
Article https://doi.org/10.1038/s41467-023-42346-8

Infection- or AZD1222 vaccine-mediated
immunity reduces SARS-CoV-2 transmission
but increases Omicron competitiveness in
hamsters
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Limited data is available on the effect of vaccination and previous virus
exposure on the nature of SARS-CoV-2 transmission and immune-pressure on
variants. To understand the impact of pre-existing immunity on SARS-CoV-2
airborne transmission efficiency, we perform a transmission chain experiment
using naïve, intranasally or intramuscularly AZD1222 vaccinated, and pre-
viously infectedhamsters. A clear gradient in transmission efficacy is observed:
Transmission in hamsters vaccinated via the intramuscular route was reduced
over three airborne chains (approx. 60%) compared to naïve animals, whereas
transmission in previously infected hamsters and those vaccinated via the
intranasal route was reduced by 80%. We also find that the Delta B.1.617.2
variant outcompeted Omicron B.1.1.529 after dual infection within and
between hosts in naïve, vaccinated, and previously infected transmission
chains, yet an increase in Omicron B.1.1.529 competitiveness is observed in
groups with pre-existing immunity against Delta B.1.617.2. This correlates with
an increase in the strength of the humoral response against Delta B.1.617.2,
with the strongest response seen in previously infected animals. These data
highlight the continuous need to improve vaccination strategies and address
the additional evolutionary pressure pre-existing immunity may exert on
SARS-CoV-2.

There is limited evidence on the effects of vaccination on SARS-CoV-2
transmission. Reduction in transmission in households has been
documented1,2 and reduced viral load in the upper respiratory tract of
infected individuals has been demonstrated3,4.

Ongoing evolution in the human population resulted in the
emergence of variants of concern (VOCs). Phenotypic changes that
characterize VOCs are increase in transmissibility, increase in

virulence, change in clinical disease presentation, and/or decrease in
effectiveness of public health and social measures or available diag-
nostics, vaccines, and therapeutics5,6. Changes in the transmission
phenotype can occur by a variety of adaptions including virus shed-
ding dynamics, human behavior, host cell tropism, and entry. Fur-
thermore, a large portion of the human population is no longer naïve
to SARS-CoV-27–9. Immunity induced by previous exposure or
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vaccination have changed the susceptibility to infection and thus the
evolutionary pressures on SARS-CoV-2.

The emergence of VOCs is following almost a classic pattern in
which the new VOC replaces the old VOC: this was observed for Alpha,
Delta, and nowOmicron. Whereas the initial replacements of previous
VOCs by a new variant were due largely to an increase in the trans-
mission potential of the virus10–14, the transmission advantage of
Omicron over Delta in humans is not fully understood15. Due to anti-
genic differences, the anti-Omicron cross-reactivity of neutralizing
antibodies mounted against other variants is low16–21.

The absence of infectious virus shedding kinetics and epidemio-
logic data about transmission between previously infected, vacci-
nated, and unvaccinated individuals with SARS-CoV-2 make it difficult
to determine whether breakthrough infections have the potential to
contribute to the spread of SARS-CoV-222, especially in the context
emergence of the Omicron variants. Compared to Delta, Omicron is
more likely to cause infections in a vaccinated population23. To better
understand SARS-CoV-2 evolution, it will be crucial to differentiate
between two separate evolutionary pressures: increasing transmissi-
bility and antigenic escape.

Previously, we have experimentally shown an increased aerosol
transmission phenotype of SARS-CoV-2 Alpha over Lineage A24,25. In
this work, we are using infection- or vaccine-mediated immunity to
model the impact of this evolutionary pressure on the transmission of
Delta B.1.617.2 and Omicron B.1.1.529. We find a clear gradient in
transmission blockage; intranasal vaccination and previous infection
result in higher reduction in transmission compared to intramuscular
vaccination. While the Delta B.1.617.2 variant outcompetes Omicron
B.1.1.529 after dual infection regardless of pre-existing immunity sta-
tus, Omicron B.1.1.529 competitiveness increases in correlationwith an
increase in the strength of the anti-Delta B.1.617.2 humoral response.

Results
Previous exposure or vaccine-induced pre-existing immunity
reduces virus replication, shedding, and lung pathology after
reinfection
We compared the impact of pre-existing immunity on attenuating
disease after SARS-CoV-2 infection. Pre-existing immunity was
achieved by intranasal (IN) or intramuscular (IM) vaccination with
AZD1222 (against Lineage A), or previous infection (PI) with the anti-
genically close Delta B.1.617.226. Six hamsters per group were immu-
nized with AZD1222 (ChAdOx1 nCoV-19, 2.5 × 108 IU/animal) or
exposed via direct contact to IN-inoculated animals one day after
inoculation (5:1 sentinel: donor ratio). In all vaccinated and PI animals,
seroconversion was confirmed after at least 21 days. At least 35 days
after immunization via vaccination or infection, animals were chal-
lenged via the IN route using 104 TCID50 SARS-CoV-2. Naïve, age-
matched hamsters served as a control group. We measured sgRNA,
which is a surrogate for virus replication27,28, in nasal turbinates and
lungs at day 5 post challenge. In naïve animals, virus replication was
observed in nasal turbinates (median = 6.873 sgRNA copies/gr (Log10))
and lung tissue (median = 8.303 sgRNA copies/gr (Log10)). In contrast,
viral RNA load was significantly reduced or absent in IM, IN, and PI
groups as compared to naïve donors (Kruskal–Wallis test, followed by
Dunn’s multiple comparison test, N = 6; nasal turbinates: p =0.1479,
0.0081, 0.0117, respectively; lung: p =0.0010, 0.0069, 0.0010,
respectively). In lung tissue, sgRNA was only detected in 1 out of 6
animals in the IN group (4.93 sgRNA copies/gr (Log10)), but not in the
other groups. sgRNAwasdetected in 3 out of 6 nasal turbinate samples
in the IMdonors (median = 2.581 sgRNA copies/gr (Log10)), 1 out of 6 in
the IN group (4.423 sgRNA copies/gr (Log10)), and 2 out of 6 in the PI
group (median = 1.173 sgRNA copies/gr (Log10), Fig. 1a, b).

Vaccination and previous infection reduced overall respiratory
shedding. We measured sgRNA on 2, 3, and 5 days post inoculation
(DPI) in oral swabs. Cumulative virus burden (area under the curve

(AUC)) in oral swabs was marginally reduced after IM vaccination
(median AUC (Log10) = 19,489, p =0.999, N = 6, Kruskal–Wallis test,
followed by Dunn’s multiple comparison test), moderately reduced
after IN vaccination (median AUC (Log10) = 13,470, p = 0.4347), and
significantly reduced in the PI group (median AUC (Log10) = 454.4,
p =0.0197), compared to naïve animals (median AUC
(Log10) = 43,618) (Fig. 1c).

We compared the severity of lung disease as measured by the
lung:body weight ratio (Fig. 1d). In the donor hamsters, previously
established immunity reduced the lung:body weight ratio significantly
after challenge (naïve = 1.296, IM=0.7343, IN =0.8030, PI = 0.8077,
N = 6, Kruskal–Wallis test, followed by Dunn’s multiple comparison
test, run against the naïve group, p =0.021, p =0.0165, and p = 0.0383,
respectively). Hamsters from the naïve group developed lesions typi-
cal of SARS-CoV-2 in this model26 (Fig. 1e, Table S1). SARS-CoV-2
nucleoprotein immunoreactivity ranged from moderate to numerous
in both bronchi and alveoli and was especially apparent at the per-
iphery of foci of pneumonia (Fig. 1e, g). CD3 immunoreactivity, a
measurement of T-cell infiltration, was greatly increased in foci of
inflammation and pneumonia in the lung (Fig. 1f). IM vaccination
decreased the disease severity, as previously described29,30, which was
accompanied by decreased antigen presence and T-cell infiltration
compared to naïve animals. The majority of CD3 immunoreactive
T-cells were located adjacent to bronchioles and blood vessels. In
contrast, pathology in the IN vaccinated andPI hamsterswas negligible
and limited to scant inflammation and terminal airway reactivity, with
no detectable virus presence and consistently lower T-cell numbers
than the naïve animals. No difference in B-cell infiltration was
observed, as measured by PAX5 staining between the groups
(Table S1). This was accompanied by decreased gene expression levels
for interferon (IFN)γ and interleukin (IL)-10 in both the upper and
lower respiratory tract, and IL-6 in the lower but not the upper
respiratory tract, as compared to naïve animals. Expression levels of
tumor necrosis factor (TNF)α remained unchanged. A trend towards
increased IL-4 expression was observed in the upper respiratory tract,
especially in PI animals, as compared to naïve controls (Fig. S2).

