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C O R O N A V I R U S

Adaptive immune cells are necessary for 
SARS-CoV-2–induced pathology
Brian Imbiakha1, Julie M. Sahler1†, David W. Buchholz1†, Shahrzad Ezzatpour2, Mason Jager3, 
Annette Choi1, Isaac A. Monreal1, Haewon Byun1, Richard Ayomide Adeleke1, Justin Leach4,  
Gary Whittaker1, Stephen Dewhurst4, Brian D. Rudd1,5, Hector C. Aguilar1,5*, Avery August1,5,6*

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is causing the ongoing global pandemic associat-
ed with morbidity and mortality in humans. Although disease severity correlates with immune dysregulation, the 
cellular mechanisms of inflammation and pathogenesis of COVID-19 remain relatively poorly understood. Here, 
we used mouse-adapted SARS-CoV-2 strain MA10 to investigate the role of adaptive immune cells in disease. We 
found that while infected wild-type mice lost ~10% weight by 3 to 4 days postinfection, rag−/− mice lacking B and 
T lymphocytes did not lose weight. Infected lungs at peak weight loss revealed lower pathology scores, fewer 
neutrophils, and lower interleukin-6 and tumor necrosis factor–α in rag−/− mice. Mice lacking αβ T cells also had 
less severe weight loss, but adoptive transfer of T and B cells into rag−/− mice did not significantly change the re-
sponse. Collectively, these findings suggest that while adaptive immune cells are important for clearing SARS-
CoV-2 infection, this comes at the expense of increased inflammation and pathology.

INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is 
the causative agent of COVID-19 and is responsible for the ongoing 
global pandemic that has resulted in more than 0.75 billion cases 
and nearly 7 million deaths worldwide (1). SARS-CoV-2 infections 
can result in a wide range of clinical outcomes including severe le-
thal cases, severe nonlethal cases, mild symptomatic, or asymptomatic 
infections. Immune cells play an essential role in protecting the host 
and clearing the virus; however, they can contribute to inflamma-
tion resulting in unfavorable clinical outcomes. COVID-19 disease 
severity has been associated with several factors including immune 
dysregulation and a cytokine storm (2–5). Whereas much has been 
uncovered regarding the concerted effort of immune cells during 
COVID-19 disease, the role and contributions of key immune play-
ers remain unclear.

SARS-CoV-2 enters host cells through the human angiotensin 
converting enzyme-2 (hACE-2) receptor, which limits the use of es-
tablished animal models for studying immunological factors that 
influence disease (6). Major mouse models that have shown value in 
understanding the infection rely on the overexpression (7, 8) or 
transduction (9) of the hACE-2 receptor and have varying tissue 
distribution and expression levels of the receptor. While valuable, 
the use of hACE-2 overexpression and transduction models leads to 
some caveats in interpreting the host responses. To circumvent this 
issue, the mouse-adapted virus SARS-CoV-2 MA10 has been devel-
oped (10, 11). SARS-CoV-2 MA10 uses the endogenous mouse 

angiotensin converting enzyme-2 (mACE-2) for infection and reca-
pitulates a mildly symptomatic, nonlethal disease (11). A major ad-
vantage of this mouse model is that the receptor is expressed at 
endogenous levels in the expected tissues similar to the observed 
expression patterns of hACE-2. Another major advantage of the 
SARS-CoV-2 MA10 virus is that it allows the use of well-established 
genetic mouse models to study the role(s) of specific immune cells 
during viral infection.

Innate immune responses are paramount in mounting an effec-
tive response to SARS-CoV-2 infection. Following infection, pattern 
recognition receptors (PRRs) of innate resident immune cells sense 
the virus and activate an antiviral state characterized by the expres-
sion of type I and III interferon (IFN) and proinflammatory cyto-
kines (4, 12). Elevated expression of chemokines such as CXCL8, 
CXCL9, and CXCL16 recruits a variety of immune cells, such as 
neutrophils, cytotoxic T lymphocytes, monocytes, natural killer cells, 
and others to the site of infection, resulting in increased immunopa-
thology (4, 12). Some of the many cytokines shown to be correlative 
to human immunopathology are interleukin-6 (IL-6) and tumor 
necrosis factor–α (TNF-α) (5, 13). Investigation into the causes of 
immunopathology has shown that patients with severe COVID-19 
have altered granulocytes characterized by increased numbers of 
immature neutrophils and monocytes with an inflammatory signa-
ture (3). Blockade of IFN signaling or depletion of the recruited 
monocytes protects against lethal disease in SARS-CoV-1 infection 
(12), highlighting the importance of innate immunity in disease 
progression.

It is well established that humoral and cellular immunity are 
critical in clearing SARS-CoV-2 infection (9), and while several 
studies have highlighted the importance of the adaptive immune 
system in viral clearance, more work is needed to understand its role 
in virus-induced immunopathology. Here, we explored the role of 
the adaptive immune cells in the development of immunopathology 
following SARS-CoV-2 infection. We show that mice lacking adap-
tive immune cells (rag−/− mice) do not develop clinical signs or 
weight loss from SARS-CoV-2 MA10 infection, whereas fully im-
munocompetent wild-type (WT) mice develop disease. While 
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rag−/− mice had little to no lung pathology, virus levels were lower 
than WT mice early after infection, but not significantly decreased 
within 2 weeks of infection. Together, these results highlight the im-
portance of the adaptive immune system not only in virus clearance 
(9), but also in exacerbating immunopathology in SARS-CoV-2 
infection.

RESULTS
rag−/− mice do not develop severe disease following 
SARS-CoV-2 MA10 infection
We sought to understand the role of adaptive immune cells in the 
pathology of SARS-CoV-2 infection using the SARS-CoV-2 MA10 
virus because it can infect wild-type mice using the mACE-2 recep-
tor (10, 11). We intranasally infected C57BL/6J WT mice and 
rag1−/− (rag−/−) mice with SARS-CoV-2 MA10, and weights were 
monitored daily until animals were euthanized at 3, 7, or 14 days 
postinfection (dpi) (Fig. 1A). Lungs were collected to measure viral 
loads using reverse transcriptase-quantitative polymerase chain re-
action (RT-qPCR), and sections were imaged after hematoxylin and 
eosin (H&E) or SARS-CoV-2 nucleoprotein (N) protein immuno-
histochemistry (IHC) staining to characterize inflammation and 
viral distribution, respectively. We started by infecting 3-month-old 
WT and rag−/− mice with 1  ×  105 plaque forming units (PFU)/
mouse SARS-COV-2 MA10 (Fig.  1B). We observed that infected 
3-month-old WT mice lost roughly 3% of body weight at peak 
weight loss, but, unexpectedly, this was not observed in age-matched 
rag−/− mice. Next, we evaluated two doses (1 × 104 PFU/mouse and 
1 × 105 PFU/mouse) of SARS-CoV-2 MA10 in mice 6 months old or 
older, which we anticipated would exhibit more severe disease based 
on prior reports (11). We found that at peak weight loss (3 dpi), 
1 × 104 PFU/mouse caused WT mice to lose ~3.5% of their original 
weight, while rag−/− mice gained ~1% of their original weight (Fig. 1C). 
With 1 × 105 PFU/mouse, we found that at peak weight loss (3 dpi), 
WT mice lost roughly 7% of their original weight, while rag−/− mice 
gained roughly 1% of their original weight. On the basis of these 
observations, subsequent experiments used mice that were aged 6 
months or older with an infectious dose of 1 × 105 PFU/mouse.

