie GmbH and obtained by immunization of
rabbits with S1 protein; kindly provided by Dr. Berend Jan Bosch and Dr.
Wentao Li, University of Utrecht, The Netherlands) and secondary HRP-
conjugated anti-rabbit antibody (DAKO Cat# P0448). Both antibodies were
diluted in PBS supplemented with 5% horse serum and incubated with the
cell monolayer for 1 h at RT. Between the incubation steps, cell monolayers
were washed 3 times with PBS, supplemented with 0.5% Tween-80. Staining
was visualized following 30–40min incubationwithAEC substrate (4mg/ml
AEC in DMSO), freshly dissolved in substrate buffer (0.05M NaAc buffer,
pH adjusted to 5.0 using 0.05M HAc) in the following manner: 19mL
substrate buffer+ 1mL 4mg/mL AEC+ 50 µL 3% H2O2. Evaluation of
staining was performed using a standard light microscope.

The titer of each duplicate was determined as the average of the reci-
procal value of the last dilution that showed ≥50% neutralization (lack of
staining) in thewell, evaluated by eye. The detection limit of the assay in this
experimental setting was a titer of 5.7. All samples with undetectable titer
were attributed a titer of 3.3.

Enzyme-linked immunosorbent assay (ELISA)
Anti-Nand anti-S total IgG titerswere determined by end-point dilutions of
serum samples using a custom ELISA test. ELISA plates (medium bind,
Greiner Bio-One, Krensmünster, Austria) were coated with 50 ng/well of
either N or S protein (40588-V08B and 40589-V08B1 respectively, both
purchased from Sino Biological, Beijing, China), dissolved in coating buffer
(0.05MNa2CO3 and 0.05MNaHCO3, pH9.6) overnight at 4 °C. BlockingT
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Table 3 | Cycling conditions for the qPCRs

Stage Repetitions Temperature Time

1 1 95.0 °C 10:00

2 40 95.0 °C 0:15

XX.0 °Ca 1:00

3b (Dissociation) 1 95.0 °C 0:15

60.0 °C 1:00

95.0 °C 0:15

60.0 °C 0:15
aThis temperature is primer-specific and was optimized for each primer set. The relevant
temperatures are listed in Table 2 (Amplification temperature).
bStep 3was used to generate dissociation curves. Quality of the PCRs and the generated fragments
were evaluated per PCR run based on the melting curves. Samples that had PCR products with
melting temperatures different than the expected PCR product were excluded from the analysis.
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was performed with StabilBlock (Surmodics, Eden Prairie, MN, USA)
blocking buffer for 1 h at 37 °C. Test sera and the secondary antibody were
diluted in dilution buffer (PBS, supplementedwith 0.05%Tween 20 and 5%
bovine serum albumin, sterile filtered with 0.45 µm filter) and incubated on
the plates for 1 h at 37 °C with gentle agitation. Serum samples were serially
diluted (2-fold dilution step), starting at dilution 1:50 (low positive sera),
1:200 (mid positive sera) or 1:1600 (high positive sera), based on a pilot test.
As secondary antibody, anti-hamster IgG (Thermo Fischer Scientific Cat#
HA6007) was used. For color development, TMB substrate (Immu-
noChemistry Technologies, Davis, CA, USA) was added to the plates and
incubated for 15min at room temperature. Reaction was stopped with
0.5M sulfuric acid and OD values were measured at 450 nm on a Spec-
traMax ABS Plus spectrophotometer (VWR; Radnor, PA, USA). All
reagents were added to the ELISA plate wells in a volume of 100 ul (except
the blocking solution, which was added in a volume of 300 ul). Between all
incubation steps, the plates were washed 3 times with wash buffer (distilled
water, supplemented with 0.05% Tween 20).

