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Delayed engagement of host defenses enables SARS-
CoV-2 viremia and productive infection of distal organs
in the hamster model of COVID-19
Lucia Carrau1, Justin J. Frere1 , Ilona Golynker1, Alvaro Fajardo1, Cristobal F. Rivera2,
Shu Horiuchi1, Tyler Roonprapunt1, Judith M. Minkoff1, Daniel Blanco-Melo3,
Benjamin TenOever1*

Clinical presentations that develop in response to infection result from interactions between the pathogen and
host defenses. SARS-CoV-2, the etiologic agent of COVID-19, directly antagonizes these defenses, leading to
delayed immune engagement in the lungs that materializes only as cells succumb to infection and are phago-
cytosed. Leveraging the golden hamster model of COVID-19, we sought to understand the dynamics between
SARS-CoV-2 infection in the airways and the systemic host response that ensues. We found that early SARS-CoV-
2 replication was largely confined to the respiratory tract and olfactory system and, to a lesser extent, the heart
and gastrointestinal tract but generated a host antiviral response in every organ as a result of circulating type I
and III interferons. Moreover, we showed that diminishing the response in the airways by immunosuppression or
administration of SARS-CoV-2 intravenously resulted in decreased immune priming, viremia, and increased viral
tropism, including productive infection of the liver, kidney, spleen, and brain. Last, we showed that productive
infection of the airways was required for mounting an effective and system-wide antiviral response. Together,
these data illustrate how COVID-19 can result in diverse clinical presentations in which disease outcomes can be
a by-product of the speed and strength of immune engagement. These studies provide additional evidence for
the mechanistic basis of the diverse clinical presentations of COVID-19 and highlight the ability of the respira-
tory tract to generate a systemic immune defense after pathogen recognition.

Copyright © 2023 The
Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
License 4.0 (CC BY).

INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the etiological agent of coronavirus disease 2019 (COVID-19), pre-
dominantly infects angiotensin-converting enzyme 2 (ACE2)-ex-
pressing cells of the respiratory tract (1). Cellular entry enables
the direct translation of the single-stranded RNA genome to
produce the open reading frame 1a and 1ab (ORF1a and ORF1ab,
respectively) polyproteins that are subsequently processed into 16
nonstructural proteins (NSP1 to NSP16) that enable assembly of
the viral replicase and formation of double-membrane vesicles
(DMVs) where replication is initiated (2). Production of SARS-
CoV-2 structural and accessory components requires de novo
RNA synthesis to generate subgenomic RNAs (sgRNAs), each con-
sisting of a single ORF flanked by the same 5′ and 3′ termini as the
full-length genome (2). These sgRNAs are made by discontinuous
transcription that occurs during the synthesis of negative-sense
antigenomic RNA. During this process, the replicase disengages
its template upon encountering a transcriptional regulatory se-
quence (TRS) and reinitiates polymerization at a shared 5′ TRS
element (2). Accumulated structural proteins, most notably nucle-
ocapsid (N) andmatrix (M), associate with full-length genomes and
enable the progression toward viral egress and spread (2).

The early events of SARS-CoV-2 infection do not elicit a robust
host response, because the incoming material is generally devoid of

the common motifs recognized as foreign by the host (3). In con-
trast, the template-switching requirement for subgenomic tran-
scripts promotes the production of double-stranded RNA
(dsRNA), a prominent pathogen-associated molecular pattern (4).
SARS-CoV-2 compartmentalizes dsRNA in DMVs early during in-
fection to avoid detection and, in parallel, induces host mRNA deg-
radation to direct cellular resources toward translation of viral
proteins (5). On the basis of in vitro data, more than 60% of the
mRNA found in infected cells derives from SARS-CoV-2, with
host transcripts largely reflecting virus-induced activation of the
nuclear factor κB (NFκB) family of transcription factors (5).
Thus, although infected cells fail to induce type I and III interferons
(IFN-I/III), theymaintain high levels of inflammation due to NFκB-
driven chemokines and proinflammatory cytokines (6). Ultimately,
despite initial efforts to circumvent host defenses, SARS-CoV-2
induces cell death through numerous different mechanisms (7, 8).
Death of infected cells results in the exposure of extensive inflam-
matory material, including both viral dsRNA and host DNA, that
can trigger an IFN-I/III response from resident phagocytes or
other cells expressing Toll-like receptors capable of sampling the ex-
tracellular environment (3). The resulting production of and re-
sponse to IFN-I/III culminates in the transcriptional induction of
hundreds of IFN-stimulated genes (ISGs), including IFN-induced
protein with tetratricopeptide repeats 3 (Ifit3), myxovirus resistance
(Mx), ISG15 (Isg15), and 2′-5′-oligoadenylate synthetase 1 (OasI),
which limit virus replication (9). As a result of this biology,
SARS-CoV-2 infection leads to an unbalanced host response in
the lungs that is characterized by elevated cytokines and chemo-
kines in combination with delayed production of IFN-I/III (6,
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10). This imbalance results in recruitment of a large number of neu-
trophils and other immune cells to the respiratory tract (11–15).

For reasons that remain somewhat unclear, SARS-CoV-2 infec-
tions can exhibit substantial disease heterogeneity (16–18). Al-
though many individuals are asymptomatic or report mild flu-like
symptoms, a subset of individuals, especially those who are aged or
have underlying comorbidities, experience considerable morbidity
and mortality that can include nonpulmonary complications (19,
20). Complications of viral infection in these populations can
include cardiac abnormalities, cognitive impairment, and/or gastro-
intestinal issues, among other pathologies, leading many to suggest
that distal sites of replication may contribute to the severity of
COVID-19 (21–25). In an effort to better understand the systemic
nature of the disease, we chose to study SARS-CoV-2 infection in
the golden hamster model, which phenocopies many aspects of
COVID-19 (14, 26–29). Here, we characterized the early systemic
response to SARS-CoV-2 under physiological conditions and how
it was affected when the immune response was either dampened or
bypassed altogether. These data demonstrated that systemic antivi-
ral signaling was the by-product of lung-derived engagement of the
immune system, which, when compromised, resulted in viremia
and de novo infection of distal organs. Together, these results
advance our understanding as it relates to the diverse extrapulmo-
nary clinical presentations that can materialize after a respiratory
virus infection.