To further dissect the discrepancy in morbidity, we compared 
pathology in relation to viral burden in response to an infectious 
dose of 1 × 105 PFU/mouse. WT mice exhibited weight loss begin-
ning at 2 dpi, with an average weight loss of 10% by 3 dpi, when peak 
weight loss was observed (Fig. 1D). Four days after infection, the 
animals started recovering clinically, and by day 7, they returned to 
their preinfection weight. In sharp contrast, rag−/− mice did not ex-
hibit any significant weight loss through the 14-day experiment. It 
has been observed that responses to viral infection including SARS-
CoV-2 MA10 can differ between mouse strains, with BALB/c mice 
exhibiting a more severe disease compared to C57BL/6J mice (11). 
Because rag−/− mice were initially derived from the 129S1/Svlmj 
and backcrossed to the C57BL/6j background, we investigated 
whether the phenotype observed in rag−/− mice could be potentially 
skewed by residual alleles of the 129S1/Svlmj strain. To that end, we 
compared C57BL/6J mice to 129S1/Svlmj mice following infection 
with 1 × 105 PFU/mouse SARS-CoV-2 MA10 and found no differ-
ence between the two strains (fig. S1A). Adaptive immunity, partic-
ularly humoral, has been shown to play a critical role in viral 
clearance (9), and rag−/− mice lack T and B cells; we investigated 
the ability of these animals to clear virus following infection. 

Rag−/− mice had lower viral RNA at 3 dpi compared to WT mice, as 
measured by RT-qPCR (Fig. 1E). Further, while WT mice were able 
to significantly reduce viral loads by 14 dpi, the viral loads of the 
rag−/− mice did not change significantly over 7 or 14 dpi, possibly 
pointing to a reduced ability of the rag−/− mice to combat infection. 
To better understand the differences in viral RNA between WT and 
rag−/− mice (Fig. 1E), we examined mACE-2 expression. Notably, at 
baseline, WT mice exhibited significantly higher levels of mACE-2 
mRNA expression than rag−/− mice (fig. S1G). Following infection, 
the expression profiles underwent significant shifts, with rag−/− 
mice consistently displaying higher levels at both 3 and 7 dpi than 
WT (fig. S1, H and I).

Lung sections were also collected at 3 dpi and stained with H&E 
and IHC against SARS-CoV-2 N protein. Similar to the findings ob-
tained via RT-qPCR of viral RNA, IHC showed fewer infected cells 
in the lungs of rag−/− mice compared to WT mice on 3 dpi (Fig. 1F). 
Histological scoring of lungs of infected WT and rag−/− at 3 dpi 
showed an increase in perivascular infiltrates in WT mice compared 
to rag−/− mice, indicating decreased pathology in rag−/− mice (Fig. 1, 
F and G).

Adenovirus-transduced human ACE-2 (hACE-2) expressing 
mice clear SARS-CoV-2 WA-1 infection by 7 dpi (9). We thus inves-
tigated whether WT and rag−/− mice can clear SARS-CoV-2 MA10 
infection. Mice were infected and their weights were monitored up 
to 30 dpi. Infectious virus was measured by plaque assay and qPCR 
for viral RNA in the lung (fig. S1, B to D). Consistent with our previ-
ous data, weight loss was observed in WT mice but not in rag−/− 
mice (fig. S1B). Viral RNA was detected in the lungs of both WT 
and rag−/− mice, albeit at significantly higher levels in the rag−/− 
mice (fig. S1C). Infectious virus was detected in the lung of rag−/− 
mice 30 dpi (fig. S1D). Despite the high levels of infectious virus in 
the lungs of rag−/− mice compared to WT mice, histopathology 
staining revealed both perivascular and interstitial infiltrates in the 
lung of both WT and rag−/− mice (fig. S1E). Further, there was a lack 
of detection of SARS-CoV-2 nucleoprotein by IHC in WT mice 
compared to the detection of rare positive cells in rag−/− mice (ar-
rows) (fig. S1E). Overall, the lungs of WT mice displayed more pa-
thology than those of rag−/− mice (fig. S1F). Altogether, these data 
indicate that while rag−/− mice have less viral replication early dur-
ing infection and do not clear the virus up to 30 dpi, they do not 
develop the severity of disease and pathology as compared to SARS-
CoV-2 MA10–infected WT animals.