Contact and airborne transmission in naïve Syrian hamsters
To establish the ability and limitations of transmission over multiple
successful rounds through the air and through contact in the Syrian
hamster model, we performed contact and airborne transmission
chain experiments over two or three generations (1:1 ratio between
donors and sentinels) and repeated these chains three times (Fig. 2a).
Donors were intranasally inoculated with SARS-CoV-2 (1:1 mixture of
Delta B.1.617.2 and Omicron B.1.1.529). One day later, generation
1 sentinels (sentinels 1) were exposed to the donors for 48h, followed
by exposure of sentinels 2 to sentinels 1 for 48 h, and finally exposure
of sentinels 3 to sentinels 2 for 72 h. Each exposure was started on 2
DPI/DPE relative to the previous chain. Oropharyngeal swabs were
collected from all animals at 2, 3, and 5 DPI/DPE, and lung and nasal
turbinate samples were harvested at 5 DPI/DPE. To be certain animals
sustained infection, we considered animals only infected when at least
2 out of 5 samples collected had detectable sgRNA (>10 copies/reac-
tion (rxn)). In the direct contact chains, all animals became infected
(Fig. 2a). In contrast, 2 out of 3 of the sentinels 1 and sentinels 2
hamsters, and 1 out of 2 sentinels 3 hamsters became infected in the
airborne chains.

Pre-existing immunity protects against contact and airborne
transmission
To test whether pre-existing immunity would reduce the transmis-
sibility of SARS-CoV-2, groups of animals with vaccine- or infection-
induced pre-existing immunity were used in a contact and airborne
transmission experiment (Fig. 2b). 16 hamsters per group were
immunized with AZD1222 (ChAdOx1 nCoV-19, 2.5 × 108 IU/animal)
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Fig. 1 | Reduction of disease severity and shedding through pre-existing
immunity. Hamsters were either vaccinated intranasally (IN) or intramuscularly
(IM) against Lineage A or experienced a previous infection (PI) with Delta B.1.617.2.
Animals were inoculated with SARS-CoV-2 at least 28 days later through the intra-
nasal route (N = 6). Tissue samples were collected at day 5. subgenomic (sg)RNA
in nasal turbinates (a) and lungs (b). Whisker-plots depicting median, min andmax
values, and individual values, Kruskal–Wallis test, followed by Dunn’s multiple
comparison test. c Cumulative shedding. Area under the curve (AUC) of sgRNA
measured in oral swabs taken on 2, 3, and 5 DPI (sgRNA copies/rxn/experiment).
Whisker-plots depicting median, min and max values, and individual values,
Kruskal–Wallis test, followed by Dunn’s multiple comparisons test. d Lung weights
(lung:body weight ratio). Whisker-plots depictingmedian,min andmax values, and
individual values, Kruskal–Wallis test, followedbyDunn’smultiple comparison test.

e SARS-CoV-2 reactivitymeasured by immunohistochemistry (IHC) targeting SARS-
CoV-2 nucleoprotein (NP) in upper and lower respiratory tract. Nucleoprotein
reactivity score: 0 = none, 1 = rare/few, 2 = scattered, 3 =moderate, 4 = numerous,
5 = diffuse. Whisker-plots depicting median, min and max values, and individual
values, Kruskal–Wallis test, followed by Dunn’s multiple comparisons test. f T-cell
infiltration into the lung, measured by CD3 antigen presence and positive pixel
quantification. Whisker-plots depictingmedian, upper and lower quantile, min and
max values, and individual values, Kruskal–Wallis test, followed by Dunn’s.
black = naïve, dark blue = IM vaccinated, light blue = IN vaccinated, yellow = PI.
P-values stated were significant (<0.05). g Lung pathology. top =HE stains, mid-
dle = IHC for nucleoprotein, bottom= IHC for CD3. Squares indicate area of mag-
nification. Scale bar: 500 µm at 40x magnification. Source data are provided as a
Source Data file.
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either IN or IM or were exposed via direct contact to IN-inoculated
animals one day after inoculation (4:1 naive to infected ratio). Ser-
oconversion was assessed at least 21 days after. Six animals (donors)
were then challenged after at least 35 days (Delta B.1.617.2: Omicron
B.1.1.529 mixture at a 1:1 ratio, total of 104 TCID50). Animals
were considered infected if 2 out of 5 samples (either a swab,

nasal turbinates, or lung tissue sample) had detectable sgRNA
(>10 copies/rxn). All IM vaccinated donors became infected. In
contrast, 5 out of 6 donors in the IN vaccinated group, and 2 out of 6
donors in the PI group became infected (Fig. 2c). Donors were
randomly assigned to a contact or transmission chain (N = 3 for each
transmission route).
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For contact transmission, 24 h after SARS-CoV-2 challenge,
donors were co-housed with one naïve sentinel and one immunized
sentinel (sentinels 1, 1:1:1 ratio) for 48 h (Fig. S1, Table S2). For IM
vaccination, 2 out of 3 naïve sentinels and 2 out of 3 immunized sen-
tinel 1 hamsters became infected (Fig. 2c). Contact transmission was
further reduced in the IN vaccinated and PI groups; only 1 out of 3
immunized sentinels 1 and no naïve sentinels 1 were infected (Fig. 2c).

Reduction in transmission was more prominent for the airborne
route. Only 1 out of 3 immunized sentinels 1 was infected in the IM
airborne chains, while 2 out of 3 naïve sentinel hamsters became
infected. In the IN vaccinated airborne chains, 1 out of 3 immunized
sentinels 1 and no naïve sentinel 1 hamsters were infected. In the PI
chains, no immunized or naïve sentinel 1 became infected (Fig. 2c).

Due to the importance of airborne transmission, we decided to
take two airborne transmission experiments per group out to sentinels
3 (as described above for the naïve hamsters: donors → sentinels 1 →
sentinels 2 → sentinels 3). In the IM vaccinated group, 1 out of 2
immunized sentinel 2 animals, but no naïve sentinel 2, no immunized
sentinel 3, and no naïve sentinel 3 were infected. In the IN vaccinated
group, no sentinel 2 and no sentinel 3 became infected. In the PI group,
1 out of 2 immunized sentinel 2 animals, but no naïve sentinel 2, nor
any sentinel 3 became infected.

We compared the airborne transmission efficiencybetweennaïve,
IM vaccinated, IN vaccinated, and PI hamsters for transmission events,
where the donor animal was confirmed to be positive. We included
immunized and naïve sentinels. For naïve hamsters (N = 7 events with
an infected donor animal), the airborne transmission efficiency was
71.43% (percentage of all transmission events resulting in an infected
sentinel/all transmission events). While IM vaccination reduced air-
borne transmission to 40% (N = 10, p = 0.3348, Fisher’s exact test, two
sided: Odds ratio = 3.75), IN vaccination (N = 6, p =0.1026, Fisher’s
exact test, two sided: Odds ratio = 12.5) reduced it to 16.67% and PI
(N = 2, p = 0.1667, Fisher’s exact test, two sided: Odds ratio = not cal-
culable) reduced it to 0% (Fig. 2d). It is possible that we did not see
infection in some donor animals, because our sampling scheme was
not stringent enough. Therefore, we also compared the airborne
transmission efficiency using the data across all transmission events.
For naïve hamsters, the airborne transmission efficiency was 63%.
While IM vaccination reduced airborne transmission to 29% (p = 1.870,
Fisher’s exact test, two sided: Odds ratio = 4.167), both IN vaccination
(p = 0.0109, Fisher’s exact test, two sided: Odds ratio = 21.67) and PI
(p = 0.0109, Fisher’s exact test, two sided: Odds ratio = 21.67)
reduced it to 7%.

Next, we compared the magnitude of overall shedding (AUC of
sgRNA recovered in oral swabs on 2, 3, and 5 DPE) between naïve
sentinels 1 exposed to naïve donors, and the IM, IN and PI sentinels 1
and their respective naïve controls (Fig. S3a). We combined sentinels
across airborne and contact chains. For IM vaccinated, IN vaccinated,
and PI sentinels 1, cumulative shedding was significantly reduced
compared to naïve sentinels 1 (p = 0.0379 (IM vaccinated), p =0.0243
(IN vaccinated), and p = 0.0040 (PI), N = 6, two-way ANOVA, followed
by Šídák’s multiple comparisons test). In contrast, while naïve controls
shed similar amounts to naïve sentinels 1 in the IM group, we only

observed significant reduction in cumulative shedding in naïve con-
trols in the IN vaccinated group (p =0.001) and the PI group
(p = 0.004). When excluding all animals with no detectable sgRNA in
any oral swab, the magnitude of cumulative shedding did not differ
between sentinels with pre-existing immunity and their respective
naïve controls. We observed a similar pattern when comparing lung
pathology as measured by lung:body weight ratio (Fig. S3b). Com-
paring sentinels 1, vaccination and previous infection offered sig-
nificant protection (p = 0.0432 (IM vaccinated), p =0.033 (IN
vaccinated), and p = 0.002 (PI), N = 6, two-way ANOVA, followed by
Šídák’s multiple comparisons test). Protection was also increased for
naïve controls, but it was only significant in the PI group (p = 0.0238).
We did not see a significant difference in the protection from lung
pathology between sentinels with pre-existing immunity and their
respective naïve controls.