On each plate, the same negative and positive control were taken along
in duplicates. These controls consisted of pooled sera obtained from pre-
vious experiments involving naive hamsters or hamsters recovered from
SARS-CoV-2 infection, respectively. The negative control was diluted 1:50
and the positive control was diluted 1:250 (N-ELISA) or 1:500 (S-ELISA).
The positive and negative controls were used to determine an S/P (sample/
positive control) ratio for each sample according to the formula:

SP = (OD_SAMPLE - OD_NEG)/(OD_POS - OD_NEG)
For determination of the cut-off, nine pools were prepared from the

serum samples obtained prior to vaccination of the hamsters from the
respective experiment. These pools were diluted 1:50 and taken along on
each plate. The cut-off of the ELISA was defined as the average S/P ratio of
these pools plus 3x the standard deviation (SD). The ELISA titers of the
tested sera were determined as the log2 value of the last serum dilution that
showedanS/P ratio above thedetection limit. Samples forwhich the starting
dilutionof 1:50wasnegativewere assigned the log2 value of one (theoretical)
reciprocal dilution step lower (1:25).

Gene expression analysis in lung samples on the nCounter®
platform
Digital nCounter® technology (NanoString Technologies) was used to
assess mRNA expression levels of selected genes (n = 128) associated with
Th1, Th2, Th17, and Treg pathways, and with genes associated with dif-
ferent immune cell types in hamster lungs. Custom nCounter panel selec-
tion was based on human and/or mouse genes from relevant pathway
annotations in the human CAR-T (Chimeric antigen receptor T-cell)
Characterization Panel (NanoString Technologies, Seattle, WA, USA), as
well as on genes related to different immune cell types based on available
literature for mice. In addition, n = 3 reference genes identified as stable/
suitable based on previous qRT-PCR analyses were included for normal-
ization purposes (Rpl13, Rpl18, and Ywhaz). Hamster-specific probes for
transcripts homologous to the selected genes were designed and manu-
factured by NanoString Technologies, resulting in a custom hamster
Code Set.

Total RNA was isolated from hamster lungs as described under
“Assessment of viral genome loads”. RNA concentrations were quantified
with aQubit™RNAHSAssay Kit on aQubit® 2.0 Fluorometer (Invitrogen)
and the percentage of RNA fragments >200 nucleotides (“DV200”) was
determined with an RNA screen tape on an Agilent Technologies 220
TapeStation. Except for two samples from the mock-vaccinated group at 4
DPI (22.8% and 29.7%), the DV200 was >35% (range 35.1%–91.2%).

Multiplexed hybridization reactions were performed by Prof. Stephen
Gordon and Dr. John A. Browne on an SFI-funded nCounter®MAX
Analysis System (NanoString Technologies) at the UCD Veterinary Sci-
ences Centre (Dublin, Ireland), according to manufacturer’s guidelines and
as originally described by Geiss et al.54. Hybridization reactions contained
300 ng of total RNA in a 5 µl volume (except for all DPI 2 samples and DPI
4 samples of the re-challenge group, which contained 100 ng), as well as

fluorescent barcode-labeled (reporter and capture) probes for endogenous
and reference genes, six pairs of positive control probes, and eight pairs of
negative control probes. Hybridized probes were loaded onto cartridges
(n = 12 per run) and imaged on an nCounter®MAX instrument.

Analysis of rawRCC (Reporter CodeCount)files was performed using
nSolver Analysis Software (version 4.0) and nCounter Advanced Analysis
Plugin (version 2.0.134). The analysis was run with standard settings, and
included normalization, differential expression, and pathway scoring
modules. Low count data were not excluded from the analysis. Automatic
normalization of raw counts based on housekeeping (reference) gene
abundance was performed by the software, leading to exclusion of Rpl13 as
normalization probe. A probe annotation file for pathway enrichment
analysis was provided by NanoString Technologies and was based on the
nCounter®CAR-T characterization and host response panels. During basic
analysis, all samples passed standard QC requirements regarding imaging,
binding density, and positive control linearity.

To analyze differential expression (DE), samples from all three treat-
ment groups were analyzed separately per necropsy day (n = 9) with the
same settings described above. Either mock-vaccinated or re-challenge
groups were used as categorial reference (baseline) in the ‘fast/recom-
mended’ DE analysis module which fits all genes with a negative binomial
model and fold changes as well as univariate p values were calculated by the
software.