rag−/− mice exhibit a dampened inflammatory profile early 
in the infection
Immune cells such as neutrophils, monocytes, macrophages, and 
CD4+ and CD8+ T cells work together to kill infected cells, thereby 
helping to clear the virus (14). Dysregulation of these cells can drive 
immunopathology, which has been shown to contribute to disease 
in both fatal and nonfatal cases of SARS-CoV-2 infection (3, 15). To 
better understand the pathogenesis resulting in the differences in 
weight loss between WT and rag−/− mice (Fig. 1D), we used flow 
cytometry to characterize some innate immune cells in animals fol-
lowing infection. At 3 dpi, rag−/− mice had significantly less neutro-
phils in the lung compared to WT mice (Fig. 2A). At 7 and 14 dpi, 
the levels of neutrophils in infected WT and rag−/− mice had de-
creased back to ranges of uninfected control animals. Inflammatory 
macrophages, which infiltrate the lung as monocytes, have been 
shown to rapidly increase in numbers following infection, and can 
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Fig. 1. SARS CoV-2 MA10 does not induce weight loss in rag−/− mice. (A) C57BL/6J wild-type (WT) and rag−/− mice were intranasally infected with 1 × 105 PFU/mouse 
SARS-CoV-2 MA10 and weighed daily. Animals were euthanized at day 3, 7, or 14 after infection and lungs were collected for histology, qPCR, and flow cytometry analysis. (B) 
Weight change of 3-month-old WT and rag−/− mice following infection. n = 6 for each strain; the experiment was performed once. Two-way ANOVA with Bonferroni’s multiple 
comparisons test. (C) Weight change of 6-month-old WT and rag−/− mice following infection with 104 and 105 PFU SARS-CoV-2 MA10. WT: n = 6, rag−/−: n = 3 (104 PFU), WT: 
n = 7, rag−/−: n = 2 (105 PFU); the experiment was performed once. Two-way ANOVA with Tukey’s multiple comparisons test. (D) Weight change of 6-month-old WT and rag−/− 
mice following infection with 105 PFU SARS-CoV-2 MA10. WT: n = 19, rag−/−: n = 24; the experiment was performed three times. Two-way ANOVA with Bonferroni’s multiple 
comparisons test. (E) Lung viral RNA levels at days 3, 7, and 14 after infection in WT and rag−/− mice. Day 3 WT: n = 7, rag−/−: n = 10; day 7 WT: n = 8, rag−/−: n = 7; day 14 WT: 
n = 4, rag−/−: n = 5; the experiment was performed three times. Two-way ANOVA with Tukey’s multiple comparisons test. (F) H&E staining (top row) of WT and rag−/− mice and 
immunohistochemistry staining (brown stain, bottom row) against the SARS-CoV-2 MA10 nucleoprotein at day 3 after infection. Experiment was performed once. (G) Histo-
logical scoring of WT and rag−/− mice lungs at day 3 after infection. WT: n = 3, rag−/−: n = 7; the experiment was performed once. Mann-Whitney U test.



Imbiakha et al., Sci. Adv. 10, eadg5461 (2024)     3 January 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

4 of 12

Fig. 2. rag−/− mice do not exhibit a heightened proinflammatory cytokine expression at peak weight loss. (A to C) Flow cytometry analysis of lung cells 3, 7, and 14 dpi. 
(A) Number of lung neutrophils (CD11b+, MHC-II−, and Ly6G+ cells). (B) Number of monocyte-derived macrophage (CD11b+, CD11c+, and F4/80+ cells). (C) Percentage of 
MHC-II+ monocyte-derived macrophage (CD11b+, CD11c+, F4/80+, and MHC-II+ cells) in the lungs of wild-type (WT) and rag−/− mice at days 3, 7, and 14 after infection. 
WT control: n = 3, D3: n = 3, D7: n = 8, D14: n = 3; rag−/− control: n = 3, D3: n = 7, D7: n = 7, D14: n = 5; the experiment was performed once for each time point. Two-way 
ANOVA with Tukey’s multiple comparisons test. (D to G) Cytokine concentrations from the bronchoalveolar lavage fluid at days 3 and 14 after infection. (D) IL-6, (E) TNF-α, 
(F) IFN-γ, and (G) IL-2. WT D3: n = 4, D14: n = 3; rag−/− D3: n = 5, D14: n = 5, experiment performed once for each time point. Two-way ANOVA with Sidak’s multiple com-
parisons test. (H to M) mRNA levels from lung samples of infected animals at days 3 and 7 after infection. (H) Relative expression of IFN-α at 3 dpi WT: n = 7, rag−/−: n = 12. 
(I) Relative expression of IFN-α at 7 dpi. WT: n = 7, rag−/−: n = 7. (J) Relative expression of IFN-β at 3 dpi. WT: n = 7, rag−/−: n = 12. (K) Relative expression of IFN-β at 7 dpi. 
WT: n = 7, rag−/−: n = 7. (L) Relative expression of IFIT3 at 3 dpi. WT: n = 7, rag−/−: n = 12. (M) Relative expression of IFIT3 at 7 dpi. WT: n = 7, rag−/−: n = 7. (N) Relative expres-
sion of Rab27a 3 dpi. WT: n = 6, rag−/−: n = 12. (O) Relative expression of Rab27a 7 dpi. WT: n = 7, rag−/−: n = 7. (P) Relative expression of CNP 3 dpi. WT: n = 6, rag−/−: n = 12. 
(Q) Relative expression of CNP 7 dpi. WT: n = 6, rag−/−: n = 12. (H to M) *P < 0.05, **P < 0.01, two-tailed Mann-Whitney test.
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be an indicator of potential immunopathology (16). Between rag−/− 
and WT mice, the number of monocyte-derived macrophages was 
comparable throughout the experiment (Fig. 2B). When compared to 
uninfected animals, at 3 dpi WT mice exhibited a significant increase 
in the number of monocyte-derived macrophages, and then a decrease 
by 14 dpi, loosely correlating with their relative increase and then their 
decrease of virus (Figs. 2B and 1E). In contrast, no significant changes 
in monocyte-derived macrophage numbers were observed in rag−/− 
mice across the duration of the experiment. Next, we investigated the 
activation status of the monocyte-derived macrophages by comparing 
the percent MHC-II+ monocyte-derived macrophages across genotypes. 
The percentage of activated monocyte-derived macrophages increased at 
comparable levels in both genotypes at 3 and 7 dpi. However, at 14 dpi, 
rag−/− mice exhibited significantly more activated monocyte-derived 
macrophages as compared to WT mice (Fig.  2C), consistent with a 
higher viral load in rag−/− mice at 14 dpi (Fig. 1E).

In addition to cellular profiles, we sought to investigate the inflam-
matory cytokine microenvironment that could be causing the differ-
ences in morbidity between WT and rag−/− mice. Several studies have 
shown that cytokine release syndrome (CRS) might be the main con-
tributor of severe cases of SARS-CoV-2, and in some cases, this could 
result in mortality (5, 17). Multiple cytokines have been implicated in 
this process for coronaviral infections, including IL-6, TNF-α, and 
IFN-γ (4, 5, 18). Therefore, we investigated whether these cytokines 
were differently expressed between WT and rag−/− mice during infec-
tion. We collected bronchial alveolar lavage fluid (BALF) from mice at 
3 and 14 dpi to assay cytokine levels. Notably, the levels of IL-6 
were ~9.7 times lower in rag−/− mice compared to WT mice at 3 dpi 
(Fig. 2D). By 14 dpi, IL-6 levels had decreased significantly in WT 
mice and were similar to those of rag−/− mice. Similarly, the levels of 
TNF-α were seven times lower in rag−/− mice at 3 dpi as compared to 
those of WT mice, which later decreased and became comparable to 
rag−/− mice by 14 dpi (Fig.  2E). IFN-γ levels were comparable be-
tween rag−/− and WT mice at 3 dpi, and trended higher in rag−/− mice 
at 14 dpi, albeit not significantly (Fig. 2F). Last, we examined the levels 
of IL-2, an important cytokine in driving T cell proliferation (19, 20). 
Rag−/− mice had ~3 times lower levels of BALF IL-2 at 3 dpi, and at 
14 dpi, IL-2 levels had significantly decreased in WT mice to levels 
comparable between WT and rag−/− mice (Fig. 2G).