Pre-existing humoral immunity against Lineage A or Delta
B.1.617.2 offers minimal neutralizing cross-reactivity against
Omicron B.1.1.529
We inoculated or exposed all animals in these transmission experi-
ments to a mixture of Delta B.1.617.2 and Omicron B.1.1.529. We
hypothesized that under pre-existing immune pressure, the compe-
tition between Delta B.1.617.2 and Omicron B.1.1.529 would favor
Omicron B.1.1.529 due to the larger antigenic distance relative to the
previous lineages of SARS-CoV-2. To quantify the immune pressure
against Omicron B.1.1.529 in our groups, IgG anti-spike responses
were analyzed. All animals seroconverted by day 21 post vaccination
or infection with Delta B.1.617.2 (Fig. 3a). Compared to IM vaccina-
tion, IN vaccination led to 4-fold higher humoral responses (median
titer IM vaccinated = 25,600; median titer IN vaccinated = 102,400,
p = 0.0032, Kruskal–Wallis test, followed by Dunn’s multiple com-
parison test, N = 16). PI hamsters had significantly higher titers
(median = 409,600) than both IN vaccinated (p = 0.0103) and IM
vaccinated (p < 0.0001) hamsters. To better assess the production of
binding antibodies in the IM, IN, and PI groups, we analyzed the
positive sera on a MESO QuickPlex panel26 (Fig. 3b). In the IM and IN
groups, the highest median signal was seen with an antibody
response to Lineage A (IM group = 10788.75; IN group = 18692.00; PI
group = 81855.75), which supports results from previous studies with
vaccines against Lineage A31. While the response was strongest
against Delta B.1.617.2 in the PI group, the overall response pattern to
different variants was similar across all three groups. The median
response signal against Omicron B.1.1.529 was consistently lower
than against Delta B.1.617.2.Next, a live virus neutralization assay was
performed against Delta B.1.617.2 and Omicron B.1.1.529. Neutraliz-
ing antibody titers were highest in the PI group, which neutralized
Delta B.1.617.2 > 10-fold better than Omicron B.1.1.529 (p < 0.0001,
N = 16, two-way ANOVA followed by Šídák’s multiple comparisons
test) (Fig. 3c). In the IN vaccinated hamsters, 9 out of 16 animals
showed no neutralizing antibodies against the Omicron B.1.1.529
variant. Of IM vaccinated hamsters, 14 out of 16 had no neutralization
of the Delta B.1.617.2 variant and 15 out of 16 had no neutralization of
the Omicron B.1.1.529 variant. Consequently, virus neutralizing

Fig. 2 | Transmission competitiveness of Delta B.1.617.2 and Omicron B.1.1.529
in a naïve, vaccinated, or previously infected hamster population.
a Transmission efficiency in naïve hamsters; schematic. Summary of infection sta-
tus for the donors and sentinels. Oropharyngeal swabs were taken on 2, 3, and
5 days post infection/exposure (DPI/DPE), and lungs and nasal turbinates were
collected at day 5 DPI/DPE. Bar charts depict summary of individuals, divided into
contact and airborne chains.b Transmission efficiency in hamsterswith pre-exiting
immunity, schematic. Hamsters were either vaccinated intramuscularly (IM, dark
blue) or intranasally (IN, light blue) against Lineage A or experienced a previous
infection with Delta B.1.617.2 through contact exposure to IN inoculated hamsters
(PI, yellow). Donor animals (N = 6 for each group)were inoculatedwith a total of 104

TCID50 of Delta B.1.617.2 and Omicron B.1.1.529 via the IN route (1:1 ratio), and
sentinels 1 (N = 6)were exposed 24h later. c Summary of infection status for donors
and sentinels. Oropharyngeal swabs were taken on 2, 3, and 5 DPI/DPE, and lungs
and nasal turbinates collected at 5 DPI/DPE. Bar charts depict summary of indivi-
duals, divided by contact and airborne chains. d Pie charts summarizing trans-
mission efficiency between naïve, IM vaccinated, IN vaccinated, and PI hamsters
across all possible airborne transmission events (left) and events for which the
donor animal was confirmed infected (2 out of 5 samples positive by sgRNA qRT
PCR (>10 copies/rxn) (right)). Number of events is indicated within each pie chart.
Pie chart colors: Black = transmission, white = no transmission. Source data are
provided as a Source Data file.
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capacity was significantly higher in the PI group as compared to the
IM and IN vaccinated groups (p < 0.0001, N = 16, two-way ANOVA
followed by Tukey’s multiple comparisons test). These results indi-
cate that prior infection produced the most robust neutralizing
antibody response, and that this response is more effective against
the Delta B.1.617.2 variant than the Omicron B.1.1.529 variant.

Next, for each donor hamster, the fold change in post-challenge
antibody titer relative to their pre-challenge baseline was calculated in
samples collected at 5 DPI (Fig. 3d). IM donors experienced a median
10-fold change whichwas higher as compared to IN donors, which had
amedian fold-change valueof4.7, andPI donors,whichhada titer fold-
change of 1.2. These results indicate greater increases in IgG titers in

response to challenge in hamsters that had lower antibody titers at
baseline. Variant specific fold-change increase confirmed this finding.
Interestingly, the challenge with the 1:1 Omicron B.1.1.529/Delta
B.1.617.2 inoculum induced the same affinity maturation profile across
groups. The largest fold-change increase was observed for the anti-
genically most distant variants as compared to the initial priming
variant, namely Beta, Gamma, and Omicron B.1.1.529 (Fig. 3e). Intri-
guingly, the relative difference in fold-change neutralization capacity
against Omicron B.1.1.529 compared to Delta B.1.617.2 decreased. Yet,
all groups maintained higher levels of neutralizing antibodies against
Delta B.1.617.2 thanOmicron B.1.1.529, withmedian titers against Delta
B.1.617.2 4-fold higher thanOmicronB.1.1.529 in PI animals (p = 0.0052,
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N = 6, two-way ANOVA followed by Šídák’s multiple comparisons test)
(Fig. 3f). Overall, virus neutralizing capacity was still significantly
higher in the PI group as compared to the IM vaccinated, but not the IN
vaccinated group (p < 0.0001, N = 6, two-way ANOVA followed by
Tukey’s multiple comparisons test). We then investigated the change
in antibody profiles in the sentinels 1 group. We observed a positive
fold change in post-challenge antibody titer relative to their pre-
challenge baseline in only 2 out of 6 sentinels 1 in the IM and IN vac-
cinated group, and in no PI sentinel 1 (Fig. 3g). In all other sentinels 1,
anti-spike antibody levels decreased compared to pre-challenge. This
was supported by the variant-specific changes across groups (Fig. 3h),
which also revealed profiles like those observed in the donors. We
observed a minimal boost in neutralizing capacity across all sentinel 1
groups, which maintained higher levels of neutralizing antibodies
against Delta B.1.617.2 than Omicron B.1.1.529, with median titers
against Delta B.1.617.2 > 5-fold higher than Omicron B.1.1.529 in PI
animals (p <0.0001, N = 6, two-way ANOVA followed by Šídák’s mul-
tiple comparisons test) (Fig. 3i). Raw values for all animals in the
transmission chains (donors and sentinels) can be found in Table S3.
We next assessed if the strength of the humoral response correlated
with the risk of infection upon challenge (donors) or exposure (sen-
tinels 1). In donors, the number of sgRNA positive samples correlated
significantly with the magnitude of the anti-spike ELISA titer
(p = 0.0066, n = 18, Spearman correlation) and the neutralization titer
(p = 0.0321). Neither were found to be significantly correlated in the
sentinels 1 group (Fig. S4).

Pre-existing immunity impacts Omicron B.1.1.529 intra- and
inter-host competitiveness
While pseudotype entry for Omicron B.1.1.529 was reduced compared
to Delta B.1.617.2 in the hamster, and structural differences exist
between the spikes andACE2s (Fig. S5a–c), no significant differences in
oral shedding were observed between variants in naïve hamsters after
single infections (Fig. S5d, e). Hence, next we analyzed the relative
composition of each of the VOCs in all sgRNA positive samples from
the transmission chains (donors and sentinels) by next generation
sequencing (NGS). Delta B.1.617.2 outcompeted Omicron B.1.1.529
both within and between hosts in naïve groups (Fig. 4a). Across all
sgRNA positive swabs in donors and sentinels, Delta B.1.617.2 com-
prised >98% of viral sequences, though some individual variation was
observed in swabs. The percentage of Delta B.1.617.2 increased with
each subsequent naïve transmission chain in swabs (median percen-
tage Delta B.1.617.2 in donors = 98% (99.9–81.8 95% CI); sentinels
1 = 99% (100–84.4 95% CI); sentinels 2 = 99.5% (100–83 95% CI); and
sentinels 3 = 99.8% (99.9–99 95% CI). No Omicron B.1.1.529 was
detected in lungs or nasal turbinates (Fig. 4c).

In three hamsters with pre-existing immunity, Omicron B.1.1.529
was the dominant variant (Table S2): day 2 swab of one IM vaccinated
contact sentinel, days 2 and 3 swabs of one PI donor, and day 2 swab of

a second PI donor. Overall, Delta B.1.617.2 outcompeted Omicron
B.1.1.529 in the directly infected donors and the sentinels across all
vaccinated and previously infected groups (Fig. 4b). However, com-
pared to the percentage of Omicron B.1.1.529 sequences in swab
samples from the naïve animals (<2%), while not significant, Omicron
B.1.1.529 was more prevalent in swab samples from hamsters with pre-
existing immunity: Donors: IM vaccinated = 2.4%, IN vaccinated = 8.7%,
and PI = 40.6%; Sentinels 1: IM vaccinated = 13.4%, IN vaccinated =
6.0%, and PI = 6.9% (Fig. 4d). This trend did not appear in tissue
samples, and no Omicron B.1.1.529 was recovered in the nasal turbi-
nates of either IM vaccinated or PI animals, except for one IN donor
(18% Omicron B.1.1.529), nor in the lungs of IM vaccinated animals. No
sgRNA was recovered from lungs of IN vaccinated or PI animals. These
data suggest that immune pressure may be different between phy-
siological compartments within the host, or that in the hamster model
the initial relative advantage provided by pre-existing immunity is
rapidly lost once infection is established.