Normalized count data and pathway scores were visualized with
GraphPad Prism. Theweb appClustVis (https://biit.cs.ut.ee/clustvis/)55 was
used to for Principal Component Analysis (PCA) and generation of heat-
maps. Forheatmaps, normalized expression countswere ln(x)-transformed,
centered around themeanper gene, andunit variance scalingwas applied to
rows. Rows were clustered using Manhattan distance and average linkage.

Statistics
Analysis of the relative bodyweight losses for both studieswas performedon
the data between5DPI and7DPI for the hamsters present in the studyup to
7 DPI (model development study: n = 4, subgroup sacrificed on 13 DPI;
kinetic study: n = 6, subgroups sacrificed on 8 and 10 DPI). This time
windowwas chosen because it encompasses the periodwith the largest body
weight loss in the control mock-vaccinated group. Each hamster’s relative
body weight was quantified by calculating the area under the curve (AUC).
Between-group comparisons of theAUCsweremadewith one-way analysis
of variance (ANOVA).

Activity wheel count analysis (first study) was performed on the data
between 7 DPI and 10 DPI. This time window was chosen because it
encompasses theperiodof activity recovery following the challenge-induced
activity reduction. Data from9DPIwas excluded from the analysis, because
of an unexpected dip of activity in all groups, which was attributed to
technical issue of unknown origin in the animal facility. Activity was ana-
lyzed by estimating the activityAUCandbetween groups comparisonswere
made by one-way ANOVA. The analysis was performed on log-
transformed counts.

Group means of the VNT titers, lung pathology parameters (relative
lung weights, extent of lung histopathology lesions, severity of histo-
pathology lung lesions sum scores), viral loads (total E gene PCR) and
cytokine data for the model development study were compared using two-
way ANOVA, where DPI, group and interaction between DPI and group
were assessed. Group means of the lung viral loads, as measured by sub-
genomic RNA PCR at 5 DPI were compared with one-way ANOVA, since
all values at 13 DPIwere “0”. ELISA antibody titers for the kinetics study on
0 DPI of the vaccinated and the re-challenged group were compared with a
(non-parametric) Mann–Whitney test.

In all cases where ANOVA was used, multiple comparisons were
performed following a significant ANOVA test. ANOVA was applied with
relaxed rule for data normality and variance equality. One-way ANOVA
was followed by a Dunnett’s multiple comparison test between the control
group (mock-vaccinated) and each of the treatment groups (first study) or
between the vaccinated group and the two control groups (re-challenge and
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Mock-vaccinated, second study). Two-way ANOVA was followed by a
Dunnett’s multiple comparison test (to determine differences between the
control group (mock-vaccinated) and each of the treatment groups per
necropsy day) or by Sidak’s multiple comparison’s test (to test for change
over time within a group).

To compare changes in kinetics of serology titers, pathological para-
meters and Th-pathways over time among groups in the kinetics study, a
multivariate linear regressionmodel (interaction Group:time) was used. To
account for non-linear changes in time, we introduced natural spline terms
to the time variable. Pairwise comparisons between the groups were cor-
rected using the Tukey method.

As a standard, an alpha of 0.05 and two-tailed tests were used. For all
cases when multiple comparisons were made, the p value was corrected for
multiple comparisons.

The ANOVA and the non-parametric tests were performed with
GraphPad (San Diego, CA, USA) software Prism v. 9.4.0, and the multi-
variate linear regression modeling was performed with software R version
4.2.2 (Team R.C. R: A Language and Environment for Statistical Comput-
ing. Available online: https://www.R-project.org/).

Data availability
All data that were used to support the conclusions have been included in the
manuscript and the “SupplementaryMaterials” file. nCounter raw data and
normalized count tables aswell as sourcedata for Fig. 7c and Supplementary
Fig. S7 are provided in the “Supplementary Data 1” file.
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