Considering the critical role of IFN responses, particularly type I 
IFNs and IFN-stimulated genes (ISGs), in the control of viral infec-
tions, we assessed their expression levels at both 3 and 7 dpi within 
the lung WT and rag−/− mice. We first compared the levels of IFN-α 
mRNA in WT and rag−/− mice, and they were comparable at 3 and 7 dpi 
(Fig. 2, H and I). Conversely, we noted a significant increase in IFN-β 
mRNA levels in WT mice compared to rag−/− mice at 3 dpi (Fig. 2J), which 
aligns with the higher levels of viral RNA detected in WT mice 
3 dpi (Fig. 1E). In contrast, at 7 dpi, we observed a reversal of this 
trend, with rag−/− mice exhibiting significantly elevated IFN-β levels 
compared to WT mice (Fig. 2K), and this was consistent with the 
higher levels of viral RNA detected in rag−/− mice compared to WT mice 
at 7 dpi (Fig. 1E). Furthermore, we assessed the levels of the ISGs 
IFN-induced protein with tetratricopeptide repeats 3 (IFIT3), the Ras-
related Protein Rab27, and 2′,3′-cyclic nucleotide 3′-phosphodiesterase 
(CNP). At 3 dpi, WT mice exhibited significantly higher levels of 
IFIT3 compared to rag−/− mice (Fig. 2L). Conversely, at 7 dpi, rag−/− 
mice had a substantial increase in IFIT3 expression compared to WT 
mice (Fig. 2M). Rab27a levels were comparable between WT and 
rag−/− mice 3 dpi, but were significantly higher in the rag−/− at 7 dpi 

(Fig. 2, N and O). Comparable levels of CNP were observed in both 
WT and rag−/− mice at both 3 and 7 dpi (Fig. 2, P and Q). Overall, 
immunological analysis indicates elevated lung neutrophils and pro-
inflammatory cytokines IL-6, TNF-α, and IL-2 in WT mice com-
pared to rag−/− mice during their peak weight loss after infection. In 
addition, increased levels of IFN-β and IFIT3 were observed in both 
WT and rag−/− mice and correlated with high viral RNA in the lung.

tcrα−/− mice lacking αβ T cells display less severe disease 
compared to WT mice
After observing that lymphocytes had a major role in SARS-CoV-2 
MA10 pathology of WT mice compared to rag−/− mice, we wanted to 
isolate potential contributions from key cellular player(s). T helper 1 
(TH1) cells and cytotoxic CD8+ T cells are important αβ T cell subsets 
involved in the response to virus infection that express high levels of 
the antiviral effector such as IFN-γ, perforin, and granzymes (21–23). 
We thus chose tcrα−/− mice that genetically lack αβ T cells to investi-
gate their role in SARS-CoV-2 pathology. We infected 6-month-old 
WT and tcrα−/− mice (24) with SARS-CoV-2 MA10, and subsequently 
monitored weight loss and collected lungs to analyze pathology and 
virus load at 4 and 14 dpi (Fig. 3A). Tcrα−/− mice lost some, but not 
as much weight as WT mice, and a similar trend was observed in 
3-month-old mice (fig.  S1J). In addition, the tcrα−/− mice recovered 
their weight faster, such that a significant increase in weight was ob-
served for the tcrα−/− mice at 6 and 7 dpi compared to the WT mice 
(Fig. 3B). While their weights were different, their lung pathology scores 
on 4 dpi were not statistically different (Fig. 3C). Similarly, their viral 
RNA showed similar levels at 4 and 14 dpi (Fig. 3, D and E). Unlike the 
rag−/− mice, which lacked the ability to reduce the viral RNA levels at 
14 dpi (Fig. 1E), the tcrα−/− mice were capable of reducing viral RNA 
levels equal to WT mice (Fig. 3, D and E). In addition to viral RNA 
levels, we also assessed whether tcrα−/− mice could clear infection. Thus, 
we compared infectious virus in the lungs of 3-month-old WT and 
tcrα−/− mice at 14 dpi. Viral loads were below the limit of detection in 
8/10 of the tcrα−/− mice with 2/10 mice testing positive (fig. S1K). Infec-
tious virus was below the limit of detection in 8/8 of the WT mice.

To gain a better understanding of the role of T cells and potential 
immunomodulatory regulators in SARS-CoV-2 MA10–induced pa-
thology, we utilized mice lacking the Tec family kinase interleukin 2 
inducible kinase (ITK), a crucial signaling kinase downstream of the T 
cell receptor (TCR), which has altered T cell activation responses (25, 
26). To this end, we infected WT, rag−/−, and itk−/− mice with 105 PFU 
of SARS-CoV-2 MA10 and monitored their weights over a 14-day pe-
riod. Similar to the observations in tcrα−/− mice, itk−/− mice displayed 
an intermediate phenotype, suggesting that efficient T cell activation as 
regulated by ITK plays a role in regulation of SARS-CoV-2 MA10–induced 
pathology (fig. S1L). In addition, we detected significantly higher levels 
of viral RNA in the lungs of rag−/− mice compared to both WT and 
itk−/− mice, but no significant difference was observed between WT 
and itk−/− mice (fig. S1M). Altogether, these results suggest that αβ T 
cells are at least partially responsible for immunopathogenesis of this 
infection, but they do not act alone or are not fully responsible for the 
full phenotypic difference between WT and rag−/− mice.