Discussion
The ongoing circulation of SARS-CoV-2 VOCs and vaccinations have
created a highly heterogeneous immune landscape in the human
population. Household transmission analyses have revealed that vac-
cinations against SARS-CoV-2 canbe effective in reducing transmission
not only for SARS-CoV-2 Lineage A, but also VOCs32. Fully vaccinated
and booster-vaccinated individuals are generally less susceptible to
infection compared to unvaccinated individuals33. In experimental
studies in the Syrian hamster, low heterologous vaccination-induced
antibody titers were linked to a reduction in lower respiratory tract
pathology and virus replication34. However, vaccine induced-SARS-
CoV-2 immunity is typically not sterilizing35, and transmission andvirus
replication in the upper respiratory tract are still observed after
homologous or heterologous challenge in the hamster. In humans,
none of the currently licensed vaccines are able to completely block
transmission. In particular with Omicron B.1.1.529, vaccine break-
through and reinfections have frequently been reported. These are
likely driven by a combination of waning immunity and antigenic
drift36. There is a clear need for the development of vaccines with the
potential to reduce upper respiratory tract replication and transmis-
sion while maintaining their ability to prevent lower respiratory tract
disease.

AZD1222 is a replication-incompetent simian adenovirus–vectored
vaccine encoding the Lineage A Spike (S) protein of Wuhan-1. Com-
pared to IM vaccination, mucosal vaccination with the ChAdOx1
COVID19 vaccine (AZD1222) has been shown to be more efficient in
preventing upper respiratory tract viral replication and shedding, while
retaining the potential to prevent disease in pre-clinical models,
including the Syrian hamster, ferrets, and rhesus macaques30,37. We
found here, that while the AZD1222 vaccine was based on the Lineage A
S protein, both IM and IN vaccination provided protection from lung

Fig. 3 | Variant specific infection- or vaccine mediated humoral immunity.
Serologypre- and post-challengewith Delta B.1.617.2/Omicron B.1.1.529. Serumwas
collected 21 days post vaccination against Lineage A or infection with Delta
B.1.617.2, and on 5 DPI/DPE. a Anti-spike IgG response (Lineage A spike), measured
by ELISA. Whisker-plots depicting median, upper and lower quantile, min and max
values, and individuals. Kruskal–Wallis test,N = 16 animals. bCross-reactivity of the
IgG response, measured by Meso QuickPlex. Violin plots depicting median, upper
(75th) and lower (25th) quantiles, and individual values. Two-way ANOVA, followed
by Šídák’s multiple comparisons test. N = 16. c Individual neutralizing antibody
titers against Delta B.1.617.2 and Omicron B.1.1.529. Points connected by lines
indicate the same animal. Delta B.1.617.2 and Omicron B.1.1.529: Two-way ANOVA,
followed by Šídák’s multiple comparisons test. Groups of pre-existing immunity:
Two-way ANOVA, followed by Tukey’s multiple comparisons test. N = 16.
d, g Change in overall anti-spike IgG response after challenge (donors (d) and
sentinels 1 (g)). Whisker-plots depictingmedian, upper and lower quantile,min and

max values, and individual values. Change in titer is represented as Log2 (fold
change over pre-challenge value). Dotted line indicates no change. Kruskal–Wallis
test, N = 6. e, h Change in cross-reactivity after challenge/re-infection. Violin plots
depictingmedian, upper and lower quantiles, and individual values. Change in titer
is represented as Log2 (fold change over pre-challenge value). Dotted line indicates
no change in titer. Two-wayANOVA, followed by Šídák’smultiple comparisons test.
N = 6 (donors (e) and sentinels 1 (h)). f, i Individual neutralizing antibody titers
against Delta B.1.617.2 and Omicron B.1.1.529 after challenge. Points connected by
lines indicate the same animal. Delta B.1.617.2 and Omicron B.1.1.529: Two-way
ANOVA, followed by Šídák’s multiple comparisons test. Groups of pre-existing
immunity: Two-way ANOVA, followed by Tukey’s multiple comparisons test. N = 6
(donors (f) and sentinels 1 (=i)). black = naïve, dark blue = intramuscularly (IM)
vaccinated, light blue = intranasally (IN) vaccinated, yellow= previously infected
(PI). P-values stated were significant (<0.05). Source data are provided as a Source
Data file.

Article https://doi.org/10.1038/s41467-023-42346-8

Nature Communications |         (2023) 14:6592 7



pathology after challenge with a Delta B.1.617.2/Omicron B.1.1.529
mixture in the Syrian hamster. Our data supports increased protection
of the lower respiratory tract after IN vaccination against Lineage A or
previous infection with Delta B.1.617.2 compared to IM vaccination
against Lineage A. Aswe andothers previously demonstrated30,37, in this
study themucosal vaccination alsodecreased the viral load in the upper

respiratory tract as compared to IM vaccination. However, only in the PI
animals did we observe a significant reduction in cumulative shedding
compared to naïve hamsters.

Mucosal COVID-19 vaccines have been experimentally shown to
reduce upper respiratory shedding, but not transmission, when asses-
sed in a single contact transmission chain setting38–40. In addition,
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hamster studies have shown that previous infection protects against
disease, but not upper respiratory tract replication, after homologous
and heterologous reinfection35,41–43. Similar dynamics were observed in
our experimental setup. Vaccination did not completely block the
transmission in the first round, but a disruption of the airborne trans-
mission chain was achieved in the second iteration of the transmission
chain. Our data show that vaccination resulted in markedly changed
transmission and disease dynamics, and this effect was greater for IN
than IM vaccination. Vaccination and PI also reduced the magnitude of
shedding and disease severity in the lungs in sentinel animals as com-
pared to sentinels exposed to naïve donors. This suggests that pre-
existing humoral immunity of the donor not only significantly reduces
the likelihood of the first transmission event but also may impact the
onwards transmission on a population level, magnifying the effect. Our
findings are, due to the small group sizes, observational and additional
targeted work could provide statistical confirmation that intranasal
vaccination and previous exposure are indeed more capable to block
transmission compared to intramuscular vaccination.

The ability to block transmission appears to be related to the
strength of the humoral immune response, in which we observe a
change in strength from IM to IN to PI. Whereas the antigenic differ-
ences between the original ancestral SARS-CoV-2 and most VOCs are
relatively minimal, the exception is Omicron B.1.1.52921. On average, a
drop in neutralizing titers of ~ 40 has been observed in sera from
vaccinated and previously infected individuals34,44–46.

Although Omicron B.1.1.529 showed reduced transmission poten-
tial in the Syrian hamster model, which is a relevant limitation to the
work presented here, we confirmed the ability of this VOC to transmit if
the exposure window lasted for 24 h47. Delta B.1.617.2 out-competed
Omicron B.1.1.529 in naïve hamster within and between hosts, sug-
gesting overall greater fitness of Delta B.1.617.2 in that context, even
though we confirmed through sequencing that the ratio of genomic
material in the inoculum may have favored Omicron B.1.1.529 to begin
with. However, in PI donor animals with pre-existing humoral immunity
against Delta B.1.617.2, the relative frequency of Omicron B.1.1.529
increased compared to Delta B.1.617.2. Due to the small sample size
across groups, especially in the sentinel groups which were protected
from transmission, these findings donot provide statistical significance.
Drawing definite conclusions is therefore not possible and further
investigation is required tounderstand tissue type-specific effect of pre-
existing immunity on viral competitiveness and effects on transmissi-
bility. However, we observed that the gap in neutralizing capacity
betweenOmicron B.1.1.529 andDelta B.1.617.2 decreasedmore in the IN
vaccinated and PI groups after challenge/re-infection with the Delta
B.1.617.2/Omicron B.1.1.529 mixture as compared to IM vaccinated ani-
mals. This could further suggest that in these groups, a replication
advantage was present for Omicron B.1.1.529 initially, which led to
increased antibody affinity maturation towards this variant. While we
could not report Omicron B.1.1.529 as the dominant variant in most of
our animals with pre-existing immunity, our findings align with obser-
vations fromanother studywhere theauthors showed that thepresence
of neutralizing antibodies against Delta B.1.617.2, but not Omicron
B.1.1.529, could prevent Delta B.1.617.2 from outcompeting Omicron
B.1.1.529 inhamsters48. This suggests, that even inhamsters,whereDelta

B.1.617.2 is intrinsically more transmissible, immune pressure can pro-
vide a direct advantage for antigenically different viruses.

Our data demonstrate that pre-existing immunity and route of
exposure directly influence disease manifestation and onwards trans-
mission efficacy. These data highlight the need to better understand
SARS-CoV-2 transmission dynamics amidst the complexity of pre-
existing immunity and the emergence of VOCs.

Methods
Ethics statement
All animal experiments were conducted in an AAALAC International-
accredited facility and were approved by the Rocky Mountain
Laboratories Institutional Care and Use Committee following the
guidelines put forth in the Guide for the Care and Use of Laboratory
Animals 8th edition, theAnimalWelfareAct, United StatesDepartment
of Agriculture and theUnited States PublicHealth ServicePolicyon the
Humane Care and Use of Laboratory Animals. Protocol numbers 2021-
034-E and 2021-048-E. Work with infectious SARS-CoV-2 virus strains
under BSL3 conditions was approved by the Institutional Biosafety
Committee (IBC). For the removal of specimens from high contain-
ment areas, virus inactivation of all samples was performed according
to IBC-approved standard operating procedures.