RESULTS
SARS-CoV-2 infection induces an antiviral response in
peripheral organs
To characterize the systemic transcriptional response after SARS-
CoV-2 infection, we performed bulk RNA sequencing (RNA-seq)
of a panel of organs derived from a cohort of 6-week-old male
golden hamsters intranasally infected with 1000 plaque-forming
units (PFU) of SARS-CoV-2 at 3 days postinfection (dpi). Align-
ment of RNA-seq data from olfactory bulb (O.B.), whole brain,
liver, kidney, gastrointestinal tract (G.I.), pancreas, spleen, heart,
and lung demonstrated organ-specific transcriptional clustering
(fig. S1A). Comparing mock-treated to infected tissue-matched
samples revealed a diverse list of differentially expressed genes
(DEGs), implicating many shared transcriptional responses across
organs, including evidence for extensive cytokine signaling and in-
duction of numerous stress responses such as hypoxia and the un-
folded protein response (fig. S1B and data file S1). The most
dominant among the enriched annotations after SARS-CoV-2 in-
fection were the transcriptional signatures associated with IFN-I/
III signaling, which were independently corroborated by reverse
transcription quantitative polymerase chain reaction (RT-qPCR)
analysis of Isg15 (Fig. 1A and fig. S1C).

To assess the relation between the IFN-I/III signature and the
presence of infectious virus, we next performed plaque assays
from these same samples (Fig. 1B). Consistent with the findings
of others (14, 15, 26, 30), we observed high levels of replication-
competent virus in the lungs of all inoculated animals, with titers
~106 PFU/ml. Infectious virus was also readily obtained from the
O.B. and less consistently from the heart (Fig. 1B). In addition, in-
fectious virus from the G.I. tract of an individual hamster was also
detected, possibly a result of ingesting the inoculum (Fig. 1B). Given
the juxtaposition of the host antiviral response in the absence of

infectious material, we assessed the presence of SARS-CoV-2
genomic RNA at 3 dpi by RT-qPCR analysis using Centers for
Disease Control and Prevention (CDC)–validated primers and
probe (31). Elevated virus RNA levels were largely restricted to
the lung, thus corroborating our plaque assays (fig. S1D). For all
other tissues examined but the G.I. tract, the RNA levels were not
significantly different than the background noise picked up in mock
samples and thus were considered negative. To ensure that the host
IFN response did not reflect a transient dissemination of virus that
was simply cleared by 3 dpi, we repeated this experiment but exam-
ined animals at 1 dpi (Fig. 1C). In agreement with our observations
at 3 dpi, we found SARS-CoV-2 infectious material to be largely
confined to the airways. Last, to analyze the systemic IFN response
independently of RNA analysis, we performed immunohistochem-
istry for the ISG product Mx (9) and SARS-CoV-2 N protein on
both lung and kidney sections at 3 dpi (Fig. 1D). These data provid-
ed additional evidence that SARS-CoV-2 infection not only was re-
tained in the airways but also induced an antiviral response in
additional distal tissues, as shown by detection of Mx protein in
both lung and kidney. Together, these data suggest that the systemic
antiviral signatures observed after SARS-CoV-2 infection for most
tissues are not the result of a productive infection. Given this result,
we hypothesized that the observed uniform engagement of the an-
tiviral response could result from a by-product of active replication
in the lung of a viral and/or host nature, such as infectious virus or
cytokines, that enters circulation and disseminates systemically, in-
ducing the observed antiviral response.

Evidence for IFN-I/III signaling in circulating blood early
during infection
To explore this hypothesis further and characterize circulation dy-
namics in vivo, we infected hamsters intranasally and collected
whole blood and corresponding lung tissue 1 and 3 dpi. Despite
harboring titers in the respiratory tract exceeding 106 PFU/ml at
these time points, none of the infected animals exhibited evidence
of replication-competent material from heparin-treated blood at
either time point (fig. S2A). Next, we attempted to detect viral
RNA in these samples. RT-qPCR analysis consistently detected
low levels of SARS-CoV-2 N in the blood only at 1 dpi even in
the absence of infectious material (fig. S2B). We next performed
RNA-seq analysis on whole blood samples to assess DEGs
between mock and infected animals (data file S2). In agreement
with our earlier characterization of distal tissues, the cells found
in whole blood also demonstrated a statistically enriched ISG signa-
ture at both 1 and 3 dpi, as exemplified by Ifit3,Mx, Isg15,Oasl, and
Irf7 (Fig. 2, A and B).

The transcriptional induction of ISGs can be directly mediated
by virus infection or by IFN-I/III signaling (32). Transcripts that
enable parsing of these overlapping transcriptomes include Mx,
which is uniquely induced by IFN signaling and was readily detect-
ed in both blood and lung samples by RNA-seq, immunohisto-
chemical, and RT-qPCR analyses (Fig. 1, A and D, and fig. S2C).
In addition, the presence of Ifna, Ifnb, or Ifnl transcripts can serve
as a surrogate for virus infection, because their transcriptional in-
duction initiates only upon direct detection of SARS-CoV-2–medi-
ated dsRNA (33, 34). To ascertain whether the ISG signature in
whole blood derived from a response to a circulating host factor
or to the direct sensing of virus or virus-derived debris, we analyzed
whole blood and lung tissue for the presence of Ifnb or Ifnl reads.

SC I ENCE S IGNAL ING | R E S EARCH ART I C L E

Carrau et al., Sci. Signal. 16, eadg5470 (2023) 13 June 2023 2 of 13

D
ow

nloaded from
 https://w

w
w

.science.org on February 01, 2024



Fig. 1. SARS-CoV-2 infection induces an IFN signaling response in peripheral organs. (A) Heatmap depicting the expression levels of DEGs (P-adjusted value < 0.05)
belonging to the IFN-I response (Hallmark IFN-α response) for selected tissues. Log2(fold change) [Log2(FC)] values were calculated from RNA-seq analyses of tissues from
SARS-CoV-2 intranasally infected (1000 PFU, 3 dpi) and mock-treated hamsters (n = 3 animals per group). (B) Viral load as determined by plaque assay using tissue
homogenates from golden hamsters infected intranasally with 1000 PFU of SARS-CoV-2 and collected 3 dpi. Values express the log10 PFU/ml. Limit of detection, 200
PFU/ml. Means and SDs from 12 independent biological replicates per group are shown. (C) Viral load as determined by plaque assay using tissue homogenates from
golden hamsters infected intranasally with 1000 PFU of SARS-CoV-2 and collected 1 dpi. Values are expressed log10 PFU/g. Limit of detection, 200 PFU/g. Means and SDs
from three independent biological replicates per group are shown. (D) Representative images of lung and kidney from golden hamsters intranasally infected with SARS-
CoV-2 (1000 PFU, 3 dpi) and stained for SARS-CoV-2 N (left) or Mx (right) (n = 4 animals per group). Scale bars, 100 μm.
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These data showed the presence of Ifnl at 1 dpi, which increased by 3
dpi in the lung, whereas Ifnb induction was evident only at 3 dpi
(Fig. 2, C and D), consistent with the delayed antiviral response pre-
viously documented for SARS-CoV-2 infection (6, 14, 35). We were
unable to detect Ifna transcripts in any samples, possibly a reflection
of the incomplete or incorrect annotation of this gene family in the
hamster genome, because this locus is highly variable and repetitive
in all vertebrates (36). Moreover, we could not identify reads align-
ing to the Ifna, Ifnb, or Ifnl genes in any of the blood samples, in-
dicating that ISG induction is the product of IFN-I/III signaling as
opposed to direct viral sensing. Direct evidence for circulating IFN-

