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ABSTRACT SARS-CoV-2 can infect multiple organs, including lung, intestine, kidney,
heart, liver, and brain. The molecular details of how the virus navigates through
diverse cellular environments and establishes replication are poorly defined. Here,
we generated a panel of phenotypically diverse, SARS-CoV-2-infectible human cell
lines representing different body organs and performed longitudinal survey of cellu-
lar proteins and pathways broadly affected by the virus. This revealed universal inhi-
bition of interferon signaling across cell types following SARS-CoV-2 infection. We
performed systematic analyses of the JAK-STAT pathway in a broad range of cellular
systems, including immortalized cells and primary-like cardiomyocytes, and found
that SARS-CoV-2 targeted the proximal pathway components, including Janus kinase
1 (JAK1), tyrosine kinase 2 (Tyk2), and the interferon receptor subunit 1 (IFNAR1),
resulting in cellular desensitization to type I IFN. Detailed mechanistic investigation
of IFNAR1 showed that the protein underwent ubiquitination upon SARS-CoV-2
infection. Furthermore, chemical inhibition of JAK kinases enhanced infection of
stem cell-derived cultures, indicating that the virus benefits from inhibiting the JAK-
STAT pathway. These findings suggest that the suppression of interferon signaling is
a mechanism widely used by the virus to evade antiviral innate immunity, and that
targeting the viral mediators of immune evasion may help block virus replication in
patients with COVID-19.

IMPORTANCE SARS-CoV-2 can infect various organs in the human body, but the mo-
lecular interface between the virus and these organs remains unexplored. In this
study, we generated a panel of highly infectible human cell lines originating from
various body organs and employed these cells to identify cellular processes com-
monly or distinctly disrupted by SARS-CoV-2 in different cell types. One among the
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universally impaired processes was interferon signaling. Systematic analysis of this
pathway in diverse culture systems showed that SARS-CoV-2 targets the proximal
JAK-STAT pathway components, destabilizes the type I interferon receptor though
ubiquitination, and consequently renders the infected cells resistant to type I inter-
feron. These findings illuminate how SARS-CoV-2 can continue to propagate in differ-
ent tissues even in the presence of a disseminated innate immune response.

KEYWORDS SARS-CoV-2, human cell lines, proteomics, virus-host interactions, IFN
signaling, immune evasion, IFN antagonism, JAK-STAT pathway

SARS-CoV-2, the virus behind the ongoing COVID-19 pandemic, has claimed approx-
imately 3.5 million human lives worldwide in a short time span of less than

18months (1) (https://coronavirus.jhu.edu/map.html). The virus primarily infects lungs,
causing acute respiratory distress syndrome (ARDS) and respiratory failure (2), one of
the leading causes of death in COVID-19 patients. However, as more tissue specimens
from infected and/or deceased individuals have become available and are probed for
the presence of viral proteins or particles, there is increasing appreciation that SARS-
CoV-2 can target multiple organs. Evidence for virus replication has so far been found
in the intestine (3, 4), liver (5, 6), kidney (7, 8), heart (9, 10), and brain (11, 12).

The molecular mechanisms that govern the ability of SARS-CoV-2 to manipulate
diverse cellular environments and navigate various body organs are unknown. One
way to identify these mechanisms is to conduct a comprehensive survey of cellular
pathways disrupted by the virus in distinct cell backgrounds. This, however, would
require human-derived cell models that allow efficient and synchronized viral infection
so as to generate a high-confidence catalog of virus-induced changes. Such systems
are currently lacking, and, as a result, a large number of SARS-CoV-2 studies, including
a recent genome-wide CRISPR screen to identify the viral essentiality factors (13), have
been carried out in nonhuman cells.

To catalog cellular pathways broadly targeted by SARS-CoV-2, we generated a panel
of six phenotypically diverse human cell lines that represented various body organs
and supported high levels of SARS-CoV-2 infection. We leveraged this unique panel of
cell culture models to profile proteomic responses to infection in cells originating from
lung, liver, intestine, kidney, heart, and brain. This led to identification of cellular pro-
teins and pathways widely targeted by the virus across cell types. Notable among
these pathways was the JAK-STAT signaling cascade, the key component in the inter-
feron (IFN) response pathway. Recent studies have demonstrated the inhibition of
STAT phosphorylation and nuclear translocation in SARS-CoV-2-infected cells (14–16);
however, the events upstream of STAT phosphorylation remain unexplored. Our mo-
lecular and functional analysis of the JAK-STAT pathway, both in cell lines and in a
pluripotent stem cell-derived culture system, showed that SARS-CoV-2 disrupts the
proximal signaling elements, such as IFNAR1, JAK1, and Tyk2, leading to inhibition of
IFN-induced STAT phosphorylation. These results explain the mechanisms behind STAT
inhibition and uncover an immune evasion strategy of SARS-CoV-2 that can be tar-
geted for therapeutic intervention.

RESULTS
Establishing human cell lines susceptible to SARS-CoV-2 infection. Six human

cell lines derived from lung, intestine, heart, kidney, liver, and brain (Fig. 1A) were
infected with SARS-CoV-2 at a high multiplicity of infection (MOI) of 1 or 5, and the
infection efficiency was monitored by immunofluorescence (IF) at 24 h postinfection
(hpi). Three of the six cell lines, namely, A549 (lung), AC-16 (heart), and SK-N-SH (brain),
were completely resistant to infection (Fig. 1B). Of the remaining three, two, Caco-2
(intestine) and HuH-6 (liver), supported low levels of SARS-CoV-2 infection (,10%),
whereas HK-2 (kidney) cells were relatively more susceptible, with the number of posi-
tive cells reaching up to ;60% by 24 hpi. In contrast, around 90% of Vero cells, a
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monkey kidney cell line commonly used to study SARS-CoV-2 and other coronaviruses,
were infected at 24 hpi.