Cells and viruses
The SARS-CoV-2 isolates used in this study are summarized in
Table S4. Virus propagation was performed in VeroE6 cells (kindly
provided by Ralph Baric, University of North Carolina, Chapel Hill,
USA; also available as VEROC1008 from ATCC (CRL-1586)) in DMEM
supplemented with 2% fetal bovine serum, 1mM L-glutamine, 50 U/
mL penicillin and 50 μg/mL streptomycin (DMEM2). VeroE6 cells
were maintained in DMEM supplemented with 10% fetal bovine
serum, 1 mM L- glutamine, 50 U/mL penicillin and 50 μg/ml strep-
tomycin. At regular intervals mycoplasma testing was performed.
No mycoplasma or contaminants were detected. All virus stocks
were sequenced; and no SNPs compared to the patient sample
sequence were detected.

Challenge and transmission studies
Groups. Four-to-six-week-old female and male Syrian hamsters
(ENVIGO, Hsd Han AURA) were used. Sex was not considered as a
variable in this study which did not aim to address sex-differences in
vaccine- or previous exposure-induced immunity. Hamsters were
randomly assigned tooneof four groups: Naïve group, intramuscularly
(IM) vaccinated group, intranasally (IN) vaccinated group, and pre-
viously infected (PI) group. For the IM vaccinated group, 16 animals
received vaccine AZD1222 (2.5 × 108 IU/animal) intramuscularly to two
sites using a 25-gauge needle with a maximum injection volume of
200μL. For the IN vaccinated group, 16 animals received vaccine
AZD1222 (2.5 × 108 IU/animal) intranasally with a maximum injection
volume of 60μL. For the PI group, 16 naïve animals were exposed to
Delta B.1.617.2 infected animals in direct contact over multiple days:
Four hamsters were inoculated via the intranasal route with a total
maximum dose of 104 TCID50 SARS-CoV-2 Delta B.1.617.2 VOC. One
infected hamster was co-housed with four naïve animals to allow for

Fig. 4 | Competitiveness of Delta B.1.617.2 and Omicron B.1.1.529 in animals
naïve to SARS-CoV-2 and with pre-existing immunity. a The receptor binding
domain of the SARS-CoV-2 spike was sequenced for all sgRNA positive swabs col-
lected at 2, 3, and 5 DPI/DPE, and lungs and nasal turbinates collected on 5DPI/DPE.
Heatmap representing all sgRNA positive swab samples from each individual for
each naïve chain and showing the percentage of Delta B.1.617.2 detected. Colors
refer to legend on right (D= donor, S = sentinel, NC= naïve control), grey = no
sgRNA present in the sample or sequencing unsuccessful.bHeatmap displaying all
sgRNA positive samples from each individual for vaccinated or previously infected
chains and showing percentage of Delta B.1.617.2 detected. Colors refer to legend

on right (D= donor, S = sentinel, NC= naïve control), grey = no sgRNA present in
the sample or sequencing unsuccessful. cOverall percentage of Delta B.1.617.2 and
Omicron B.1.1.529 in all sgRNA positive samples in each naïve group, separated by
tissue type. d Overall percentage of Delta B.1.617.2 and Omicron B.1.1.529 in all
sgRNA positive samples in each vaccinated or previously infected group, separated
by tissue type. Bar charts depicting mean and 95% CI. Number of sgRNA positive
samples over all samples analyzed is indicated on top, individual data points are
depicted (dots represent percentage of Omicron B.1.1.529, light purple). Yellow=
Delta B.1.617.2, purple =Omicron B.1.1.529. Source data are provided as a Source
Data file.
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contact transmission to occur (ratio 1:4). At least 21 days post vacci-
nation or exposure blood was collected for serology.

Challenge. For each group, N = 6 animals were infected intranasally
with 1 × 104 TCID50 SARS-CoV-2 at a 1:1 ratio of Omicron B.1.1.529 and
Delta B.1.617.2 and individually housed. The ratio between Omicron
B.1.1.529 and Delta B.1.617.2 was based on TCID50 values. The experi-
ment was conducted across three interactions, which each included all
groups, due to space constraints using the transmission cages. The
inoculum was sequenced by NSG (as described below) and we found
34.2, 35.1, and 34.1 percentage of reads to map to Delta B.1.617.2,
respectively. These animals also served as donor animals for the
transmission studies described subsequently. Animalsweremonitored
until 5 DPE. Oropharyngeal swabswere taken for all animals at 2, 3, and
5 DPI. All animals were euthanized at 5 DPI for collection of lung tissue
and nasal turbinates, and serum.

Transmission. The transmission chainswere conducted at least 28 days
post vaccination or previous infection (infection of donor animals
occurred between days 34 and 51, exposure of sentinels occurred
between days 35 and 52). Naïve controls were age matched. Naïve
group: Donor hamsters (N =6) were infected intranasally and indivi-
dually housed. After 24 h, three donor animals were placed into a new
rodent cage and three donors were placed into the donor cage of an
airborne transmission set-up of 16.5 cmdistance at an airflowof 30 cage
changes/h as described by ref. 24. Sentinels (sentinels 1, N = 3) were
placed into either the same cage (contact,N = 3, 1:1 ratio) or the sentinel
cage of the airborne transmission caging (airborne, N = 3, 1:1 ratio).
Hamsters were co-housed for 48 h. Donor animals were re-housed into
regular rodent caging and sentinels 1 were placed into either a new
rodent cage or the donor cage of a new airborne transmission set-up.
New sentinels (sentinels 2,N = 3 for contact andN = 3 for airborne) were
placed into the same new rodent cage or the sentinel cage of the air-
borne transmission caging (1:1) at 16.5 cm distance at an airflow of 30
changes/h. Hamsters were co-housed for 48 h. Sentinels 1 were then re-
housed into regular rodent caging and 4 sentinels 2 were placed into
either a new rodent cage or the donor cage of a new airborne trans-
mission set-up. New sentinels (sentinels 3,N= 2 for contact andN = 2 for
airborne) were placed into the same new rodent cage or the sentinel
cage of the airborne transmission caging (1:1) at 16.5 cm distance at an
airflow of 30 changes/h. Hamsters were co-housed for 72 h. Then all
were re-housed to regular rodent caging and monitored until 5 DPE.

Vaccinated groups. Donor hamsters (N = 6 each for IM and IN,
respectively) were infected intranasally and individually housed. After
24 h, three donor animals were placed into a new rodent cage and
three donors were placed into the donor cage of an airborne trans-
mission set-up. Equally vaccinated sentinels (sentinels 1) and com-
pletely naïve animals (naïve controls) were placed into either the same
cage (contact, N = 3, 1:2 ratio) or the sentinel cage of the airborne
transmission caging (airborne, N = 3, 1:2 ratio).

PI group. Donor hamsters (N = 6) were infected intranasally and indi-
vidually housed. After 24 h, three donor animals were placed into a
new rodent cage and three donors were placed into the donor cage of
an airborne transmission set-up. Equally PI sentinels (sentinels 1) and
completely naïve animals (naïve controls) were placed into either the
same cage (contact,N = 3, 1:2 ratio) or the sentinel cage of the airborne
transmission caging (airborne, N = 3, 1:2 ratio). Hamsters were co-
housed for 48 h.

A second and third chain link was performed for all pre-existing
immunity groups for 2/3 airborne links as described above for the
naïve chains (sentinel 1 → sentinel 2 (and naïve control 2) → sentinel 3
(and naïve control 3)). Donor animals and sentinels were re-housed
into regular rodent caging and monitored until 5 DPE. Oropharyngeal

swabswere taken for all animals at 2, 3, and 5DPI/DPE. All animals were
euthanized at 5 DPI/DPE for collection of lung tissue and nasal turbi-
nates and serum. To ensure no cross-contamination, the donor cages
and the sentinel cages were never opened at the same time, sentinel
hamsters were not exposed to the same handling equipment as
donors, and the equipment was disinfected with either 70% ETOH or
5% Microchem after use. Regular bedding was replaced by alpha-dri
bedding to avoid the generation of dust particles.

Viral RNA detection
Swabs from hamsters were collected as described above. Then, 140 µL
was utilized for RNA extraction using the QIAamp Viral RNA Kit (Qia-
gen) using QIAcube HT automated system (Qiagen) according to the
manufacturer’s instructions with an elution volume of 150 µL. For tis-
sues, RNAwas isolated using the RNeasyMini kit (Qiagen) according to
the manufacturer’s instructions and eluted in 60 µL. Sub-genomic (sg)
and genomic (g) viral RNA was detected by qRT-PCR49.

sgRNA: Fw=CGATCTCTTGTAGATCTGTTCTC,
Rv=ATATTGCAGCAGTACGCACACA,
Probe=FAM-ACACTAGCCATCCTTACTGCGCTTCG-ZEN-IBHQ;
gRNA: Fw=AACAGGTACGTTAATAGTTAATAGCGT,
Rv=ATATTGCAGCAGTACGCACACA,
Probe=FAM-ACACTAGCCATCCTTACTGCGCTTCG-ZEN-IBHQ.
RNA was tested with TaqMan™ Fast Virus One-Step Master Mix

(Applied Biosystems) using QuantStudio 3 Flex Real-Time PCR System
(Applied Biosystems). SARS-CoV-2 standards with known copy num-
bers were used to construct a standard curve and calculate copy
numbers/mL or copy numbers/g. The detection limit for the assay was
10 copies/reaction, and samples below this limit were considered
negative.