Adoptive transfer of splenocytes into rag−/− mice does not 
significantly affect disease progression
Adaptive immune cells interact with innate immune cells and can 
influence their differentiation, function, and migration (27, 28). The 
dysregulation of the innate and adaptive immune systems following 
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SARS-CoV-2 infection has been reported to contribute to immuno-
pathology (29, 30). To investigate whether the introduction of circu-
lating lymphocytes into rag−/− mice could recapitulate the weight 
loss observed in WT mice following infection, we collected spleno-
cytes from 6-month-old WT mice and adoptively transferred 5 × 107 
cells via retroorbital injection 7 days before infection. As controls, 
WT and rag−/− mice received retroorbital phosphate-buffered saline 
(PBS) injections before infection. We infected the animals with 1 × 105 PFU/
mouse of SARS-CoV-2 MA10 and monitored their weight for 14 
days. We then euthanized animals at 3 or 14 dpi (fig. S3A), and ana-
lyzed the pathology, immune cells, and viral loads in the lungs 
(Fig. 4A). Consistent with our previous observations, we found that 
at 3 dpi, WT mice lost significantly more weight than rag−/− mice 
following infections. However, there was no difference in weight loss 
between the rag−/− animals that received adoptively transferred WT 
splenocytes (rag−/− AT) and the rag−/− animals (Fig. 4B). Further-
more, both rag−/− and rag−/− AT mice had significantly less viral 
RNA in their lungs at 3 dpi compared to WT mice, and no signifi-
cant differences were observed between rag−/− and rag−/− AT mice 
(Fig. 4C). Pathology scores again indicated that rag−/− AT mice did 
not exhibit the severity of disease as experienced by WT mice 
(Fig.  4, D and E), although at intermediate levels, the rag−/− AT 
scores were not significantly different from either of the other 
two groups. Of note, only WT mice had sloughed or necrotic epi-
thelial cells in bronchioles, while rag−/− and rag−/− AT mice did not 
(Fig. 4D).

Because the adoptive transfer of WT splenocytes into rag−/− 
mice did not fully recapitulate the disease of WT mice, we investi-
gated the numbers and status of the immune cells at 3 dpi to better 
understand their behavior following transfer and virus infection. 

rag−/− and rag−/− AT mice had roughly half as many pulmonary neutro-
phils compared to WT mice (Fig. 4F), and monocyte-derived mac-
rophage numbers were comparable among all groups (Fig.  4G). 
Rag−/− AT mice had significantly higher proportion of activated 
(MHC-II+) monocyte-derived macrophages compared to rag−/− 
and WT mice, although this parameter was not different between 
rag−/− and WT mice (Fig. 4H). Because of the lack of weight loss and 
higher proportions of activated monocyte-derived macrophages in 
the lungs of rag−/− AT mice, it is possible that activated monocyte-
derived macrophages help in virus clearance but do not significantly 
contribute to immunopathology. Whereas neutrophils and macro-
phages are present in rag−/− mice, γδ T cells are another important 
type of innate-like cell that acts quickly in response to mucosal 
pathogens, which are also absent in rag−/− mice. However, these cells 
often are long-term resident cells of the lung that establish them-
selves in their niches early in life to be present for acute responses to 
pathogens (31, 32). Not unexpectedly, these cells were not restored 
to WT levels after adoptive transfer plus 3 dpi (Fig. 4I). These resident 
lymphocytes are an important group of immune cells that have been 
linked to COVID-19 pathogenesis (33–35), and their absence may 
shed light on the inability of the adoptive transfer to recapitulate 
WT disease. γδ T cell numbers were similar to WT mice by 14 dpi 
(fig. S3B).

In contrast to the γδ T cells, we found that WT and rag−/− AT 
mice had comparable percentages and numbers of CD4+ and CD8+ 
T cells within the lungs at 3 dpi (Fig 4, J and L) and at 14 dpi (fig. S3, 
C and E). Using CD44, a cell adhesion molecule, the expression of 
which has been shown to identify antigen-experienced T cells (36), 
we further identified the effector CD4+ and CD8+ T cells. The rag−/− 
AT mice had a significantly higher percentage of effector CD4+ and 

Fig. 3. SARS-CoV-2 MA10 causes a less severe disease in tcrα−/− mice compared to wild-type (WT). (A) WT and tcrα−/− mice were infected with 1 × 105 PFU/mouse 
SARS-CoV-2 MA10. On day 4 and 14 after infection, lungs were harvested, and virus RNA was measured by RT-qPCR. (B) WT and tcrα−/− mice weight change following 
SARS-CoV-2 MA10 infection. WT: n = 10, tcrα−/−: n = 20; the experiment was performed twice. Two-way ANOVA with Sidak’s multiple comparisons test. (Note that the 
weight loss curve of rag−/− infection from the experiment shown in Fig. 4B was overlaid for comparison purposes only, but not statistical analysis). (C) Pathology scores of 
WT and tcrα−/− mice lung sections at day 4 after infection (WT: n = 6, tcrα−/−: n = 10); the experiment was performed once. (D) Viral RNA levels on day 4 (WT: n = 6, tcrα−/−: 
n = 10); the experiment was performed once. (E) Day 14 after infection (WT: n = 4, tcrα−/−: n = 10); experiments were performed once. Two-tailed Mann-Whitney U test.
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Fig.  4. Adoptive transfer of wild-type (WT) splenocytes into rag−/− mice does not induce weight loss following SARS-CoV-2 MA10 infection. (A) Phosphate-
buffered saline (PBS) or WT splenocytes were adoptively transferred into WT or rag−/− mice (rag−/− AT), respectively, at least 1 day before infection. On day 0, the animals 
were infected with 1 × 105 PFU/mouse SARS-CoV-2 MA10 and weight was monitored daily. On day 3 after infection, the animals were euthanized, and lungs were col-
lected for flow cytometry, qPCR, and histology. (B) Percent weight change in WT, rag−/−, and rag−/− adoptive transfer (AT) mice following infection. WT: n = 8, rag−/−: n = 4, 
rag−/− AT: n = 6; experiments were performed four times. Two-way ANOVA with Tukey’s multiple comparisons test. (C) Viral RNA levels from the lungs of infected animals 
at day 3 after infection; experiments were performed once. One-way ANOVA with Dunn’s multiple comparisons test. (D) H&E staining of lung sections; experiments were 
performed once. (E) Pathological scoring of the lung sections; experiments were performed once. Two-tailed Mann-Whitney test. (F to M) Flow cytometry of lung cells 
from day 3 after infection; experiments were performed once. (F) Number of neutrophils (CD11b+ and Ly6Ghigh). (G) Number of monocyte-derived macrophage (CD11b+, 
Ly6G−, CD11C+, and F4/80+). (H) Percentage of MHC-II+ monocyte-derived macrophages. For (F) to (H), one-way ANOVA with Tukey’s multiple comparisons test. (I) Num-
ber of γδ+ T cells. Two-tailed Mann-Whitney test. (J) CD4+ T cells (TCRβ+ and CD4+). (K) Percentage of effector CD4+ T cells (TCRβ+, CD4+, CD62L−, and CD44+). (L) Number 
of CD8+ T cells (TCRβ+ and CD8+). (M) Percentage of effector CD8+ T cells (TCRβ+, CD8+, CD62L−, and CD44+). For (J) to (M), two-tailed t test. For (C) to (M), WT: n = 6, rag−/−: 
n = 5, rag−/− AT: n = 6.
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CD8+ T cells than WT mice at 3 dpi (Fig. 4, K and M), and similar 
trends were observed at 14 dpi (fig. S3, D and F). Whether they es-
tablished an effector phenotype during homeostatic proliferation or 
during infection, or both, is an area that requires further inves-
tigation.