When we analyzed ACE2 expression through Western blotting and flow cytometry
(Fig. 1C), the SARS-CoV-2-susceptible cell lines HK-2 and Vero showed detectable levels
of ACE2, both in lysates and on the cell surface. In Caco-2 cells, ACE2 expression was
barely detectable and only by Western blotting. In contrast, HuH-6, AC-16, and SK-N-
SH had no measurable levels of ACE2. Taken together, these results indicated that the
cell susceptibility to SARS-CoV-2 mostly correlated with ACE2 expression. Our attempts
to measure TMPRSS2, another viral entry factor, by Western blotting and flow cytome-
try did not yield reliable results with any of the antibodies tested (data not shown).

To investigate if exogenous expression of ACE2 and TMPRSS2 can help achieve effi-
cient infection of the human cell lines, we generated cells stably expressing both viral
entry factors. ACE2 was efficiently incorporated into the plasma membrane of all cell
lines (Fig. 1D). When infected with SARS-CoV-2 at an MOI of 1, all cells, except for A549,
achieved high infection levels of over 95% within 24 hpi (Fig. 1E). For A549 cells, the
percentage of positive cells at 24 hpi reached only around 75%. AC-16, SK-N-SH, and
HK-2 cells were almost 100% infected by 12 hpi and exhibited extensive cytopathic
effects beyond this time point. Overall, these results indicate that exogenous

150

100
75

FIG 1 Susceptibility of human cells to SARS-CoV-2 infection. (A) Description of each cell line used in this study. (B) The indicated cells were infected with
SARS-CoV-2 at an MOI of 1 or 5 and stained with the viral nucleocapsid (N) protein (red) at 24 hpi. The nuclei were counterstained with DAPI. The mean
percentage of positive cells 6 standard deviation from three biological replicates is shown. (C) Total abundance of ACE2 in cells and its cell surface-
associated fraction was measured by Western blotting (left) and flow cytometry (right), respectively. (D) Cell surface expression of ACE2 in cells transduced
to express ACE2 and TMPRSS2. (E) The cells were infected with SARS-CoV-2 at an MOI of 1, followed by IF analysis of the viral N-protein (red). The nuclei
were stained with DAPI. The mean percentage of positive cells 6 standard deviation from three biological replicates is shown.
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expression of ACE2 and TMPRSS2 was sufficient to render the human cell lines highly
susceptible to SARS-CoV-2 infection.

Proteomic analysis of human cell lines infected with SARS-CoV-2. The develop-
ment of human cell lines that showed uniform infection allowed us to employ global
proteomic analysis to assess the impact of SARS-CoV-2 on host cells without the com-
plication of disambiguating a mixture of uninfected and infected cells. We infected the
ACE2/TMPRSS2-expressing cells with SARS-CoV-2 at an MOI of 1 and subjected them
to global proteomic analysis at two different times postinfection (12 and 24 hpi for
A549, Caco-2, and HuH-6; 8 and 12 hpi for AC-16, SK-N-SH, and HK-2) (Fig. 2A). To
achieve a synchronized infection, we adsorbed the virus onto cells on ice for 1 h, fol-
lowed by incubation at 37°C. The infections were performed in triplicate, and in-paral-
lel analyses of time-matched, mock-infected cells were performed for comparison.
Depending on the cell type, 50 to 80% cells were found infected at the first time of har-
vest and 80 to 100% at the second time (Fig. 2B, top two rows).

Whole proteomic analysis identified around 5,000 proteins in both uninfected and
infected cells across cell lines. Despite the fact that MS2-based tandem mass tag (TMT)
ratios are heavily affected by ratio compression (17), the high reproducibility among
replicates allowed us to identify hundreds of differentially regulated proteins in each
cell line (Fig. 2B, bottom two rows). As expected, the most highly enriched candidates
in the infected cells were the viral proteins (Fig. 2C; see also File S1 in the supplemental
material), including structural proteins such as spike (S), membrane (M), and nucleo-
capsid (N); accessory proteins such as ORF7a and ORF9b; and nonstructural compo-
nents mapping to the polyprotein PP1ab (Fig. 2D), which is consistent with earlier stud-
ies (18).

Several cellular proteins were found to be differentially affected by SARS-CoV-2 in
diverse or distinct cell types (File S1). We mainly focused our analysis on proteins
broadly targeted by the virus across cell lines (Fig. 2E). Among such proteins were
members of the ubiquitin pathway, such as USP22, UBL5, and UBE2C, which were
downregulated in several cell lines. Similarly, HNRNPD (also called AUF1), a protein
known to inhibit enteroviruses through degradation of the viral RNA (19), was depleted
in SARS-CoV-2-infected cells. Several chemokines, which are essential mediators of
inflammation and play important roles in controlling viral infections, such as CXCL1,
CXCL5, CXCL8, and CXCL12, were also among the downregulated proteins. Consistent
with previous reports, several proteins involved in cell cycle regulation, including
TOB2, AURKA, and AURKB, were diminished upon SARS-CoV-2 infection (20). We also
identified differential regulation of several innate immune components in the proteo-
mic data set. For instance, JAK1 and SERPINE1 were downregulated, whereas IFI35,
which has been shown to negatively regulate antiviral responses, was enriched follow-
ing SARS-CoV-2 infection (Fig. 2E).