I and/or IFN-III should be possible; however, a lack of commercial
reagents for hamsters precluded our ability to measure these di-
rectly. Instead, we developed a bioassay to indirectly assess the pres-
ence of IFNs by testing the ability of sera collected at 1 and 3 dpi to
induce Mx transcription in the baby hamster kidney (BHK-21) fi-
broblast cell line. Because these cells lack the ability to produce IFN-
I/III, Mx induction serves as a proxy for their direct presence in the
sera (37). To gain further insight from this assay, we also generated a
standard curve by measuringMx expression in BHK-21 cells treated
with increasing units of recombinant universal IFN, which exhibits
activity amongmultiple species. These efforts allowed us to estimate

Fig. 2. An antiviral transcriptional signature is detected in circulating blood early during infection. (A and B) Volcano plot for DEGs in whole blood of golden
hamsters (n = 4 animals per group) infected with 1000 PFU of SARS-CoV-2 at 1 (A) and 3 (B) dpi. Gray, not significant (NS); blue, significant; red, significant and log2 fold
change (FC) > 2. Relevant genes to the IFN-I–dependent antiviral response are noted and labeled by their human ortholog. (C andD) Relative amounts of IFN-β gene (Ifnb)
or IFN-λ gene (Ifnl) RNA present at 1 or 3 dpi in the blood or lungs of SARS-CoV-2 infected (1000 PFU) or mock-treated animals. RNA amount was calculated from the
number of sequencing reads that aligned to Ifnb (C) or Ifnl (D) and normalized for every 100 million transcripts. Error bars represent SD from four independent biological
replicates per group. RPM, reads per million. Ordinary one-way analysis of variance (ANOVA) with Dunnett’s multiple comparisons test with a single pooled variance;
significant P values are indicated. (E) Indirect quantification of circulating IFN in the sera of SARS-CoV-2 intranasally infected (1000 PFU) or mock-infected animals at 1 and
3 dpi. BHK-21 cells were incubated with sera from infected and control animals for 16 hours, and the induction of Mx was quantified by RT-qPCR analysis. Increasing
amounts of exogenous universal IFN (uIFN) were included to generate a standard curve, and uIFN arbitrary unit equivalents (uIFN AU equivalents/ml) were calculated by
linear regression. Values are expressed as uIFN AU equivalents per ml calculated from the induction of the Mx gene over control cells by the ΔΔCt method. Error bars
represent SD from four independent biological replicates per group. Ordinary one-way ANOVAwith Dunnett’s multiple comparisons test with a single pooled variance;
significant P values are indicated.
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standardized IFN units present in the serum from Mx induction on
cells. IFN-I/III signaling was evident at 1 dpi at ~60 U/ml, with
levels remaining stable at 3 dpi (Fig. 2E). Collectively, these data
support the model that SARS-CoV-2 infection generates IFN-I
and/or IFN-III in the lungs, which then enters the circulation and
primes organs to enhance their antiviral defenses.

Impairing immune priming increases SARS-CoV-2 infection
of peripheral organs
Deficits in innate immune signaling result in more severe clinical
presentations among patients with COVID-19 (38). This phenom-
enon has also been reported in hamsters, where genetic ablation of
IFN-I but not IFN-III signaling increased the amount of viral RNA
present during infection (29). Although these studies demonstrate
the importance of IFN signaling in COVID-19 pathology, systems
in which the IFN system is completely absent or disabled are unlike-
ly to further inform the contribution of antiviral priming to disease
progression. We addressed this issue using dexamethasone, a gluco-
corticoid that suppresses de novo gene transcription, to dampen the
host immune response to SARS-CoV-2 (39). Because SARS-CoV-2
can replicate in most tissues ex vivo despite little evidence for these
same observations in vivo (40, 41), we hypothesized that system-
wide priming may contribute to preventing viral dissemination
and/or consequent infection of peripheral organs. To test this hy-
pothesis as it relates to infectious virus, we analyzed the effect of
administering dexamethasone daily to hamsters infected intranasal-
ly with SARS-CoV-2 to reduce distal inflammation to baseline
levels. Corroborating published data, we found that SARS-CoV-2
titers were maintained in vehicle-treated animals at levels between
106 and 107 PFU/ml for the initial 5 days after challenge and sub-
sequently cleared thereafter (Fig. 3A) (14, 15, 30, 42). Similarly, dex-
amethasone treatment did not affect virus titers in the lung during
the first 3 days of infection (Fig. 3A). However, dexamethasone-
treated animals failed to control virus replication thereafter
because titers continued to rise after 3 dpi, and replication-compe-
tent virus was maintained through 7 dpi and lastly cleared by 9 dpi
(Fig. 3A). Histological analyses of SARS-CoV-2 N and host Mx
protein expression in the lungs of vehicle- and dexamethasone-
treated animals confirmed comparable virus levels at 3 dpi but a re-
duction in antiviral defenses as denoted by decreased Mx count in
dexamethasone-treated animals (Fig. 3B and fig. S3A).

To better understand the underlying biology responsible for the
delay in virus clearance, we compared the host transcriptional re-
sponse in the lungs of vehicle- and dexamethasone-treated
animals (Fig. 3C). We chose 1 and 3 dpi time points to avoid the
possibility that differences in viral load might confound our
results. RNA-seq analysis of total lung samples showed that dexa-
methasone treatment significantly delayed ISG production in the
respiratory tract without affecting other aspects of host biology
(Fig. 3C and data file S3). Furthermore, we performed flow cytom-
etry on total lung cells to better characterize the impact of dexame-
thasone on immune cell populations across experimental cohorts.
Analyses of lung samples from mock-treated or SARS-CoV-2–in-
fected hamsters demonstrated a reduction in B cell populations,
defined as CD3−/major histocompatibility complex II (MHCII)+
(fig. S3B). T cells, defined as CD3+/MHCII−, did not show overt
changes after dexamethasone treatment in the absence of infection,
but there was a significant decrease in T cell frequency after SARS-
CoV-2 challenge (fig. S3C). Moreover, immunofluorescence

staining with an antibody specific for ionized calcium-binding
adaptor molecule 1 (IBA1), a molecular marker for phagocytic
cells such as macrophages and dendritic cells, revealed that dexame-
thasone-treated animals exhibited significantly diminished levels of
infiltrating cells (Fig. 3D) (43). Together, these data support the
ability of corticosteroids such as dexamethasone to diminish the
host response to SARS-CoV-2, resulting in prolonged infection
and delayed innate and adaptive immune responses. These results
are consistent with case reports of immunocompromised individu-
als showing sustained SARS-CoV-2 replication in the lung (44).