We next investigated the potential role of tissue-resident adap-
tive immune cells in SARS-CoV-2 MA10–induced pathology. Thus, 
we blocked B and T cell exit from secondary lymphoid organs using 
the well-characterized sphingosine-1-phosphate receptor modula-
tor FTY720 (37). WT mice were treated daily with either FTY720 
(1 mg/kg) or vehicle control starting on day −2 and infected on day 
0 with 1 × 105 PFU/mouse SARS-CoV-2 MA10. To confirm the ac-
tion of FTY720, analysis of adaptive immune infiltrates in the lungs 
revealed a significant decrease in αβ+ CD4+ and CD8+ T cells and B 
cells in FTY720-treated animals compared to vehicle-treated mice 
(fig. S4, A to D). However, no difference in weight loss was observed 
between FTY720- and vehicle-treated mice (fig.  S4E). To further 
elucidate the role of circulating T cells in the observed pathology in 
WT mice, we used T cell–depleting antibodies to deplete circulating 
T cells (38). WT mice were administered 400 μg of α-CD4 and 400 μg 
of α-CD8 antibodies every other day, or 800 μg of isotype control, 
starting from day −2 until 6 dpi. These mice were infected with 105 PFU/
mouse of SARS-CoV-2 MA10 on day 0 and subjected to daily mon-
itoring. At 7 dpi, the animals were euthanized, and lung T cells were 
analyzed via flow cytometry. Comparatively, both the number and 
frequency of CD4+ and CD8+ T cells in the lungs were markedly 
lower in mice treated with α-CD4 and α-CD8 antibodies, as op-
posed to isotype control-treated mice (fig. S4, F to I). However, de-
spite these differences in T cell numbers and frequencies, both the T 
cell–depleted and isotype control mice exhibited similar weight loss, 
with T cell–depleted mice displaying a slightly lower average loss 
compared to the isotype control (fig. S4J). These data suggest that 
neither the blockade of tissue-infiltrating adaptive immune cells to 
the site of infections nor the depletion of circulating T cells was suf-
ficient to alter the phenotype observed in WT mice, supporting a 
role for tissue-resident immune cells in SARS-CoV-2 MA10–induced 
pathology.

DISCUSSION
The balance between immune defense from pathogens and develop-
ment of immunopathology is complex and multifaceted (39). Ef-
forts to understand the role of the adaptive immune system in 
driving disease during viral infection has been difficult because of 
the importance of the adaptive immunity in controlling virus infec-
tion (9, 40, 41). It is well established that immunocompromised ani-
mals and humans are at high risk of severe viral infections, such as 
SARS-CoV-2 (9, 40, 42, 43), and thus, our finding that rag−/− mice 
lacking B and T cells are protected from viral-induced weight loss 
and exhibit reduced lung inflammation, while carrying the same or 
higher levels of virus, was a surprise. These findings suggest that 
adaptive immune cells play an important role in reducing SARS-
CoV-2 levels, but that this benefit may come at the expense of in-
creased inflammation and pathology.

Our findings suggest an important role for the adaptive immune 
response, particularly likely resident lymphocytes given our results 
after blocking lymphocyte recirculation and CD4+ and CD8+ T cell 
depletion, in causing inflammation that contributes to weight loss 
and lung pathology during SARS-CoV-2 infection. As a trade-off for 

minimal symptoms during SARS-CoV-2 MA10 infection, rag−/− 
mice were not able to clear virus, as well as the WT mice (through 
30 dpi), supporting other studies reporting the importance of an ef-
fective adaptive immune response in virus clearance (9, 44). Despite 
not decreasing virus levels, rag−/− mice were still able to limit virus 
replication somewhat, as indicated by the limited virus expansion in 
the lungs through 30 dpi, likely via innate immune cell responses. 
Consistent with this proposal that innate cells are able to contribute 
to limiting infection, Nelson et al. (45) reported that rhesus ma-
caques infected with SARS-CoV-2 exhibit decreased virus loads be-
fore the detection of infiltrating antigen-specific T and B cells, thus 
highlighting a role for innate immunity in contributing to control-
ling virus levels.

Cytokines are generated by both innate and adaptive immune 
cells, and have been implicated in both favorable and unfavorable 
outcomes during virus infection (3, 5, 12, 18, 46). Del Valle et al. (5) 
found that elevated IL-6 and TNF-α were strong predictors of COVID-19 
severity, worse outcomes, and poor survival. IL-6 and TNF-α levels 
were significantly elevated in the BALF of WT mice compared to 
rag−/− mice at 3 dpi, coinciding with peak weight loss, making it 
likely that these cytokines were contributing to the disease. In addi-
tion, IL-2 levels were more elevated in WT mice than in rag−/− mice, 
and this difference could be explained by the lack of IL-2–expressing 
cells, such as activated T cells, in the rag−/− mice (47, 48). It could be 
possible that the increased IL-2 levels in WT mice causes pathogen-
esis by feeding IL-2 receptor–expressing cells, as evidenced by a 
recent study in which patients with exacerbated SARS-CoV-2 infec-
tion had high expression of soluble IL-2 receptor (18). In addition, 
elevated IFN and ISG gene expression correlated with an increase in 
viral RNA in the lungs of WT and rag−/− mice.

Multiple studies have thus far highlighted the immune dysregu-
lation in animal models and patients with COVID-19 as a correlate 
of immune-induced pathology (4, 5, 18). Granulocyte dysregulation 
has been correlated with exacerbated disease and unfavorable out-
comes in SARS-CoV-2 infection (3). We find that rag−/− mice had 
less lung-infiltrating neutrophils than WT mice at peak weight loss, 
which warrants further investigation into these cells potentially 
driving immunopathogenesis and being attractive therapeutic tar-
gets. Macrophages and monocytes have been shown to be important 
in both virus clearance and in resolving inflammation (49–51), but 
when dysregulated, they can drive inflammation, resulting in tissue 
damage (52, 53). It has also been shown that macrophages can be 
infected by SARS-CoV-2 via the FcγR, and this leads to the activa-
tion of the inflammasome resulting in pyroptosis (52, 53). In our 
model, we did not see significant differences in CD11b+ CD11c+ 
F4/80+ monocyte-derived macrophages at peak weight loss or at 
disease resolution. However, we did see comparable increases in ac-
tivated monocyte-derived macrophages in both rag−/− and WT 
mice at peak weight loss, highlighting the ability of both animal 
models to respond to infection with acute inflammation.