We performed Western blot analysis on a subset of proteins that showed differen-
tial regulation in our proteomics analysis. As controls, we included two additional
viruses, yellow fever virus (YFV) and coxsackievirus B3 (CVB3), to rule out any general
stress responses induced upon a positive-sense RNA virus infection (Fig. 3A). Western
blotting largely revealed protein expression patterns consistent with the proteomics
results (Fig. 3B and C). As an example, USP22 was depleted in all cell lines tested, while
APOE was impaired in a small subset of cells. For the most part, YFV and CVB3 infection
did not affect the selected proteins, with the exception of TOB2, which was depleted
in all virus-infected cells. It should be noted that, like SARS-CoV-2, CVB3 is known to
quickly shut down host translation and promote protein degradation (21), yet CVB3
did not suppress the expression of most of the proteins inhibited by SARS-CoV-2, sug-
gesting that the decreased protein levels in SARS-CoV-2-infected cells were not a
reflection of generalized perturbation of proteostasis. Overall, these results confirmed
the authenticity of our proteomic data set and indicate that most of the alterations we
detected in the infected cells were specifically due to SARS-CoV-2 infection rather than
simply a generic response to viral invasion.
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FIG 2 Global proteomic analysis of SARS-CoV-2-infected cells. (A) Schematics of the proteomics pipeline. Total protein was extracted from the SARS-CoV-2-
infected and uninfected cells, trypsinized, and isotope (TMT) labeled. The peptides for each cell line were separately pooled, fractionated, sequenced, and
quantified by liquid chromatography-tandem mass spectrometry (LC-MS/MS). (B) The cells were infected with SARS-CoV-2 at an MOI of 1 and processed at
12 and 24 hpi (A549, Caco-2, and HuH-6) or at 8 and 12 hpi (AC-16 and SK-N-SH) for IF and proteomic analysis. The top panel shows the IF images (red
color, viral N protein; blue color, DAPI). The percentage of positive cells was measured and plotted as the mean 6 standard deviation from five
microscopic fields. The rhomboids show the total number of proteins identified in uninfected and infected cells (lower left corner) as well as the total
number of regulated proteins in each cell line across both time points following SARS-CoV-2 infection (upper right corner). Numbers of distinct proteins

(Continued on next page)
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SARS-CoV-2 downregulates proximal elements in the JAK-STAT pathway. Recent
studies have demonstrated the ability of SARS-CoV-2 to inhibit IFN-mediated STAT phos-
phorylation and nuclear translocation (14, 15); however, the events upstream of STAT phos-
phorylation are unclear. Our proteomic analysis of SARS-CoV-2-infected cells and subse-
quent validation of select hits revealed universal downregulation of JAK1 (Fig. 3B and C), a
key signaling protein operating upstream of STATs and downstream of IFN and other cyto-
kines, such as interleukin-2 (IL-2), IL-4, IL-6, and IL-7 (22, 23). This prompted us to probe the

FIG 2 Legend (Continued)
up- or downregulated after infection are shown in the bottom panel. In certain cases, the total numbers of up- and downregulated proteins do not match
the numbers shown in rhomboids. This is due to some proteins downregulated at one time point and upregulated at the other time point. (C) Volcano
plot of proteins regulated in AC-16 cells upon SARS-CoV-2 infection. Proteins enriched in infected cells are shown in red, while those depleted are in blue.
Black color is used for the proteins labeled with their names. (D) Heat map showing the abundance of viral proteins in different cell lines. (E) Heatmap
visualization of cellular proteins found to be differentially regulated in more than one cell line. The pathways to which some of these proteins belong are
shown on the right.

FIG 3 Validation of proteomic results by Western blotting. (A) ACE2/TMPRSS2-expressing A549, Caco-2, HuH-6, AC-16, and SK-N-SH cells were infected with
freshly prepared SARS-CoV-2. As a control, Huh-6 cells were infected with YFV 17D virus containing the NeonGreen reporter (MOI of 1) and Caco-2 cells
with CVB3 containing the GFP reporter. The cells were fixed at the indicated times and processed for IF and/or imaging. (B) The cells were lysed in RIPA
buffer followed by Western blot analysis of the indicated proteins. An equal amount of total protein (25mg), as quantified by the BCA assay, was loaded in
each lane. The black arrows indicate the protein bands of expected sizes. M, mock. The numbers indicate band intensities, with the uninfected cell values
arbitrarily set at 1. The experiment was done only once; however, different cell lines were infected at different times to ensure the rigor and reproducibility
of our results. (C) The SARS-CoV-2 numbers from panel B were pooled and plotted as a graph. *, P value between 0.01 and 0.05; **, P# 0.01, as calculated
by a two-tailed, unpaired t test with Welch’s correction.
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role of JAK1 and other proximal elements in the JAK-STAT pathway, such as tyrosine kinase
2 (Tyk2) and the IFN-alpha receptor (IFNAR), in SARS-CoV-2-mediated inhibition of STAT
phosphorylation. We found that, like JAK1, the expression of Tyk2 was also downregulated
in most of the cell lines tested (Fig. 4A). We confirmed the depletion of JAK1 and Tyk2 in
Caco-2 cells infected with two different SARS-CoV-2 isolates at an MOI of 1 (Fig. 4B). When
we tested the abundance of IFNAR, we found strong inhibition of IFNAR1, but not IFNAR2,
following SARS-CoV-2 infection (Fig. 4A). Detailed time course investigation showed that
most of the JAK-STAT components were depleted early in infection (Fig. 4C and D), when
the cytopathic effect of virus was not apparent (data not shown), indicating a quick active
repression of protein abundance as opposed to collateral effects of generalized gene inhi-
bition often observed late during infection.