ELISA
Serum samples were analyzed as previously described50. In brief,
maxisorpplates (Nunc)were coatedwith 50 ng LineageA spike protein
(generated in-house) per well. Plates were incubated overnight at 4 °C.
Plates were blocked with casein in phosphate buffered saline (PBS)
(ThermoFisher) for 1 h at room temperature. Serum was diluted 2-fold
in blocking buffer and samples (duplicate) were incubated for 1 h at
room temperature. Secondary goat anti-hamster IgG Fc (Cat.No. 5220-
0371 Lot. 10492253, Seracare; each lot is tested to assure specificity
and lot-to-lot consistency using an in-house ELISA assay. Reference
number: 14-22-06 (https://www.seracare.com/AntiHamster-IgG-HL-
Antibody-PeroxidaseLabeled-5220-0371/)) spike-specific antibodies
were used (diluted at 2500X) for detection and visualized with KPL
TMB 2-component peroxidase substrate kit (SeraCare, 5120-0047).
The reactionwas stopped with KPL stop solution (Seracare) and plates
were read at 450 nm. The threshold for positivity was calculated as the
average plus 3 x the standard deviation of negative control hamster
sera. Endpoint titers were determined.

MESO QuickPlex assay
The V-PLEX SARS-CoV-2 Panel 23 (IgG) kit from Meso Scale Discovery
was used to test binding antibodies against the spike protein of the
different SARS-CoV-2VOCs,with serumobtained fromhamsters 14DPI
diluted at 10,000X. A standard curve of pooled hamster sera positive
for SARS-CoV-2 spike protein was serially diluted 4-fold. To prepare a
secondary antibody, a goat anti-hamster IgG cross-adsorbed second-
ary antibody (ThermoFisher, SA5−10284; each lot is tested to assure
specificity and lot-to-lot consistency using an in-house assay. Refer-
ence number AB_2868332 (https://www.thermofisher.com/antibody/
product/Goat-anti-Syrian-Hamster-IgG-H-L-Cross-Adsorbed-
Secondary-Antibody-Polyclonal/SA5-10284) was conjugated using the
MSD GOLD SULFO-TAG NHS-Ester Conjugation Pack (MSD). The sec-
ondary antibody was diluted 10,000X. The plates were prepped, and
samples were run according to the kit’s instruction manual. After the
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plates were read by the MSD instrument, data was analyzed with the
MSD Discovery Workbench Application.

Virus neutralization
Heat-inactivated γ-irradiated sera were two-fold serially diluted in
DMEM. 100 TCID50 of SARS-CoV-2 were added. After 1 h of incubation
at 37 °C and 5% CO2, the virus:serum mixture was added to VeroE6
cells. CPE was scored after 5 days at 37 °C and 5% CO2. The virus neu-
tralization titer was expressed as the reciprocal value of the highest
dilution of the serum which still inhibited virus replication.

Cytokine gene expression
RNAwasextracted fromhamster lung andnasal turbinates tissue using
the RNeasy kit (Qiagen) as per manufacturer’s instructions. The
expression of five host genes was determined using primer/probe sets
derived from ref. 51 and ref. 52 (Table S5). Expression of the following
genes was determined: IFNy, TNFa, IL-4, IL-6, and IL-10. Results were
normalized to Rpl18 and B2m levels. Fold changes in expression levels
were determined using the 2-(Delta) (Delta) Ct method comparing
immunized SARS-CoV-2 challenged animals to naïve SARS-CoV-2
challenged animals.

Next-generation sequencing of virus
Total RNA was extracted from oral swabs, lungs, and nasal turbinates
using the Qia Amp Viral kit (Qiagen, Germantown, MD), eluted in EB,
and viral Ct values were calculated using qRT-PCR. Subsequently, 11 µL
of extracted RNA were used as template in the ARTIC nCoV-2019
sequencing protocol V.1 (Protocols.io - https://www.protocols.io/view/
ncov-2019-sequencing-protocol-bbmuik6w) to generate first-strand
cDNA. Five microliters were used as template for Q5 HotStart
Polymerase PCR (Thermo Fisher Sci, Waltham, MA) together with
10 uM stock of a single primer pair from the ARTIC nCoV-2019 v3
Panel (Integrated DNA Technologies, Belgium); which amplifies the
RBD region (nCoV_Spike_76L_alt3: GGGCAAACTGGAAAGATTGCTGA;
nCoV_Spike_76R_alt0: ACCTGTGCCTGTTAAACCATTGA). Following 35
cycles and 55 °C annealing temperature, products were AmPure XP
cleaned and quantitated with Qubit (Thermo Fisher Sci) fluorometric
quantitation as per instructions. Following visual assessment of 1 µL on
a Tape Station D1000 (Agilent Technologies, Santa Clara, CA), a total
of 400 ng of product was taken directly into TruSeq DNA PCR-Free
Library Preparation Guide, Revision D. (Illumina, San Diego, CA)
beginning with the Repair Ends step (q.s. to 60 µL with RSB). Sub-
sequent clean-up consisted of a single 1:1 AmPure XP/reaction ratio,
and all steps followed the manufacturer’s instructions including the
Illumina TruSeq CD (96) indexes. Final libraries were visualized on a
BioAnalyzer HS chip (Agilent Technologies) and quantified using KAPA
Library Quant Kit - Illumina Universal qPCR Mix (Kapa Biosystems,
Wilmington, MA) on a CFX96 Real-Time System (BioRad, Hercules,
CA). Libraries were diluted to 2 nM stock, pooled together in equi-
molar concentrations, and sequenced on the Illumina MiSeq instru-
ment (Illumina) as paired-end 2 × 250 base pair reads. Because of the
limited diversity of a single-amplicon library, 20% PhiX was added to
the final sequencing pool to aid in final sequence quality. Raw fastq
reads were trimmed of Illumina adapter sequences using cutadapt
version 1.1227, and then trimmed and filtered for quality using the
FASTX-Toolkit (Hannon Lab, CSHL). To process the ARTIC data, a
custompipeline was developed53. Fastq read pairs were first compared
to a database of ARTIC primer pairs to identify read pairs that had
correct, matching primers on each end. Once identified, the ARTIC
primer sequence was trimmed off. Read pairs that did not have the
correct ARTIC primer pairs were discarded. Remaining read pairs were
collapsed into one sequence using AdapterRemoval version 2.2.254

requiring a minimum 25 base overlap and 300 base minimum length,
generating ARTIC amplicon sequences. Identical amplicon sequences
were removed, and the unique amplicon sequenceswere thenmapped

to the SARS-CoV-2 genome (MN985325.1) using Bowtie255. Aligned
SAM files were converted to BAM format, then sorted and indexed
using SAMtools version 1.1056. Variant calling was performed using
Genome Analysis Toolkit (GATK, version 4.1.2) HaplotypeCaller with
ploidy set to 257. Single nucleotide polymorphic variants were filtered
forQUAL > 200 andquality by depth (QD) > 20 and indelswerefiltered
for QUAL > 500 and QD> 20 using the filter tool in bcftools, v1.956.

Histopathology
Necropsies and tissue sampling were performed according to IBC-
approved protocols. Tissues were fixed for aminimumof 7 days in 10%
neutral buffered formalin with 2 changes. Tissues were placed in cas-
settes and processed with a Sakura VIP-6 Tissue Tek, on a 12-h auto-
mated schedule, using a graded series of ethanol, xylene, and
PureAffin. Prior to staining, embedded tissues were sectioned at 5 µm
and dried overnight at 42 °C. Using GenScript U864YFA140-4/CB2093
NP-1 (1:1000) specific anti-CoV immunoreactivity was detected using
the Vector Laboratories ImPress pre-diluted VR anti-rabbit IgG poly-
mer (# MP-6401, (https://vectorlabs.com/products/enzyme-polymer/
immpress-vr-horse-anti-rabbit-igg-hrp-kit#documents)) as secondary
antibody. The tissues were then processed using the Discovery Ultra
automated processor (Ventana Medical Systems) with a ChromoMap
DAB kit Roche Tissue Diagnostics (#760-159). Validation of cross-
reactivity of SARS-CoV to SARS-CoV-2 in IHC was done in-house by
embedding SARS-CoV-2 infected Vero cells in histogel and producing
and staining histology slides. Anti-CD3 immunoreactivity was detected
utilizing a primary antibody from Roche Tissue Diagnostics predilute
(#790-4341, clone 2GV6, validated against control tissues (e.g., spleen)
by the manufacturer and in house), secondary antibody from Vector
Laboratories ImPress VR horse anti-rabbit IgG polymer (#MP-6401)
and visualized using the ChromoMap DAB kit from Roche Tissue
Diagnostics (#760-159).