Having confirmed that dexamethasone treatment reduced
innate immune induction in response to SARS-CoV-2 infection
in the lung, we next tested the impact of this treatment on peripheral
organs.We postulated that circulating levels of IFN-I/III induced an
antiviral response in extrapulmonary organs that may serve to re-
strict virus tropism, an observation previously reported after abla-
tion of signal transducer and activator of transcription 2, a pivotal
component of the IFN-I/III signaling pathways (29). If this systemic
inflammation protects peripheral organs against viral infection, we
reasoned that dexamethasone treatment, which dampens this re-
sponse, should then result in higher levels of infectious material
not only in the lung but also elsewhere in the body. Hamsters
were infected with 1000 PFU intranasally and treated daily with dex-
amethasone starting from day 0 (fig. S3D). To initially assess the
level of IFN-I priming in dexamethasone-treated animals, we mea-
sured Isg15 expression as a proxy for IFN signaling in the kidney,
liver, G.I. tract, brain, and heart at 1 and 3 dpi, because this was one
of the more prominent ISGs found in all tissues (Figs. 1A and 3E).
Similar to what was observed in the lung, dexamethasone treatment
diminished the induction of Isg15 at 1 dpi in most organs tested
from infected animals (Fig. 3E). At 3 dpi, Isg15 expression in dex-
amethasone-treated animals was similar to that in vehicle-treated
animals, despite repeated drug treatments (Fig. 3E). To assess
whether this delay in IFN-I/III priming resulted in virus dissemina-
tion beyond the airways, we again performed plaque assays on blood
and tissues from these cohorts, which detected the presence of in-
fectious SARS-CoV-2 in the lungs, livers, spleens, O.B.s, and G.I.
tracts of infected animals treated with dexamethasone, albeit not
with complete penetrance, suggesting that IFN-I/III priming affect-
ed the tropism of the virus (Fig. 3, F and G). However, plaque assays
performed on blood or sera failed to detect infectious material,
raising the question as to the compartment through which viral dis-
semination was occurring. To pursue this question, we attempted to
amplify infectious virus from blood and sera by performing an ad-
ditional amplification cycle in the highly permissive Vero E6 cell
line (Fig. 3H) (45). This technique allows for the theoretical detec-
tion of a single PFU, because we provided 48 hours for the virus to
gain entry and replicate in cell culture. Plaque assays of the super-
natants of amplified samples enabled us to detect low-level viremia
in ~50 to 75% of dexamethasone-treated animals only at 1 dpi and
thus provided additional evidence that SARS-CoV-2 could become
viremic and subsequently infect distal organs in the absence of a
robust antiviral response (Fig. 3H). In agreement with these find-
ings, we noted that animals in which no infectious material could
be detected in the blood or sera at 1 dpi were also negative by plaque
assay when examining the corresponding kidney, liver, spleen,
heart, and G.I. tract samples (Fig. 3, F and G).
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Fig. 3. Impairing immune priming increas-
es SARS-CoV-2 infection of peripheral
organs. (A) Viral loads determined by plaque
assay in the lungs of animals intranasally in-
fected with SARS-CoV-2 (1000 PFU) and
treated with vehicle (gray) or dexamethasone
(green) at 1, 3, 5, 7, and 9 dpi. Values are ex-
pressed as log10 PFU/ml. Limit of detection,
20 PFU/g. Mean and SDs from three biological
replicates per group is shown. Ordinary one-
way ANOVA with Šidák’s multiple compari-
sons test with a single pooled variance; sig-
nificant P values are indicated. (B) Counts of
Mx-positive cells per mm2 from images of
lungs stained with Mx-specific antibodies by
immunohistochemistry (five representative
images per lung, n = 4 animals per group).
Lung tissue was harvested from golden
hamsters intranasally infected with SARS-
CoV-2 (1000 PFU, 3 dpi) and treated with
vehicle or dexamethasone. Unpaired t test
with Welch’s correction; significant P values
are indicated. (C) Heatmap depicting the ex-
pression levels of DEGs (P-adjusted value <
0.05) belonging to the IFN-I response (Hall-
mark IFN-α response) in the lungs of animals
intranasally infected with SARS-CoV-2 and
treated with vehicle or dexamethasone at 1
and 3 dpi. Log2(fold change) values were
calculated from RNA-seq analyses of SARS-
CoV-2–infected (1000 PFU) compared with
mock-treated hamster tissues (n = 4 animals
per group). (D) Immunofluorescence images
of representative lung tissue from golden
hamsters intranasally infected with SARS-
CoV-2 (1000 PFU, 3 dpi) and treated with
vehicle (left) or dexamethasone (middle).
Lung tissue was stained with fluorescent an-
tibodies specific for SARS-CoV-2 N (red) and
the pan-macrophage marker IBA1 (green),
and nuclei were stained with 4′,6-diamidino-
2-phenylindole (DAPI) (blue) (n = 4 animals
per condition). Counts of IBA1-positive cells
per mm2 (right) from lungs that were har-
vested from golden hamsters intranasally in-
fected with SARS-CoV-2 (1000 PFU, 3 dpi) and
treated with vehicle or dexamethasone. Lung
tissuewas stained with fluorescent antibodies
specific for SARS-CoV-2 N (red), the pan-
macrophage marker IBA1 (green), and
nucleus DAPI (blue) and visualized by immu-
nofluorescent microscopy (five representative
images per lung, n = 4 animals per group).
Unpaired t test with Welch’s correction; sig-
nificant P values are indicated. Scale bars, 20
μm. (E) RT-qPCR analysis with primers specific
for ISG15 (Isg15) on RNA extracted from kidneys, livers, spleens, hearts, brains, andG.I. tracts of mock- or SARS-CoV-2–infected animals that were vehicle- or dexame-
thasone-treated at 1 or 3 dpi. Values are expressed as the log10 fold induction in expression over mock calculated by the ΔΔCt method. Error bars represent SD from four
independent biological replicates per group. Ordinary one-way ANOVA with Šidák’s multiple comparisons test with a single pooled variance; significant P values are
indicated. (F and G) Viral loads determined by plaque assays performed on blood, lung, kidney, liver, spleen, brain, O.B., heart, G.I. and sera samples from SARS-CoV-2–
infected animals that were treated with vehicle [intranasally (IN)] or dexamethasone (Dex) at 1 (F) and 3 (G) dpi. Individual dots represent individual animals (n = 4 animals
per group per time point). Values are expressed as log10 PFU/ml. Limit of detection, 20 PFU/ml. Kruskal-Wallis with uncorrected Dunn’s test; significant P values are
indicated. (H) Proportion of blood and sera samples that were positive for infectious virus after direct amplification on Vero E6 cells. Samples were collected from animals
intranasally infected with 1000 PFU of SARS-CoV-2 and treated with vehicle (IN) or dexamethasone at 1 or 3 dpi as indicated (n = 4 animals per group per time point).
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Lung-mediated antiviral priming protects the host from
SARS-CoV-2 dissemination
The capacity of SARS-CoV-2 to become viremic after a diminished
innate immune response may, in part, explain both the heterogene-
ity of COVID-19 symptoms and sequelae as well as why age and
other factors that can affect the strength of the immune response
are prominent comorbidities associated withmore severe outcomes.
For example, the capacity of a respiratory virus to be associated with
cardiac arrhythmias, hyperglycemia, adipose inflammation, pete-
chiae, elevated bilirubin, and/or acute kidney injury is seemingly
paradoxical (18). However, this could be explained by individuals
who fail to induce an adequate innate immune response in the
lungs, resulting in a low level of viremia that can seed infections
in distal tissues. This latter idea is supported by findings that auto-
antibodies to IFN-I are associated with critical disease outcomes
and can aid in explaining how infectious virus can be isolated in
distal tissues in some hospital settings as well as in the aged popu-
lation, who exhibit diminished IFN signaling capacity (19, 25, 46).