To confirm the authenticity of these findings in a more physiologically relevant

FIG 4 SARS-CoV-2 disrupted the expression of IFNAR1 and JAK proteins. All cells used in this figure were engineered to overexpress ACE2 and TMPRSS2.
(A) A549, Caco-2, and HuH-6 cells were infected with SARS-CoV-2 at an MOI of 1 for 24 h and AC-16 and SK-N-SH for 12 h, followed by Western blotting.
The numbers indicate band intensities, with the uninfected cell values arbitrarily set at 1. The black arrows indicate the protein bands of expected sizes.
The experiment was performed once; however, different cell lines were infected at different times to ensure reproducibility of our results. (B) Caco-2 cells
were infected with either the Washington isolate (two replicates) or the New York isolate (one replicate) of SARS-CoV-2 (MOI of 1) for 24 h, and the
expression of JAK1, Tyk2, and b-actin was analyzed by Western blotting. The band intensities relative to uninfected cells are shown. The numbers from
these independently performed Western blots, representing three biological replicates (two with the Washington isolate and one with a New York isolate),
were pooled and plotted as a graph in the bottom panel. ****, P = 0.0009; ***, P = 0.004; calculated by a two-tailed, unpaired t test with Welch’s correction.
(C and D) Caco-2 (C) and SK-N-SH (D) cells were infected with SARS-CoV-2 at an MOI of 1, followed by detection of the indicated proteins by Western
blotting. The band intensities relative to uninfected cells are shown. Representative images from two experimental repeats are shown. (E and F) hiPSC-CMs
were infected with SARS-CoV-2 at an MOI of 5 (calculated based on virus titration in Vero E6 cells) for 72 h, followed by IF (E) and Western blotting (F). The
relative band intensities are shown. The experiment was only performed once.
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setting, we established a human induced pluripotent stem cell (hiPSC)-derived model
of SARS-CoV-2 infection and monitored the ability of the virus to impair IFN-related
proteins. We differentiated hiPSC into cardiomyocytes (hiPSC-CM) and first assessed
their ability to support virus infection. IF analysis showed that these cells were highly
permissive to SARS-CoV-2 infection, and when infected at an MOI of 5 (based on virus
titration performed in Vero cells), most of the cells became positive by 72 hpi (Fig. 4E).
In these infected cardiomyocytes, we observed strong depletion of JAK1, Tyk2, and
IFNAR1 but not of IFNAR2, consistent with the cell line data (Fig. 4F). These results
clearly indicate that SARS-CoV-2 causes bona-fide inhibition of proximal elements in
the interferon response pathway.

SARS-CoV-2-infected cells are resistant to type I interferon and IL-6. Engagement
of IFN to its receptor complex and the subsequent activation of receptor-associated
JAK kinases leads to tyrosine phosphorylation, dimerization, and activation of STAT
proteins (24). Because SARS-CoV-2 inhibited the expression of IFN receptor and its
associated JAKs, we next determined if this inhibition desensitized the infected cells to
IFN treatment. For this, we treated uninfected and infected cells with IFN-a and exam-
ined the phosphorylation of three main STATs involved in IFN signaling, namely,
STAT1, STAT2, and STAT3. As expected, IFN treatment of uninfected cells for 30 min
caused extensive phosphorylation of all three STATs without influencing the abun-
dance of total proteins (Fig. 5A). In contrast, however, the virus-infected cells were
highly resistant to IFN-a, with STAT phosphorylation being reduced by over 90% com-
pared to uninfected cells. Interestingly, the abundance of total STAT2 protein was also
diminished in infected cells, indicating an additional layer of virus-imposed inhibition
of IFN signaling. To further confirm these findings, we performed a dose-response anal-
ysis of STAT phosphorylation upon IFN treatment. While escalating doses of IFN caused
increasing phosphorylation of STATs in uninfected cells, only a negligible effect was
seen in SARS-CoV-2-infected cells (Fig. 5B). This refractoriness to exogenous IFN can
stem from the action of endogenous IFN produced in response to virus infection.
However, Vero E6 cells, which lack the ability to produce endogenous IFN (25), were
also highly resistant to IFN-a treatment following SARS-CoV-2 infection (Fig. 5C), sug-
gesting that the endogenously produced IFN was not responsible for the observed
phenotype. Furthermore, consistent with the results obtained from human cell lines,
Vero E6 cells also exhibited IFNAR1 depletion following SARS-CoV-2 infection. Finally,
SARS-CoV-2-infected cells exhibited strong desensitization to IL-6, a proinflammatory
cytokine that also signals through JAK proteins (26) (Fig. 5D and E).