We found that the adoptive transfer of splenocytes into the rag−/− 
mice and subsequent infection with SARS-CoV-2 MA10 did not 
recapitulate the level of disease observed in WT mice. Instead, re-
cipient mice responded similarly to rag−/− mice, or at best had an 
intermediate phenotype, with significantly less virus than WT mice 
at 3 dpi. While adoptive transfer experiments can sometimes help to 
elucidate the role of immune cells, there are some caveats such as the 
transferred cells may not always completely restore WT immunity. 
For example, short-term transferred cells are less likely to be able to 
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affect the development or differentiation of innate immune cells, or 
establish niches as resident cells in peripheral tissues, which can be-
gin during fetal development (54). We also noted that while the T 
cell compartment in the recipient rag−/− AT and WT mice showed 
comparable T cell numbers in the lungs at 3 dpi, the rag−/− AT mice 
had a significantly higher proportion of CD44+ antigen-experienced 
CD4+ and CD8+ T cells compared to the WT mice. This could be 
due to the transfer of the cells, as well as the proliferative nature of 
immune cells entering a lymphopenic environment (55). The ab-
sence of significant weight loss in the infected rag−/− AT mice sug-
gests that the antigen-experienced CD4+ and CD8+ T cells observed 
at 3 dpi are not sufficient to drive immunopathology, although fur-
ther work is needed to determine the activation kinetics of these 
cells before 3 dpi. We posit that disease in the WT mice may be 
driven by the interaction of innate and long-term resident lympho-
cytes, such as γδ T cells that have had time to establish a particular 
microenvironment in the lung. Genetic deletion of specific cells or 
antibody depletion experiments may better probe the role of the 
adaptive immune system in the pathology of SARS-CoV-2. To this 
end, we showed that tcrα−/− mice had an intermediate disease phe-
notype compared to WT and rag−/− mice. While tcrα−/− mice are 
not able to develop αβ T cells, they do have γδ T cells and B cells 
(24), which may play roles in the observed weight loss. In addition, 
it is possible that mechanisms such as antibody-FcγR–mediated in-
fection of macrophages and monocytes, which has been shown to 
induce inflammation (53, 56), are at play in the tcrα−/− mice, thus 
driving the intermediate phenotype observed. While αβ T cells do 
play a partial role in the observed disease, they are not necessary for 
limiting virus replication, as evidenced by comparable viral RNA 
levels in WT and tcrα−/− mice at 4 and 14 dpi. Because viral RNA 
has been shown to persist longer than infectious virus, and C57BL/6J 
mice can clear SARS-CoV-2 MA10 as early as 5 dpi, it is highly like-
ly that both WT and tcrα−/− mice have successfully cleared the virus 
by 14 dpi, despite testing positive for viral RNA (11, 57). In addition, 
we observed no significant difference between 3-month-old WT 
and tcrα−/− mice in their ability to clear virus, further supporting 
the notion that αβT cells may not be necessary for SARS-CoV-2 
MA10 clearance.

Overall, we have shown that after SARS-CoV-2 MA10 infection, 
animals lacking an adaptive immune system had lower morbidity 
than those with a competent adaptive immune system. Transient 
transfer of immune cells into the immunocompromised animals 
was not sufficient to induce the pathology observed in WT animals, 
implicating a role for lung-resident immune cells, including T cells 
in driving disease. Moreover, rag−/− mice exhibited an attenuated 
proinflammatory signature compared to WT mice while still limit-
ing virus replication. We present a model that proposes new ques-
tions for understanding the role of adaptive immunity in driving 
COVID-19 pathology, and future studies will seek to uncover the 
mechanism and pathways by which the adaptive immune cells drive 
COVID-19 disease. These findings may, in turn, have important im-
plications for other coronavirus-induced infectious diseases.

MATERIALS AND METHODS
Mice and infections
Animal studies were performed following the Guide for the Care and 
Use of Laboratory Animals of the National Institutes of Health. Pro-
tocols were approved by the Institutional Animal Care and Use 

Committee at Cornell University. Most of the mice used for the 
study were on the C57BL/6J background: WT (C57BL/6J) mice, rag1−/− 
(B6.129S7-​Rag1tm1mom/J) mice, tcrα−/− (B6.129S2-Tcratm1mom/J) mice, and 
itk−/− (B6.129S4-itktm1Litt/PlsJ) mice; one experiment used 129S1/Svlmj 
mice. All mice were bred and aged in our facility; female and male 
mice at least 24 weeks old were used for all experiments, unless other-
wise noted. Mice were intranasally infected with 1 × 105 PFU/mouse 
SARS-COV-2 MA-10 under isoflurane anesthesia in an approved 
animal-BSL-3 facility as previously described (11, 58). Weights were 
monitored daily, and lung tissue was collected at the indicated time 
points for downstream analysis. FTY720 (1 mg/kg; Sigma-Aldrich cata-
log no. SML0700) was prepared per the manufacturer’s recommen-
dations for daily injections.

Virus propagation
Vero E6 cells [African green monkey kidney cells, American Type 
Culture Collection (ATCC) CRL-1586] were seeded in a T75 flask 
and infected with 0.1 multiplicity of infection. Infected cells were 
incubated for 48 hours and supernatant was collected. Supernatants 
were centrifuged at 1000g for 10 min and virus was transferred into 
a new tube. The virus was aliquoted and stored and −80°C for titra-
tion by plaque assay and mouse infection.