To explore this concept further, we administered SARS-CoV-2
intravenously to entirely bypass lung immune control (Fig. 4, A
and B, and fig. S4A). Assessment of infectious virus by plaque
assay revealed detectable levels of SARS-CoV-2 at 1 dpi in both
sera and blood, which was cleared by 3 dpi. This direct induction
of viremia resulted in consistent infections by 3 dpi in the lung
and kidney, as well as the liver, spleen, heart, and G.I. tract, albeit
at low levels (Fig. 4B). In the kidneys, titers were maintained at ~104
PFU/ml at 1 and 3 dpi (Fig. 4, A and B). To confirm that titers in the
kidney reflected bona fide infection, we analyzed fixed tissue by im-
munohistochemistry for N and Mx protein levels, which revealed
SARS-CoV-2–positive parenchymal cells of the kidney and endo-
thelial cells within the peritubular capillary network and renal
medulla (Fig. 4C and fig. S4B). Moreover, surrounding tissue
areas also showed elevated levels of Mx staining, suggesting host an-
tiviral engagement (Fig. 4D and fig. S4B). These observations were
independently verified by immunofluorescent staining of N andMx
in kidney tissue from SARS-CoV-2–infected animals (Fig. 4, E and
F). Using our bioassay in BHK-21 cells to evaluate the circulating
levels of IFN-I/III after virus administration, we found that, com-
pared with intravenous infection, intranasal infection generated
more systemic signaling at 1 dpi but comparable levels at 3 dpi
(Fig. 4, G and H). These data suggest that productive infection of
the lung was a more critical generator of systemic IFN signaling.
This concept is supported by the observation that a single animal
within the intravenously infected cohort that showed infectious
SARS-CoV-2 in the lung at 1 dpi also generated the highest levels
of circulating IFN-I/III (Fig. 4, A and G).

To formally evaluate the correlation between systemic IFN-I/III
production and the presence of infectious virus, we performed a
meta-analysis on previously collected data to compare how the pres-
ence of infectious virus within the lung or kidney of a given hamster
compared with the quantified amount of IFN-I/III in circulation of
that same hamster. This analysis showed that circulating IFN was
detected only in animals with positive lung titers, independently
of the route of inoculation (Fig. 4I). To further explore whether
this phenotype was strictly defined by lung infectivity, we per-
formed the same analysis on animals for which the data were strat-
ified for infectious material in the kidney. In contrast to what was
observed in the airways, the viral load in the kidney did not affect
levels of circulating IFN-I/III (Fig. 4J). These data demonstrate that

circulating IFN responses to SARS-CoV-2 are a distinct product of
respiratory infection and may be uniquely capable of protecting
distal organs. To determine whether the kidneys respond to infec-
tious virus in amore localizedmanner, we next performed RNA-seq
analyses on kidneys of intranasally and intravenously infected
cohorts (fig. S4C and data file S4), which revealed that the ISG
profile in the kidneys was similar for the most highly expressed
and canonical ISGs (Isg15, Usp18, Mx2, Oas1.3, Rtp4, Ifit3, and
Irf7) regardless of route of virus administration. This result provid-
ed additional evidence that the response in the airways can produce
distal protection that is analogous to what an organ may generate
after a localized infection (fig. S4C). To further evaluate this
concept, we assessed the correlation between antiviral signaling
and infectious material in either the lung or the kidney, which dem-
onstrated that systemic antiviral signaling, as calculated from RNA-
seq data and defined as RNA-seq IFN score, was observed only
during respiratory infection regardless of the tissue examined
(Fig. 4, K and L, and fig. S4D).

Last, to demonstrate that early circulation of IFN-I/III leads to
priming of the organs and protection from infection, we experimen-
tally generated a condition in which we induced the antiviral state
and then challenged with virus. We intranasally infected a cohort of
animals with SARS-CoV-2, which induces organ priming, and re-
challenged the animals at 3 dpi with virus administered intrave-
nously, the route through which more organs are susceptible to
productive infection [group S/S denoting SARS-CoV-2 (S) admin-
istered intranasally and intravenously]. Organs were harvested at 4
dpi, an early time point that was chosen to measure the impact of
the innate antiviral response in the absence of an adaptive immune
response, which would take several more days to develop. Control
groups included animals intranasally treated with phosphate-buff-
ered saline (PBS) (P), which were challenged 3 days later with SARS-
CoV-2 administered intravenously (group P/S), and animals ad-
ministered SARS-CoV-2 intranasally, which were treated with
PBS IV at 3 dpi (group S/P). We reasoned that, if priming protected
against infection, then the tissues of animals in the S/S group should
be less susceptible to distal infection than tissues of those in the P/S
cohort. Consistent with this hypothesis, direct quantification of in-
fectious virus by plaque assay (Fig. 4M) or by RNA levels (Fig. 4N)
showed that blood/sera, kidneys, livers, and G.I. tracts from the S/S
group showed significantly less virus than those from the P/S group.
To assess the level of IFN priming in these organs, we measured
Isg15 expression and found that induction was comparable
among all groups, consistent with our findings that engagement
in the airways is the major driver of systemic antiviral signaling
(fig. S4E).