Once activated by phosphorylation, STAT proteins make homo- or heterodimers
and translocate to the nucleus, where they activate the expression of interferon-stimu-
lated genes (ISGs) (24). Consistent with the decreased phosphorylation of STAT pro-
teins following SARS-CoV-2 infection, we observed strong inhibition of STAT1 nuclear
translocation. While most of the STAT1 protein in uninfected cells moved to the nu-
cleus within 30min of IFN treatment, it largely remained in the cytoplasm in SARS-
CoV-2-infected cells (Fig. 5F). This was associated with a significant loss of ISG induc-
tion. We treated uninfected and virus-infected cells with IFN for 1, 2, 4, and 8 h and
examined the expression of three ISGs, ISG15, IFIT1, and RSAD2 (also called Viperin), by
quantitative real-time PCR (RT-qPCR). Remarkably, while IFN caused 3- to 85-fold up-
regulation of ISGs in uninfected cells, the expression levels remained unchanged in the
infected cell (Fig. 5G and File S1). We note that the cytoplasmic retention of STAT1 and
subsequent inhibition of ISG induction in SARS-CoV-2-infected cells cannot be solely
attributed to the dysregulation of proximal JAK-STAT components, because SARS-CoV-
2 also employs other means to perturb STAT1 nuclear translocation, including disrup-
tion of Karyopherin cargo receptors (14, 16). In all, these results indicate that SARS-
CoV-2 transforms infected cells into an interferon nonresponsive state.

SARS-CoV-2 induces IFNAR1 ubiquitination and inhibits IFN-mediated
phosphorylation of JAK1 and Tyk2. While protein expression of IFNAR1 was severely
impaired in SARS-CoV-2-infected cells, the mRNA levels remained unchanged (Fig. 6A), sug-
gesting that the regulation mainly occurred at the posttranscriptional stage. Therefore, to
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examine the molecular basis of IFNAR1 downregulation, we analyzed the extent of IFNAR1
ubiquitination in the infected cells. For this, we transfected cells with FLAG-IFNAR1 and he-
magglutinin (HA)-ubiquitin, infected them with SARS-CoV-2 at different multiplicities of
infection, and analyzed IFNAR1 ubiquitination. A remarkable increase in protein ubiquitina-
tion was seen in the infected cells (Fig. 6B), to levels almost similar to those in cells treated
with thapsigargin, a known inducer of IFNAR1 ubiquitination (27). To confirm if endoge-
nous IFNAR1 also undergoes ubiquitination upon SARS-CoV-2 infection, we employed a
trypsin-resistant tandem ubiquitin-binding entity (TR-TUBE), which directly binds polyubi-
quitin chains and protects them from degradation (28). We included vesicular stomatitis

+ +_ _
+ +_ _

FIG 5 SARS-CoV-2 inhibited IFN signaling. (A) Uninfected Caco-2 cells or the ones infected with SARS-CoV-2 (MOI of 1) for 24 h were treated with human
IFN-a (1 nM) or, as a negative control, with vehicle (PBS) for 30min, followed by Western blotting. The band intensities of the phospho-STATs were
normalized against the total STATs and plotted in the bottom panel as a percentage of uninfected cells. The data are presented as mean 6 standard
deviation from two experimental repeats. (B) Uninfected or SARS-CoV-2-infected Caco-2 cells (24 hpi) were treated with 0, 0.01, 0.1, or 1 nM IFN-a for
30min and subjected to Western blotting. The band intensities from two experimental repeats are presented as mean 6 standard deviation on the right.
The intensities for untreated cells were set at 100, and the percent increase in IFN-treated cells was measured by calculating the ratio between IFN-treated
and untreated cells. (C) Uninfected or SARS-CoV-2-infected Vero E6 cells were treated with 1 nM IFN-a for 30min and subjected to Western blotting. (D and
E) Uninfected or SARS-CoV-2-infected Caco-2 or Vero E6 cells (24 hpi) were treated with 0, 50, or 100 ng/ml IL-6 for 30min and subjected to Western
blotting. The graphs show the mean 6 standard deviation band intensities from two experimental repeats. (F) Caco-2 cells infected with SARS-CoV-2 for 24
h were exposed to 0.1 or 1 nM IFN-a for 30min and stained for the viral N protein (green) and STAT1 (red). The nuclei were stained with DAPI (blue). The
nuclear translocation of STAT1 is indicated with white arrowheads. (G) Caco-2 cells, uninfected or infected with SARS-CoV-2 for 24 h, were treated with IFN
(1 nM) for 1, 2, 4, or 8 h, and RNA levels of MX1 and Viperin (also called RSAD2) were measured by RT-qPCR. RPS11 served as a housekeeping gene. The
data are plotted as mean 6 standard deviation from three biological replicates.
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virus (VSV) as a control, because infection with VSV has previously been shown to cause
ubiquitination of endogenous IFNAR1 (27). After immunoprecipitation of TR-TUBE, high-
molecular-weight ubiquitinated species of IFNAR1 were found to be more abundant in
lysates of cells infected with both SARS-CoV-2 and VSV compared to uninfected cells
(Fig. 6C), strengthening our conclusion that SARS-CoV-2 destabilizes IFNAR1 through