Anti-PAX5 immunoreactivity was detected utilizing a primary
antibody from Novus Biologicals at 1:500 (#NBP2-38790, polyclonal,
validated by manufacturer, secondary antibody from Vector Labora-
tories ImPress pre-diluted VR horse anti-rabbit IgG polymer (#MP-
6401) and visualized using the ChromoMapDAB kit fromRoche Tissue
Diagnostics (#760-159). Histopathological assessment was performed
by a board-certified, blinded pathologist. Nucleoprotein reactivity was
assessed by the pathologist.

Morphometric analysis
CD3 and PAX5 IHC stained sections were scanned with an Aperio
ScanScope XT (Aperio Technologies, Inc., Vista, CA) and analyzed
using the ImageScope Positive Pixel Count algorithm (version 9.1). The
default parameters of the Positive Pixel Count (hue of 0.1 and width of
0.5) detected antigen adequately.

Statistics and reproducibility
Power analysis was used to predetermine animal group size to allow
statistical significance with 99% confidence intervals for assuming a
5-fold difference in virus replication. Animals were randomly
assigned to the experimental groups; investigators were not blin-
ded to allocation during the experiments but were blinded during
outcome assessment. Data distribution was assumed to be non-
normal and non-parametric test were applied where appropriate.
No data or animals were excluded from the analysis. Significance
tests were performed as indicated where appropriate using Prism 9
(GraphPad Software). Statistical significance levels were deter-
mined as follows: NS, P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001;
****P ≤ 0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
Thedata used in this study are available in the FigShare database under
accession code https://doi.org/10.6084/m9.figshare.24061197.v1. The
data generated in this study are provided in the Source Data file. The
Sequencing data generated in this study have been deposited in the
BioProject database under the project ID PRJNA991634 with accession
numbers SRR25152370 to SRR25152536. All material requests should
be sent to Vincent J. Munster, vincent.munster@nih.gov. Source data
are provided with this paper.

Code availability
No custom computer code or algorithm was used to generate results
that are reported in the paper and central to its main claims.

References
1. Layan, M. et al. Impact of BNT162b2 vaccination and isolation on

SARS-CoV-2 transmission in Israeli households: an observational
study. Am. J. Epidemiol. 191, 1224–1234 (2022).

2. Harris, R. J. et al. Effect of vaccination on household transmission of
SARS-CoV-2 in England. N. Engl. J. Med. 385, 759–760 (2021).

3. Levine-Tiefenbrun, M. et al. Initial report of decreased SARS-CoV-2
viral load after inoculationwith the BNT162b2 vaccine.Nat.Med. 27,
790–792 (2021).

4. Marks, M. et al. Transmission of COVID-19 in 282 clusters in Cata-
lonia, Spain: a cohort study. Lancet Infect Dis. 21, 629–636 (2021).

5. WHO. Tracking SARS-CoV-2 variants. https://www.who.int/
emergencies/overview/tracking-SARS-CoV-2-variants (2022).

6. CDC. SARS-CoV-2 Variant Classifications and Definitions. https://
www.cdc.gov/coronavirus/2019-ncov/variants/variant-
classifications.html (2021).

7. Bergeri, I. et al. Global SARS-CoV-2 seroprevalence from January
2020 to April 2022: a systematic review and meta-analysis of
standardized population-based studies. PLOS Med. 19,
e1004107 (2022).

8. Azami, M., Moradi, Y., Moradkhani, A. & Aghaei, A. SARS-CoV-2
seroprevalence around the world: an updated systematic review
and meta-analysis. Eur. J. Med. Res. 27, 81 (2022).

9. Rostami, A. et al. Update on SARS-CoV-2 seroprevalence: regional
and worldwide. Clin. Microbiol. Infect 27, 1762–1771 (2021).

10. Liu, Y. et al. Delta spike P681R mutation enhances SARS-CoV-2 fit-
ness over Alpha variant. Cell Rep. 39, 110829 (2022).

11. Trobajo-Sanmartín, C. et al. Differences in transmission between
SARS-CoV-2 Alpha (B.1.1.7) and Delta (B.1.617.2) variants. Microbiol.
Spectr. 10, e0000822 (2022).

12. Earnest, R. et al. Comparative transmissibility of SARS-CoV-2 var-
iants Delta and Alpha in New England, USA. Cell Rep. Med. 3,
100583 (2022).

13. Zhou, B. et al. SARS-CoV-2 spike D614G change enhances replica-
tion and transmission. Nature 592, 122–127 (2021).

14. Mok, B. W. et al. Low dose inocula of SARS-CoV-2 Alpha variant
transmits more efficiently than earlier variants in hamsters. Com-
mun. Biol. 4, 1102 (2021).

15. Fan, Y. et al. SARS-CoV-2 Omicron variant: recent progress and
future perspectives. Signal. Transduct. Target. Ther. 7, 141 (2022).

16. Altarawneh, H. N. et al. Protection against theOmicron variant from
previous SARS-CoV-2 infection. N. Engl. J. Med. 386,
1288–1290 (2022).

17. Cameroni, E. et al. Broadly neutralizing antibodies overcome SARS-
CoV-2 Omicron antigenic shift. Nature 602, 664–670 (2022).

18. Meng, B. et al. Altered TMPRSS2 usage by SARS-CoV-2 Omicron
impacts infectivity and fusogenicity. Nature 603, 706–714 (2022).

19. Kuhlmann, C. et al. Breakthrough infections with SARS-CoV-2
omicron despite mRNA vaccine booster dose. Lancet 399,
625–626 (2022).

20. van der Straten, K. et al. Antigenic cartography using sera from
sequence-confirmed SARS-CoV-2 variants of concern infections
reveals antigenic divergence of Omicron. Immunity 55,
1725–1731.e1724 (2022).

21. Mykytyn A. Z. et al. Antigenic cartography of SARS-CoV-2 reveals
that Omicron BA.1 and BA.2 are antigenically distinct. Sci. Immunol.
7, eabq4450 (2022).

22. Jung, J. et al. Transmission and infectious SARS-CoV-2 shedding
kinetics in vaccinated and unvaccinated individuals. JAMA Netw.
Open 5, e2213606 (2022).

23. Chaguza, C. et al. Rapid emergence of SARS-CoV-2 Omicron var-
iant is associated with an infection advantage over Delta in vacci-
nated persons. Med 3, 325–334.e324 (2022).

24. Port, J. R. et al. Increased small particle aerosol transmission of
B.1.1.7 compared with SARS-CoV-2 lineage A in vivo.Nat. Microbiol.
7, 213–223 (2022).

25. Port, J. R. et al. SARS-CoV-2 disease severity and transmission effi-
ciency is increased for airborne compared to fomite exposure in
Syrian hamsters. Nat. Commun. 12, 4985 (2021).

26. van Doremalen, N. et al. ChAdOx1 nCoV-19 (AZD1222) or nCoV-19-
Beta (AZD2816) protect Syrian hamsters against Beta Delta and
Omicron variants. Nat. Commun. 13, 4610 (2022).

27. Singanayagam, A. et al. Duration of infectiousness and correlation
with RT-PCR cycle threshold values in cases of COVID-19, England,
January to May 2020. Eurosurveillance 25, 2001483 (2020).

28. Bravo, M. S. et al. Viral culture confirmed SARS-CoV-2 subgenomic
RNA value as a good surrogate marker of infectivity. J. Clin. Micro-
biol. 60, e01609–e01621 (2022).

29. Fischer, R. J. et al. ChAdOx1 nCoV-19 (AZD1222) protects Syrian
hamsters against SARS-CoV-2 B.1.351 and B.1.1.7. Nat. Commun. 12,
5868 (2021).

30. van Doremalen, N. et al. Intranasal ChAdOx1 nCoV-19/AZD1222
vaccination reduces viral shedding after SARS-CoV-2 D614G chal-
lenge in preclinical models. Sci. Transl. Med. 13, eabh0755
(2021).

31. Ip, C. L. C. et al. MinION analysis and reference consortium: phase 1
data release and analysis. F1000Res 4, 1075–1075 (2015).

32. Prunas, O. et al. Vaccinationwith BNT162b2 reduces transmission of
SARS-CoV-2 to household contacts in Israel. Science 375,
1151–1154 (2022).

33. Lyngse, F. P. et al. Household transmission of the SARS-CoV-2
Omicron variant in Denmark. Nat. Commun. 13, 5573 (2022).

34. Liu, Y. et al. Cross-neutralization andcross-protection amongSARS-
CoV-2 viruses bearing different variant spikes. Signal Transduct.
Target. Ther. 7, 285 (2022).

35. Yinda, C. K. et al. Prior aerosol infection with lineage A SARS-CoV-2
variant protects hamsters from disease, but not reinfection with
B.1.351 SARS-CoV-2 variant. Emerg. Microbes Infect. 10,
1284–1292 (2021).

36. Pulliam, J. R. C. et al. Increased risk of SARS-CoV-2 reinfection
associated with emergence of Omicron in South Africa. Science
376, eabn4947 (2022).

37. Marsh, G. A. et al. ChAdOx1 nCoV-19 (AZD1222) vaccine candidate
significantly reduces SARS-CoV-2 shedding in ferrets. npj Vaccines
6, 67 (2021).

38. Amanatidou, E. et al. Breakthrough infections after COVID-19 vac-
cination: Insights, perspectives and challenges. Metabol Open 14,
100180 (2022).