DISCUSSION
The hamster model has been extensively used for the study of SARS-
CoV-2 infection by our group and others because it phenocopies
many aspects of COVID-19, mimicking transmission, clinical pre-
sentations, and comorbidities as they relate to disease severity. In
this study, we sought to understand the early dynamics between
SARS-CoV-2 infection and the innate immune response at a sys-
temic level. Our data suggest that airway exposure to SARS-CoV-
2 results in an infection that is largely confined to the upper and
lower respiratory tract and, to a lesser extent, the heart while simul-
taneously inducing a system-wide antiviral response throughout the
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Fig. 4. Lung-derived IFN-I/III protects
distal organs from infection. (A and B)
Viral loads determined by plaque assay
in the blood, sera, lungs, kidneys, livers,
spleens, brains, O.B.s, hearts, and G.I.
tracts of animals intranasally (IN; 1000
PFU) or intravenously (IV; 1 × 106 PFU)
infected with SARS-CoV-2 at 1 (A) and 3
(B) dpi. Individual dots represent indi-
vidual animals (n = 4 animals per group
per time point). Values are expressed as
log10 PFU/ml. Limit of detection, 20
PFU/ml. Kruskal-Wallis with uncorrect-
ed Dunn’s test; significant P values are
indicated. (C and D) Representative
images of kidneys from golden ham-
sters IV infected with SARS-CoV-2 (1 ×
106 PFU, 3 dpi, n = 4 animals per group).
Immunohistochemistry was performed
for SARS-CoV-2 nucleocapsid (C) or Mx
(D). Scale bars, 50 μm. (E and F) Immu-
nofluorescence of representative
images of kidneys from golden ham-
sters mock (E) or intravenously infected
with SARS-CoV-2 (1 × 106 PFU, 3 dpi) (F).
Kidney tissuewas stained for SARS-CoV-
2 N (green), Mx (red), and nucleus DAPI
(blue) (n = 4 animals per condition).
Scale bar, 20 μm. (G and H) Indirect
quantification of circulating IFN in sera
from animals infected intranasally
(1000 PFU) or intravenously (1 × 106

PFU) with SARS-CoV-2 or treated with
PBS (mock sera) at 1 (G) and 3 (H) dpi.
BHK-21 cells were incubated with the
harvest sera for 16 hours, and the in-
duction of Mx was quantified by RT-
qPCR analysis. Untreated BHK-21 cells
were included as a negative control
(mock cells). At each time point, in-
creasing amounts of exogenous uIFN
were also included to generate a stan-
dard curve. uIFN AU equivalents/ml
were calculated by linear regression.
Values are expressed as uIFN AU
equivalents/ml calculated from the in-
duction of Mx over control cells, calcu-
lated by the ΔΔCt method. Error bars
represent SD from four independent
biological replicates per group. Ordi-
nary one-way ANOVA with Dunnett’s
multiple comparisons test with a single
pooled variance; significant P values are
indicated. (I and J) Correlation plots
between mock, presence (+), and
absence (−) of infectious virus particles
(PFU) in lung (I) or kidney (J) and uIFN (uIFN AU equivalents) in circulation in sera. Error bars represent SD from 4 (mock), 3 (lung−), 13 (lung+), 8 (kidney−), or 8 (kidney+)
independent biological replicates per group. One-way ANOVAwith Tukey’smultiple comparisons test with a single pooled variance; significant P values are shown. (K and
L) Correlation plots between mock, presence (+), and absence (−) of infectious virus particles (PFU) in lung (K) or kidney (L) and the magnitude of the IFN response
expressed as RNA-seq IFN score. Error bars represent SD from 4 (mock), 3 (lung−), 13 (lung+), 8 (kidney−), or 8 (kidney+) independent biological replicates per group.
Brown-Forsythe and Welch ANOVAwith Dunnett’s T3 multiple comparisons test, with individual variances computed for each other comparison; significant P values are
shown. (M) Viral loads determined by plaque assay in the sera, lungs, kidneys, livers, spleens, brains, O.B.s, hearts, and G.I. tracts of animals infected as follows: SARS-CoV-2
IN (1 × 103 PFU)/SARS-CoV2 IV (1 × 106 PFU) (S/S), PBS IN/SARS-CoV-2 IV (1 × 106 PFU) (P/S), or SARS-CoV-2 IN (1 × 103 PFU)/PBS IV (S/P) at 4 days after initial treatment.
Individual dots represent individual animals (n = 4 animals per group per time point). Values are expressed as log10 PFU/ml. Limit of detection, 20 PFU/ml. One animal in
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body. Throughout this study, we noted some level of inconsistency
related to isolating infectious material in nonpulmonary tissue and
believe this to be the product of genetic diversity in outbred ham-
sters coupled with some level of stochasticity. Despite this heteroge-
neity, wewere able to detect the presence of IFN-I and IFN-III in the
sera of all infected animals and found consistency when monitoring
the transcriptomes of distal organs, which demonstrated high in-
duction of ISGs such as Mx1, Isg15, Oas1, and Ifit1-3, as previously
reported elsewhere (14, 15).

To investigate the impact that systemic IFN priming has on
SARS-CoV-2 biology, we next sought to explore the consequences
of dampening this biological process. Our approach involved the
use of the immunosuppressant steroid dexamethasone to delay
IFN priming, thus allowing us to assess how this early innate re-
sponse may affect the outcome of infection. Our results showed
that, despite the delay in antiviral signaling, viral titers in the
airways remained unchanged, although viral clearance was
delayed by 48 to 72 hours compared with the control group.
Perhaps more interesting than delayed clearance, our data revealed
that virus dissemination occurred more frequently in dexametha-
sone-treated animals after the initial 24 hours of infection, with
liver, spleen, and digestive tract tissues testing positive for SARS-
CoV-2. These findings suggest that, in healthy individuals, the
initial host response to SARS-CoV-2 in the lungs protects distal
organs from subsequent infection. Corroborating this idea, inde-
pendent groups have reported finding increased viral RNA in
distal tissues when IFN-I signaling was genetically disrupted in
the hamster model (29).

Considering that COVID-19 often results in more severe symp-
toms among the elderly population, who also exhibit a diminished
immune response (47), our subsequent efforts sought to investigate
a possible correlation between SARS-CoV-2 dissemination and the
nonpulmonary manifestations associated with severe disease. To
this end, we administered SARS-CoV-2 intravenously to bypass
the IFN priming event orchestrated by the lung and monitored
the behavior of the virus thereafter. These efforts demonstrated
that SARS-CoV-2 can productively infect distal organs such as the
liver and kidney, corroborating our dexamethasone data and sug-
gesting that IFN priming induced by the lung is essential to contain-
ing the virus in the airways.

Overall, our investigation sheds light on the possible mecha-
nisms underlying the nonpulmonary manifestations of severe
COVID-19. Here, we propose that, for healthy individuals, this sys-
temic antiviral signaling protects tissues distal to the primary site of
infection from the establishment of secondary infections. However,
in immune-compromised individuals or those with comorbidities,
this same response could result in many of the complications often
observed in hospitalized patients with COVID-19. For example, a
subset of severe COVID-19 cases are associated with inborn
errors of innate immune components and/or autoantibodies
against IFN-I that, as the data included here would predict, could
result in virus dissemination (46). In addition, the main

comorbidity associated with severe COVID-19 is advanced age,
and age delays IFN-I/III responses. The results outlined here
make it tempting to speculate that this dynamic could be an under-
lying driver of some, if not all, of the complications observed after
SARS-CoV-2 infection, including the development of Long Covid.