**

***

FIG 6 SARS-CoV-2 destabilized the IFNAR1 protein. (A) mRNA levels of IFNAR1 were analyzed by RT-qPCR in Caco-2 cells infected with SARS-CoV-2 for the
indicated times. RPS11 mRNA levels were used for data normalization. The data are plotted as mean 6 standard deviation from three biological replicates.
NS, nonsignificant, as calculated by a two-tailed, unpaired t test with Welch’s correction. (B) Ubiquitination of ectopically expressed IFNAR1 was examined
in 293T/ACE2/TMPRSS2 cells infected with SARS-CoV-2. Thapsigargin treatment served as a positive control. The numbers indicate band intensities, with the
uninfected cell numbers arbitrarily set at 1. (C) Ubiquitination of endogenous IFNAR1 following SARS-CoV-2 infection, as assessed by the binding of TR-
TUBE to the IFNAR1 protein. Cells infected with VSV were included as a positive control. A representative image from one of the two experimental repeats
is shown. The numbers indicate band intensities, with the uninfected cell numbers arbitrarily set at 1. (D) Uninfected or SARS-CoV-2-infected Caco-2 cells
(24 hpi) were treated with 0, 0.01, 0.1, or 1 nM IFN-a for 20min and subjected to Western blotting with antibodies specific for the indicated phosphoforms
of JAK1 and Tyk2. (E) hiPSC-CMs were infected with SARS-CoV-2 at an MOI of 5 in the presence of DMSO or 5mM compounds. IF was performed at 12, 18,
and 24 hpi, and the number of positive cells was counted by Muvicyte (see Materials and Methods). The data are plotted as mean 6 standard deviation
from five biological replicates from two experimental repeats. **, P = 0.006; **, P = 0.0002; calculated by a two-tailed, unpaired t test with Welch’s
correction. (F) Model of the JAK-STAT inhibition by SARS-CoV-2. Proteins and signaling steps disrupted by the virus are indicated with red inhibition arcs.

Chen et al. Journal of Virology

October 2021 Volume 95 Issue 19 e00862-21 jvi.asm.org 10

https://jvi.asm.org


ubiquitination. In agreement with the ability of TR-TUBE to prevent protein degradation
(29), no decrease in IFNAR1 levels was observed in the lysates of TR-TUBE-transfected cells
following infection (Fig. 6C, bottom). As expected from IFNAR1 downregulation, type I IFN
failed to induce phosphorylation of JAK1 and Tyk2 in virus-infected cells (Fig. 6D), although
this perturbation was confounded by the lower steady-state levels of JAK proteins in the
infected cells (Fig. 4A to D). Finally, chemical inhibition of JAKs with inhibitors ruxolitinib
and baricitinib, which are known to inhibit cell responsiveness to IFN (30, 31), increased
SARS-CoV-2 infection of hiPSC-CMs, as evidenced by a 1.5- to 2-fold increase in the per-
centage of virus-infected cells at 12 hpi, although this replicative advantage was lost by 24
hpi (Fig. 6E). In total, these results indicate that SARS-CoV-2 desensitizes the infected cells
to type I IFN through inhibition of proximal elements in the JAK-STAT pathway (Fig. 6F).

DISCUSSION

We report that SARS-CoV-2 disrupts the proximal JAK-STAT pathway components,
limiting IFN signaling and facilitating virus replication in diverse tissue types. Being
among the earliest and most potent of the immune responses, IFN signaling poses an
immediate threat to viruses and can quickly eliminate them from the infected cells.
Two recent reports have shown that inborn errors in IFN signaling and the presence of
anti-IFN autoantibodies can predispose individuals to a life-threatening COVID-19 dis-
ease, highlighting the importance of IFN immunity in SARS-CoV-2 infection (32, 33).
Our findings complement these reports and show that SARS-CoV-2 has evolved a suite
of mechanisms to counteract the effector functions of interferon. This inhibition of IFN
signaling is also expected to attenuate the production of IFN, as these two processes
are tightly regulated by a positive feedback loop, with early IFNs inducing the expres-
sion of viral sensors (34), interferon regulatory factor 7 (IRF7), and other signaling mole-
cules (35), which regulate the expression of IFN (36). The overall outcome of this inhibi-
tion is an attenuated antiviral state supporting uninterrupted viral propagation in
disparate tissues.

Recent studies have described the inhibition of the JAK-STAT pathway by SARS-
CoV-2 and its encoded proteins (14, 15). The ORF6 protein of SARS-CoV-2 was shown
to inhibit the nuclear translocation of STAT in response to IFN (16). Our study expands
the repertoire of possible mechanisms and shows that SARS-CoV-2 impairs proximal
JAK-STAT components acting upstream of STAT activation and nuclear translocation.
Interestingly, we also noticed a depletion of STAT2 in SARS-CoV-2 infected cells. While
STAT1 and STAT2 have comparable half-lives (37), the fact that only STAT2 levels were
diminished following SARS-CoV-2 infection suggests that the virus represses specific
proteins as opposed to a general inhibition of protein expression. The infection
strongly affected IFNAR1 expression, causing 60 to 90% depletion of this protein (Fig.
4A, C, D, and F). The JAK kinases, associated with the cytoplasmic side of IFN receptors
and involved in intracellular signal transduction, were also diminished. Because Tyk2
physically interacts with IFNAR1 (38) (Fig. 6F), the decrease in Tyk2 levels can be
explained by IFNAR1 degradation. However, the processes governing the inhibition of
JAK1, an interacting partner of IFNAR2, are unclear and could very well be completely
different from those operating on Tyk2. A detailed mechanistic analysis is required to
dissect the inhibition of proximal JAK-STAT components in SARS-CoV-2-infected cells
and will be the focus of our future investigations.