39. Kar, S. et al. Oral and intranasal vaccines against SARS-CoV-2:
Current progress, prospects, advantages, and challenges. Immun.
Inflamm. Dis. 10, e604 (2022).

40. Mouro, V. & Fischer, A. Dealing with a mucosal viral pandemic:
lessons from COVID-19 vaccines. Mucosal Immunol. 15,
584–594 (2022).

Article https://doi.org/10.1038/s41467-023-42346-8

Nature Communications |         (2023) 14:6592 12

https://doi.org/10.6084/m9.figshare.24061197.v1
https://www.who.int/emergencies/overview/tracking-SARS-CoV-2-variants
https://www.who.int/emergencies/overview/tracking-SARS-CoV-2-variants
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html
https://www.cdc.gov/coronavirus/2019-ncov/variants/variant-classifications.html


41. Hansen, F. et al. SARS-CoV-2 reinfection prevents acute respiratory
disease in Syrian hamsters but not replication in the upper
respiratory tract. Cell Rep. 38, 110515 (2022).

42. Stauft, C. B., Selvaraj, P., Lien, C. Z., Starost, M. F. & Wang, T. T.
Long-term immunity in convalescent Syrian hamsters provides
protection against new-variant SARS-CoV-2 infection of the lower
but not upper respiratory tract. J. Med. Virol. 94, 2833–2836 (2022).

43. Mohandas, S. et al. Protective immunity of the primary SARS-CoV-2
infection reduces disease severity post re-infection with Delta Var-
iants in Syrian hamsters. Viruses 14, 596 (2022).

44. Planas, D. et al. Considerable escape of SARS-CoV-2 Omicron to
antibody neutralization. Nature 602, 671–675 (2022).

45. Planas, D. et al. Reduced sensitivity of SARS-CoV-2 variant Delta to
antibody neutralization. Nature 596, 276–280 (2021).

46. Dejnirattisai, W. et al. SARS-CoV-2 Omicron-B.1.1.529 leads to
widespread escape from neutralizing antibody responses.Cell 185,
467–484.e415 (2022).

47. Boon, A. C. M. et al. Reduced airborne transmission of SARS-CoV-2
BA.1 Omicron virus in Syrian hamsters. PLOS Pathogens 18,
e1010970 (2022).

48. Yuan, S. et al. Pathogenicity, transmissibility, and fitness of SARS-
CoV-2 Omicron in Syrian hamsters. Science 377, 428–433 (2022).

49. Corman, V. M. et al. Detection of 2019 novel coronavirus (2019-
nCoV) by real-time RT-PCR. Euro Surveill. 25, 2000045 (2020).

50. Yinda, C. K. et al. K18-hACE2 mice develop respiratory disease
resembling severe COVID-19. PLoS Pathog. 17, e1009195 (2021).

51. Zivcec, M., Safronetz, D., Haddock, E., Feldmann, H. & Ebihara, H.
Validation of assays to monitor immune responses in the Syrian
golden hamster (Mesocricetus auratus). J. Immunol. Methods 368,
24–35 (2011).

52. Bricker, T. L. et al. A single intranasal or intramuscular immunization
with chimpanzee adenovirus-vectored SARS-CoV-2 vaccine pro-
tects against pneumonia in hamsters. Cell Rep. 36, 109400 (2021).

53. Avanzato, V. A. et al. Case study: prolonged infectious SARS-CoV-2
shedding from an asymptomatic immunocompromised individual
with cancer. Cell 183, 1901–1912.e1909 (2020).

54. Schubert, M., Lindgreen, S. &Orlando, L. AdapterRemoval v2: rapid
adapter trimming, identification, and readmerging.BMCRes. Notes
9, 88 (2016).

55. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with
Bowtie 2. Nat. Methods 9, 357–359 (2012).

56. Li, H. et al. The sequence alignment/map format and SAMtools.
Bioinformatics 25, 2078–2079 (2009).

57. McKenna, A. et al. The Genome Analysis Toolkit: a MapReduce
framework for analyzing next-generation DNA sequencing data.
Genome Res. 20, 1297–1303 (2010).

Acknowledgements
We would like to thank Bob Fischer and Shane Gallogly for help with
experiments.We thank Tina Thomas, Rebecca Rosenke, andDan Long for
assistance with histology; RMVB animal care staff for taking care of the
animals. The following reagentwasobtained through:CDC:SARS-CoV-2/
human/USA/WA-CDC-WA1/2020, Lineage A. BEI Resources, NIAID, NIH:
SARS-CoV-2 variant Alpha (B.1.1.7) (hCoV320 19/England/204820464/
2020, EPI_ISL_683466), contributed by Bassam Hallis, and variant Delta
B.1.617.2 (B.1.617.2/) (hCoV-19/USA/KY-CDC-2-4242084/2021,
EPI_ISL_1823618). Variant Beta (B.1.351) isolate name: hCoV-19/USA/MD-
HP01542/2021, EPI_ISL_890360, and variant Gamma (P.1) isolate name:
hCoV-19/USA/MD-HP03867/2021, EPI_ISL_1468644, were contributed by
Johns Hopkins Bloomberg School of Public Health: Andrew Pekosz.

Variant Omicron B.1.1.529 (B.1.1.529. BA.1) isolate name: hCoV-19/USA/
GA-EHC-2811C/2021, EPI_ISL_7171744, was contributed Emory University,
Emory Vaccine Center: Mehul Suthar. We thank Andrew Pekosz, Mehul
Suthar, Emmie de Wit, Brandi Williamson, Sujatha Rashid, Bassam Hallis,
RanjanMukul, Kimberly Stemple, Bin Zhou, Natalie Thornburg, Sue Tong,
Stacey Ricklefs, Sarah Anzick for gracefully sharing viruses or propagat-
ing stocks. This work was supported by the Intramural Research Program
of the National Institute of Allergy and Infectious Diseases (NIAID),
National Institutes of Health (NIH) (1ZIAAI001179-01). Thisworkwas part of
NIAID’s SARS-CoV-2 Assessment of Viral Evolution (SAVE) Program.

Author contributions
J.R.P., K.C.Y., and N.v.D. designed the studies. J.R.P., K.C.Y., Z.A.W.,
J.C.R., T.A.S., V.A.A., J.E.S., M.G.H., and E.H. performed the experiments.
J.R.P., K.C.Y., J.C.R., Z.A.W., T.A.S., V.A.A., K.B., C.I.S., and C.M. analyzed
results. T.L. and S.C.G. provided materials. R.P.G. generated the sche-
matic visualizations. J.R.P., K.C.Y., and V.J.M. wrote the manuscript.
J.R.P., K.C.Y., N.v.D., T.L., S.C.G., and V.J.M. edited the manuscript. All
co-authors reviewed the manuscript.

Funding
OpenAccess funding providedby theNational Institutes of Health (NIH).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42346-8.

Correspondence and requests for materials should be addressed to
Vincent J. Munster.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to thepeer reviewof thiswork. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© This is a U.S. Government work and not under copyright protection in
the US; foreign copyright protection may apply 2023

Article https://doi.org/10.1038/s41467-023-42346-8

Nature Communications |         (2023) 14:6592 13

https://doi.org/10.1038/s41467-023-42346-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1Laboratory of Virology, Division of Intramural Research, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Hamilton,MT, USA.
2Genomics Research Section, Research Technologies Branch, Division of Intramural Research, National Institute of Allergy and Infectious Diseases, National
Institutes of Health, Hamilton, MT, USA. 3Rocky Mountain Visual and Medical Arts Unit, Research Technologies Branch, Division of Intramural Research,
National Institute of Allergy and Infectious Diseases, National Institutes of Health, Hamilton, MT, USA. 4Rocky Mountain Veterinary Branch, Division of
Intramural Research, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Hamilton, MT, USA. 5The Jenner Institute, Nuffield
Department of Medicine, University of Oxford, Oxford, UK. 6Present address: Chinese Academy of Medical Science Oxford Institute; Oxford Vaccine Group,
Department of Paediatrics, University of Oxford, Oxford, UK. 8These authors contributed equally: Julia R. Port, Claude Kwe Yinda. 8These authors jointly
supervised this work: Neeltje van Doremalen, Vincent J. Munster. e-mail: vincent.munster@nih.gov

Article https://doi.org/10.1038/s41467-023-42346-8

Nature Communications |         (2023) 14:6592 14

mailto:vincent.munster@nih.gov

	Infection- or AZD1222 vaccine-mediated immunity reduces SARS-CoV-2 transmission but increases Omicron competitiveness in hamsters
	Results
	Previous exposure or vaccine-induced pre-existing immunity reduces virus replication, shedding, and lung pathology after reinfection
	Contact and airborne transmission in naïve Syrian hamsters
	Pre-existing immunity protects against contact and airborne transmission
	Pre-existing humoral immunity against Lineage A or Delta B.1.617.2 offers minimal neutralizing cross-reactivity against Omicron B.1.1.529
	Pre-existing immunity impacts Omicron B.1.1.529 intra- and inter-host competitiveness

	Discussion
	Methods
	Ethics statement
	Cells and viruses
	Challenge and transmission studies
	Groups
	Challenge
	Transmission
	Vaccinated groups
	PI group
	Viral RNA detection
	ELISA
	MESO QuickPlex assay
	Virus neutralization
	Cytokine gene expression
	Next-generation sequencing of virus
	Histopathology
	Morphometric analysis
	Statistics and reproducibility
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