Antibodies and reagents
Antibodies used for flow cytometry are listed in this order: antigen 
fluorophore (catalog number). CD170 PE (552126), CD117 FITC 
(553354), and KLRG1 PE-CF594 (565393) were from BD Biosci-
ence. CD16/32 (Fc block 14-0161-85), viability ef506 (65-0866-14), 
MHC-II AF700 (56-5321-80), CD62L APC (17-0621-83), CD4 
AF700 (56-0041-81), CD8 ef450 (48-0081-82), and TCR gamma/
delta Super Bright 780 (78-5711-80) were from Invitrogen. CD11b 
PE-Dazzle594 (101256), CD49b PECy7 (103518), CD11c APC 
(117310), F4/80 APC-Cy7 (123118), Ly6G Pacific Blue (127612), 
CD19 FITC (101505), CD127 PerCp-Cy5.5 (135022), TCR-β PE-
Cy7 (109222), and CD44 APC-Cy7 (103028) were from BioLegend. 
Antibodies were used in accordance with the manufacturer’s guide-
lines or at 1 to 2 μg/ml.

Flow cytometry
Briefly, mice were euthanized with carbon dioxide in accordance 
with approved protocols. Lungs were collected, digested with Liberase 
TL and DNase I, and homogenized to create single-cell suspen-
sion. Cells were then stained, washed, and fixed in 3% para 
formaldehyde (PFA) for 15 min. After fixation, cells were run 
on an Attune NxT cytometer (Thermo Fisher Scientific). Gating 
(fig. S2) and downstream analysis was performed using the FlowJo 
software (BD Biosciences).

Splenocyte isolation and adoptive transfer
Spleens were harvested from WT mice and homogenized to obtain 
a single-cell suspension. Red blood cells were lysed using ACK buf-
fer, and total splenocytes were counted and adjusted to 5  ×  107 
cells/200 μl of PBS. Mice were anesthetized and retro-orbitally in-
jected with 5 × 107 splenocytes.

Histology and IHC
Lung tissue was collected, fixed in 10% neutral buffered formalin, 
and submitted to the Cornell University Animal Health Diagnostic 
Center for sectioning and staining. Tissue sections (4 μm) were 
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stained with H&E and examined by a board-certified veterinary 
anatomic pathologist blinded to group categories. Lung pathology 
was scored based on the percentage of each feature affected across 
the entire lung section. The features scored were perivascular infil-
trates, interstitial infiltrates, presence of cells in alveoli lumina, and 
type II pneumocyte hyperplasia, the presence of sloughed or necrot-
ic cells in bronchiolar lumina. Each point corresponded to the 
amount of tissue affected: normal (0); less than 10% (1); between 10 
and 25% (2); 26 to 50% (3); and higher than 50% (4). As described 
previously, IHC was performed on lung tissue with an anti–SARS-
CoV-2 nucleoprotein antibody (GeneTex: GTX635679) at a 1:5000 
dilution (58).

qPCR and viral RNA quantification
Lung tissues were collected from mice at the indicated end-
points. Tissue samples were dissociated and inactivated in TRIzol, 
followed by RNA extraction, total RNA quantification, and RT-
qPCR using the iTaq Universal Probes One-Step Kit (Bio-Rad) 
with the following primers and probe from IDT DNA: TGGCC
GCAAAT TGCACAAT T;TGTAGGTCAACCACGT TCCC; 
/56FAM/CGCATTGGCATGGAAGTCAC/3BHQ_1/ (59). Standard 
curves of plasmid (IDT DNA: catalog no. 10006625) were run on 
each assay plate to calculate virus copy number per sample and 
normalized to total RNA for each sample. The following pro-
prietary primer/probes were purchased from Thermo Fisher Scientific 
catalog no. 4453320: Cnp (Mm01306641_m1), Rab27a (Mm00469997_
m1), mACE2 (Mm01159006_m1), Ifnb1 (Mm00439552_s1), 
Ifna1 (Mm03030145_gH), Ifit3 (Mm01704846_s1), and Actb 
(Mm00607939_s1). Relative mRNA quantities were normalized 
to β  actin and presented as 2−ΔΔCt. Plates were run on ViiA7 
and analyzed with QuantStudio Real-Time PCR Software (Thermo 
Fisher Scientific).

Multiplex cytokine assay
Bronchoalveolar lavage washes were performed with 1 ml of 1× PBS 
immediately after euthanasia, cells were removed via centrifugation, 
and supernatants were run on the High Sensitivity 5-Plex Mouse 
ProcartaPlex Panel (ThermoFisher Scientific) per the manufactur-
er’s instructions, with the addition of a 15-min 3% PFA fixation and 
wash step after two washes with the Amplification Reagent, before 
the final Reading Buffer was added. The plate was read on Luminex 
MagPix and analyzed with xPONENT software (Luminex).

T cell depletion and analysis
α-CD4-clone GK1.5 (catalog no. BE0003-1), α-CD8-clone 2.43 (cat-
alog no. BE0061), and isotype control-clone LTF2 (catalog no. 
BE0090) depletion antibodies were purchased from Bio X Cell Inc. 
C57BL6/J WT mice were treated every other day, starting at −2 dpi, 
with 400 μg each of α-CD4 and α-CD8 antibodies, or 800 μg of iso-
type control, until 6 dpi. On day 7 after infection, mice were hu-
manely euthanized, and T cells were analyzed by flow cytometry 
using α-CD4-clone RM4-5 (BD Pharmingen) and α-CD8-clone 53-
6.7 (eBioscience) antibodies.

Plaque assay
Lung tissues were collected and homogenized in Dulbecco’s 
modified Eagle’s medium (DMEM) with 2% fetal bovine serum 
(FBS). Supernatants were purified by centrifugation and used for 
plaque assay. Vero E6 cells (African green monkey kidney cells, 

ATCC CRL-1586) were cultured at a density of 5 × 105 cells per well 
in 12-well plates and incubated at 37°C before infection the follow-
ing day. Supernatants were serially diluted in DMEM supplemented 
with 2% FBS, and cells were infected and incubated for 1 hour at 
37°C with gentle shaking every 10 min. Infected cells were overlaid 
with 1 ml per well of DMEM containing 2% FBS and 0.3% agarose, 
and cells were incubated at 37°C for 3 days. At 3 dpi, cells were fixed 
with 4% PFA, stained with 0.5% crystal violet in 30% methanol, and 
washed three times with water. Plaques were manually counted, and 
the virus titer was calculated.

Data analysis
Data were analyzed with the statistical test indicated in each figure 
legend using GraphPad PRISM 9 software. The most common sta-
tistical tests used were Mann-Whitney U test or two-way analysis of 
variance (ANOVA) with the appropriate and indicated posttest. 
All data are graphed as mean ± SEM. Asterisks indicate statisitcal 
significance from the listed analysis: *P < 0.05, **P < 0.01, 
***P < 0.001, and ****P < 0.0001, or no markings for nonsignifi-
cant differences.

Supplementary Materials
This PDF file includes:
Figs. S1 to S4
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