SARS-CoV-2 infection induced a small degree of STAT phosphorylation in Caco-2
cells (Fig. 5A and B), suggesting that these cells inherently produce IFN and/or other
cytokines in response to virus infection, which then bind to their cognate receptors
and initiate signal transduction. This raises the possibility that the resistance of SARS-
CoV-2-infected cells to exogenous IFN simply reflects the state of refractoriness created
by the action of endogenous IFN (39). However, Vero E6 cells, which lack the ability to
produce endogenous IFN due to spontaneous gene deletions (25), also exhibited lower
responsiveness to exogenous IFN (Fig. 5C), indicating that SARS-CoV-2-mediated
desensitization of host cells to exogenous IFN is independent of the production and
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activity of endogenous IFN. While SARS-CoV-2 uses the endosomal route to gain entry
into Vero E6 cells (40), its invasion of A549/ACE2/TMPRSS2 appears to be mediated
through TMPRSS2 (41); however, since both cell lines lost responsiveness to type I IFN
following SARS-CoV-2 infection (Fig. 5C; data not shown for A549), the route of viral
entry does not seem to be a determining factor for resistance to IFN.

Several studies are currently evaluating the clinical efficacy of IFN alone or in combi-
nation with antiviral compounds for the treatment of COVID-19 (https://clinicaltrials
.gov). This is based on the supposition that IFNs can help clear infection in two ways,
first by acting on infected cells and eliminating the replicating virus and, second, by
creating an antiviral state in uninfected cells to block viral spread. There is support for
the latter mechanism of action from recent studies showing that pretreatment with
IFN can effectively inhibit SARS-CoV-2 replication in cell culture (42, 43). However, our
results show that once the viral replication is established inside a cell, its ability to
respond to IFN is severely compromised, suggesting that the former potential protec-
tive mechanism of IFN treatment does not function in COVID-19 patients. In a clinical
setting, by the time a patient receives IFN treatment, a large number of cells are
infected with the virus, and these would be expected to be nonresponsive to inter-
feron treatment. This notion is further supported by a recent finding that despite high
levels of IFN produced by primary human airway epithelial cells during SARS-CoV-2
infection, this IFN was unable to control viral replication (44).

Considering this scenario, the timing of IFN therapy relative to infection is expected
to be the key determinant of outcome. In a recent retrospective study of 446 patients
with COVID-19, early use of IFN was found to be protective, whereas its late administra-
tion was associated with delayed recovery and increased mortality (45). Similarly, the
World Health Organization’s large-scale, multicountry clinical trial showed no protec-
tive effect of IFN in hospitalized COVID-19 patients with late-stage disease (https://
www.medrxiv.org/content/10.1101/2020.10.15.20209817). The same has been previ-
ously reported in mice infected with a related human coronavirus, Middle East respira-
tory syndrome-CoV, where early administration of IFN protected the animals from le-
thal infection, whereas delayed administration of IFN failed to inhibit virus replication
(46). This limited efficacy of IFN at later stages of infection can also be explained by
several other factors, such as the route of IFN administration, use of IFN as a combina-
tion therapy with immunosuppressive drugs (i.e., corticosteroids), and the type of IFN
being used.

Of note, the activation of the JAK-STAT pathway has been shown to stimulate the pro-
duction of IL-6 and other inflammatory cytokines (47), which in turn attract an army of
immune cells to the site of infection to orchestrate the destruction of infected cells.
Therefore, inhibition of the JAK-STAT axis by SARS-CoV-2 can suppress the production of
cytokines, thereby disrupting a potent and timely inflammatory response. The interferon
pathway is also implicated in cross talk between innate and adaptive immunity (48). Loss
of bridging between these two immunity arms and the resulting timing mismatch has
been postulated to cause severe disease in COVID-19 patients (49, 50). A recent study that
examined peripheral blood from patients with COVID-19 of various severities also reported
a strong correlation between impairment of IFN responses and the clinical outcome of
infection (51). These two observations, when combined, firmly point to the possibility of
aberrant IFN responses at the heart of COVID-19 pathogenesis.

Interestingly, we found that JAK inhibitors ruxolitinib and baricitinib enhanced
SARS-CoV-2 infection in stem cell-derived cardiomyocytes, which is consistent with a
recent report showing a significant increase in viral infection following baricitinib treat-
ment of cultured cells (52). However, baricitinib has been approved by the U.S. Food
and Drug Administration (FDA) as part of a combination therapy with remdesivir to be
used under an Emergency Use Authorization (EUA) in hospitalized patients with severe
COVID-19 disease (53). Although the mechanism by which baricitinib helps these
patients is not entirely clear, it is believed to act by inhibiting the intracellular signaling
cascades initiated by cytokines known to be aberrantly elevated in severe COVID-19.
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Given the replication-enhancing effect of baricitinib at earlier stages of infection, its
clinical potential should be more carefully investigated.

Our study reports a suite of human cell lines suitable for SARS-CoV-2 studies.
Exogenous expression of ACE2 has been demonstrated to improve the susceptibility of
a few human cell lines, such as A549 and HeLa, to SARS-CoV-2 (54, 55), but our results
show that efficient infection can only be achieved when ACE2 and TMPRSS2 are coex-
pressed. This finding is important, because it provides a conceptual framework for gen-
erating efficient infection models for SARS-CoV-2. Human ACE2-expressing mice that
are currently used to investigate SARS-CoV-2 (56) do not recapitulate the full spectrum
of the human disease (reviewed in reference 57). From our results, it is tempting to
speculate that coexpression of human ACE2 and TMPRSS2 will improve the quality and
physiological relevance of these mouse models.