Of the extrapulmonary consequences of COVID-19, kidney-as-
sociated diseases or pathologies are some of the most frequent ones
in severe cases of COVID-19 (48). In this study, we identified some
interesting features in the kidneys of infected animals that could be
at the root of some of these complications. Although we could not
detect infectious particles in the kidneys of any hamsters infected
through the intranasal route, this organ consistently mounted the
strongest IFN-I/III signatures upon infection, on occasions even
higher than in the lung. If inappropriately regulated, this could
then lead to pathological inflammation that could, in turn, affect
kidney function. In addition, when virus was introduced directly
into the bloodstream, we found that the kidneys were highly suscep-
tible to virus infection, resulting in high titers as early as 1 dpi.
Again, the mechanism suggested by the data presented here may
represent one of the drivers of kidney-related complications associ-
ated with SARS-CoV-2 infection.

This study leveraged hamsters to examine the relationship
between SARS-CoV-2 biology and the host response. The findings
suggest that, in healthy individuals, the virus is confined to the re-
spiratory tract as a result of a system-wide antiviral response. Should
this response be impaired in any way, SARS-CoV-2 can escape the
airways and initiate productive infections in distal organs. Although
it is tempting to speculate that virus dissemination to nonpulmo-
nary tissues as a result of immune misfiring may underlie the
biology of severe clinical cases or even Long Covid, further
studies will be needed to further validate this concept.

MATERIALS AND METHODS
Cells and viruses
BHK-21 cells and Vero E6 cells (American Type Culture Collection)
were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. Cells were tested for the presence of myco-
plasma using the MycoAlert Mycoplasma Detection Kit (Lonza).
SARS-CoV-2 isolate USA-WA1/2020 was propagated in VeroE6
cells grown in DMEM and supplemented with 2% FBS and 1% P/
S. The infection was performed at a multiplicity of infection of 0.01
for 48 hours. Supernatants were collected, spun down for 5 min at
2000g, and filtered using an Amicon Ultra-15 Centrifugal filter unit
(Sigma-Aldrich). Infectious titers of SARS-CoV-2 were determined
by plaque assay on Vero E6 cells with a liquid overlay consisting of
DMEM, 4% FBS, 1× P/S, and 0.8% agarose. Samples obtained in
Fig. 1 were plaqued starting from dilution −1 to −6. Samples ob-
tained for all other figures were plaqued starting from dilution 0
to −5 to improve sensitivity of the assay. Plaques were fixed after
48 hours in 10% formalin and stained with crystal violet. For

group P/S was excluded from the analyses because it did not get infected, as indicated by absence of PFU in all tissues, virus RNA (vRNA) levels comparable to mock in all
tissues, and no induction of Isg15 in any organ tested. (N) RT-qPCR analysis for SARS-CoV-2 nucleocapsid (N) gene on RNA extracted from tissues of animals infected as
follows: SARS-CoV-2 IN (1 × 103 PFU)/SARS-CoV2 IV (1 × 106 PFU) (S/S), PBS IN/SARS-CoV-2 IV (1 × 106 PFU) (P/S), SARS-CoV-2 IN (1 × 103 PFU)/PBS IV (S/P), ormock-infected
at 4 days after initial treatment. Values expressed as 1 over cycle threshold (Ct). Error bars represent SD from four independent biological replicates per group. Brown-
Forsythe ANOVA test and unpaired t test with Welch’s correction with individual variances computed for each comparison; significant P values are indicated.
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SARS-CoV-2 direct amplification studies, Vero E6 cells were inoc-
ulated with 100 μl of supernatant from each homogenized hamster
tissue sample and incubated at 37°C for 48 hours. Virus titers in cell
culture supernatants were quantified by plaque assay on Vero
E6 cells.

In vivo infections
Animal work was performed in accordance with Institutional
Animal Care and Use Committee (IACUC) protocols
PROTO20210078 and PROTO202000113. Briefly, 5- to 7-week-
old male golden Syrian hamsters (Mesocricetus auratus) were ob-
tained from the Jackson Laboratory. Hamsters were acclimated to
the CDC/United States Department of Agriculture (USDA)–ap-
proved biosafety level 3 (BSL-3) facility at the Icahn School of Med-
icine at Mount Sinai or the CDC/USDA-approved BSL-3 facility at
the Grossman School of Medicine at NYU Langone. Animals were
maintained in a 12-hour light/dark cycle, housed in pairs in air-
tight cages, and fed ad libitum with PicoLab Rodent Diet 20 5053.
Under ketamine:xylazine (4:1) anesthesia, hamsters were infected
intranasally with PBS (mock) or 1000 PFU of SARS-CoV-2
diluted in 100 μl of PBS or intravenously in the retroorbital
venous plexus with 1 × 106 PFU in 100 μl. Dexamethasone was pre-
pared fresh each day before administration at a dose of 1 mg/kg in
0.5 ml of 20% dimethyl sulfoxide/60% polyethylene glycol 400
(PEG400)/20% 2-hydroxypropyl-β-cyclodextrin in water (w/w)
and administered by subcutaneous injection. At selected time
points, animals were anesthetized intraperitoneally with pentobar-
bital:PBS (1:4) and cervically dislocated. Blood was collected in
tubes containing heparin, and organs were collected in 1 ml of
PBS and/or TRIzol Reagent (Invitrogen). Tissues were homoge-
nized in a TissueLyser machine (Qiagen) for two cycles of 2 × 40
s, then samples were centrifuged for 5 min at 5000g and superna-
tants containing virus were collected and stored at −80°C for virus
titration or RNA extraction.

Tissue histology
Upon euthanization of animals, tissues were harvested into 4%
paraformaldehyde (PFA) for 48 hours at room temperature, at
which time PFA was replaced by 70% ethanol and tissues were
stored at 4°C. Tissues were embedded in paraffin and sectioned
onto slides by the microscopy core at NYU Langone. For immuno-
histochemistry, SARS-CoV-2 N protein was detected using mouse
monoclonal anti–SARS-CoV-2 N (1C7C7) (gifted by T. Moran,
Center for Therapeutic Antibody Discovery at the Icahn School of
Medicine at Mount Sinai). Mx staining was performed with the
anti-MxA clone M143 (CL143), a mouse monoclonal antibody
(EMD Millipore, MABF938). For protein quantification from im-
munohistochemistry, five representative sections of each tissue
were selected and blindly quantified using Particle Analysis in
ImageJ v2.1/1.53c. For immunofluorescence, tissues were stained
with 1C7C7 at a 1:50 dilution. IBA1 staining was performed with
an anti-IBA1 antibody from FUJIFILM Wako (catalog no. 019-
19741). Tissue sections were acquired using a fluorescent micro-
scope, and quantifications were made by automated cell count
using Particle Analysis in ImageJ v2.1/1.53c. Images were taken
by an investigator blinded to treatment conditions using identical
acquisition parameters. IBA1-positive cells were counted over the
entire lung using a 20× objective and then expressed as cells per
unit area. To count IBA1-positive cells, the threshold for 4′,6-

diamidino-2-phenylindole–stained nuclei was merged with the
IBA1 threshold, and the number of overlapped objects therefore
represents the positive cell number.

Serum incubation experiments
At 1 or 3 days after SARS-CoV-2 infection or PBS treatment of ham-
sters, whole blood was collected in BDMicrotainer blood collection
tubes on ice, and serumwas separated by centrifugation for 5 min at
7000g. Serum was directly added to BHK-21 cells at different doses
in equal total volumes of BHK-21 growth medium. Cells and sera
were incubated together for 16 hours at 37°C. After incubation, cells
were harvested in TRIzol Reagent for RNA extraction and RT-
qPCR, as described below.

RNA extraction and quantification
Total RNA from hamster samples was isolated using TRIzol
Reagent (Invitrogen) and following the manufacturer’s recommen-
dations. RNAwas deoxyribonuclease (DNase)–treated and purified
using RNA Clean & Concentrator (Zymo Research). RNA samples
were quantified using a NanoDrop spectrophotometer and diluted
to a concentration of 100 ng/μl. RT-qPCR was performed using
primers specific for each gene of interest (data file S5) with the
Luna Universal One-Step RT-qPCR kit (New England Biolabs)
for SYBR green chemistry and Luna Universal Probe One-Step
RT-qPCR (New England Biolabs) for Taqman chemistry. In
either case, the reaction mix contained 100 ng of RNA, 500 nM
each primer, 1 μl of RT enzyme, 2× reaction mix, 0.25 M betaine,
20 μg of bovine serum albumin, ribonuclease (RNase)–free water,
and 120 nM probe for Taqman assays in 10 μl of final volume. Re-
actions were run on a LightCycler 480 Instrument II (Roche) or in a
Quantstudio 6 Real Time PCR system (Applied Biosystems) using
amplification conditions recommended by each RT-qPCR kit. The
ΔΔ Cycle threshold (ΔΔCt) was determined relative to mock-infect-
ed control for SYBR green reactions.

RNA sequencing
RNA-seq libraries of polyadenylated RNA extracted from selected
tissues were prepared using the TruSeq RNA Library Prep Kit v2
(Illumina) according to the manufacturer’s instructions. The librar-
ies were sequenced on an Illumina NextSeq 500 instrument.

SARS-CoV-2 RPM analyses
To calculate reads per million (RPM) of SARS-CoV-2 RNA, total
Illumina RNA-seq libraries were aligned to the M. auratus
genome (MesAur1.0) and the SARS-CoV-2 genome (GenBank,
MN985325.1) using Bowtie2. Total aligned reads for SARS-CoV-2
were divided by total reads divided by 1 M to generate a qualitative
and quantitative measure of virus RNA levels.

Ifnb and Ifnl RPM analyses
To calculate RPM of Ifnb or Ifnl RNA, total Illumina RNA-seq li-
braries were aligned to the M. auratus genome (MesAur1.0) using
Bowtie2. Total aligned reads for each gene were divided by total
reads and normalized for 100 million to generate a qualitative and
quantitative measure of gene RNA levels.

Differential gene expression analyses
Raw reads were aligned to the M. auratus genome (MesAur1.0)
using the RNA-Seq Alignment App on Basespace (Illumina, CA),

SC I ENCE S IGNAL ING | R E S EARCH ART I C L E

Carrau et al., Sci. Signal. 16, eadg5470 (2023) 13 June 2023 10 of 13

D
ow

nloaded from
 https://w

w
w

.science.org on February 01, 2024



followed by differential expression analysis using DESeq226, by
matching each experimental condition with corresponding mock-
infected samples of the same nature (tissue, day after infection,
cell type, etc.). DEGs were characterized for each sample (log2
fold change| > 2, P-adjusted value < 0.05) and were used as a
query to search for enriched Hallmark gene sets (49, 50) using
Enrichr (51–53). Heatmaps of DEGs belonging to the Hallmark
IFN-α response gene set were constructed using heatmap.2 from
the gplot package in R (https://cran.r-project.org/web/packages/
gplots/index.html). Dot plots of enriched Hallmark gene sets were
constructed using ggplot2 (https://ggplot2.tidyverse.org/) and
custom scripts in R. Alignments to the SARS-CoV-2 genome
(GenBank, MN985325.1) were performed using Bowtie2 (54).

RNA-seq IFN score stratification
To assess how transcriptomic IFN responses correlated with cohort
metadata, z scores were calculated for each gene available in tran-
scriptomic analyses. Gene z scores were calculated across each har-
vested organ type from normalized read counts of mock,
intravenously, and intranasally infected samples at 1 and 3 dpi.
Total “RNA-seq IFN score” was calculated for a given sample by
summing z scores of all genes present in a set of ISGs adapted
from the MSigDB “HALLMARK_INTERFERON_ALPHA_RES-
PONSE” geneset.

Flow cytometry
The methods used for flow cytometry were described previously
(42). In brief, lungs were collected upon perfusion with 30 ml of
PBS to avoid contamination of lymphocytes from the blood. After
collection, lungs were dissociated by Miltenyi GentleMACS using
the lung dissociation kit protocol and after incubation in 37°C for
30 min with 2 ml of collagenase (1 mg/ml) and DNase (0.5 mg/ml)
in RPMI medium. Dissociated lung cells were then extracellularly
stained with anti-MHC class II (14-4-4 s; Thermo Fisher Scientific)
at room temperature. For intracellular staining, cells were fixed for
30min at 4°C with Fix Buffer I (BD Biosciences) and then incubated
overnight at 4°C with anti-CD3 (CD3-12; BioRad) in Perm/Wash
Buffer (BD Biosciences). Total T cells were defined as CD3+/
MHCII−, and total B cells were defined as CD3−/MHCII+. To
exclude dead cells, all samples were labeled with LIVE/DEAD
Fixable Yellow (Invitrogen). Antibody-stained cells were acquired
on an Attune Flow Cytometer (Thermo Fisher Scientific), and the
expression of each molecule was assessed with FlowJo software
(TreeStar).

Data visualization
All non–RNA-seq statistical analyses and box and bar graphs were
performed as indicated in the figure legends, using Prism 8 (Graph-
Pad Software, San Diego, CA, USA; www.graphpad.com/).

Supplementary Materials
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Figs. S1 to S4

Other Supplementary Material for this
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