The human cell lines we generated represent a rich resource that can be used to
investigate cellular pathways broadly targeted by SARS-CoV-2 in diverse tissue types.
While immortalized and cancerous cell lines often incompletely recapitulate the geno-
typic and phenotypic profile of their tissues of origin, many cell lines maintain an im-
portant degree of tissue identity (58). This is reflected in our proteomic data set. As an
example, APOE, a protein regulated upon virus infection and which we validated by
Western blotting, was only found to be altered in liver and intestinal cell lines, two tis-
sue types known to express this protein to high levels (59). The results obtained from
hiPSC-CMs closely matched those from the cardiac cell line AC-16, providing further va-
lidity to our cell line approach (Fig. 4A and F).

Recent studies have reported proteomic profiling of SARS-CoV-2 infection in Caco-2
(18) and A549 (52) cells. These studies, however, employed relatively suboptimal infection
models and, thus, relied on a mosaic of infected and uninfected cells. We found little over-
lap between our results and those reported by others. This could be due to the differences
in viral isolates, proteomic platforms, and analyses pipelines but is likely also due to dispar-
ities in the number of infected cells in the cell population. Our infection models supported
quick, uniform virus infection, allowing us to identify SARS-CoV-2-specific changes as
opposed to generalized stress responses, as evident from the Western blot analysis of
select hits in cells infected with two noncoronaviruses (Fig. 3B).

In all, this study reveals SARS-CoV-2-mediated desensitization to IFN in multiple cell
types and identifies the proximal JAK-STAT components as a target of viral antago-
nism. These findings enhance our understanding of how SARS-CoV-2 mutes the innate
immune system to sustain its replication, leading to impaired adaptive immune
responses and, consequently, severe disease. The knowledge gained from these stud-
ies will provide the foundation for the development of therapeutic interventions aimed
at boosting cell-intrinsic antiviral responses and inform the design of attenuated
viruses as potential vaccine candidates.

MATERIALS ANDMETHODS
Cells, antibodies, and chemicals. All cell lines were incubated at 37°C and 5% CO2 in a humidified

incubator. Human embryonic kidney HEK293T cells (ATCC; CRL-3216), human lung adenocarcinoma
A549 cells (ATCC; CCL-185), human hepatoblastoma HuH-6 cells (JCRB-0401), human kidney papilloma
HK-2 cells (ATCC; CRL-2190), human neuroblastoma SK-N-SH cells (ATCC; HTB-11), and African green
monkey kidney Vero E6 cells were maintained in Dulbecco’s modified Eagle medium (DMEM) (number
11995-065; Gibco) containing 10% fetal bovine serum (FBS) and 1� nonessential amino acids. Human
colorectal adenocarcinoma Caco-2 cells (HTB-37; ATCC) were maintained in the same medium but con-
taining 20% FBS, whereas human cardiomyocyte AC16 cells (SCC109; Millipore) were cultured in DMEM/
F12 (number 11330-032; Gibco) containing 12.5% FBS. Mycoplasma-negative status of all cell lines was
confirmed. Cells stably expressing human ACE2 and TMPRSS2 were generated by lentiviral transduction
followed by selection with appropriate selection drugs.

Anti-SARS-CoV nucleocapsid (N) protein antibody (number 200-401-A50; Rockland) was used for detec-
tion of SARS-CoV-2 N protein by IF. Anti-hACE2 antibodies included rabbit monoclonal antibody EPR4435 (2)
(number ab108252; Abcam) for Western blotting and goat polyclonal antibody (number AF933; R&D
Systems) for flow cytometry. Goat IgG isotype control antibody was from Invitrogen (number 02-6202).
Antibodies for validation of our proteomics results and the follow-up studies included APOE (number 18254-
1-AP; Proteintech), AURKA (number A300-071A; Bethyl Laboratories), CHCHD2 (number 19424-1-AP;
Proteintech), JAK1 (number 3344; Cell Signaling Technologies), p-JAK1 (number 74129; Cell Signaling
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Technologies), LDLR (number A304-417A; Bethyl Laboratories), SERPINE1 (NBP1-19773; Novus Biologicals),
SPARC (number 15274-1-AP; Proteintech), TOB2 (number 13607-1-AP; Proteintech), USP22 (number NBP1-
49644; Novus Biologicals), Tyk2 (number 67411-1-Ig; Proteintech), p-Tyk2 (number 9321; Cell Signaling
Technologies), p-STAT1 (number 9171; Cell Signaling Technologies), STAT1 (number 14994; Cell Signaling
Technologies), pSTAT-2 (number 4441; Cell Signaling Technologies), STAT2 (number sc-476; Santa Cruz
Biotechnology), pSTAT3 (number 9145; Cell Signaling Technologies), STAT3 (number sc-482; Santa Cruz
Biotechnology), b-actin (number AM4302; Invitrogen), and a-tubulin (number TM4111; ECM Biosciences).

Ruxolotinib (INCB018424) was from Selleck Chemicals (number S1378), and baricitinib phosphate
was from Fisher Scientific (number 50-201-3519).

Plasmids. The plasmids pCAGGS_TMPRSS2-Flag and pcDNA3.1_ACE2, encoding human ACE2 and
TMPRSS2, respectively, were obtained from Thomas Gallagher (Loyola University). We transferred ACE2 and
untagged TMPRSS2 to the lentiviral pLOC vector to obtain pLOC_hACE2_PuroR and pLOC_hTMPRSS2_BlastR,
respectively.

SARS-CoV-2 stock preparation and titration.We used the 2019-nCoV/USA-WA1/2020 isolate (NCBI
accession number MN985325) of SARS-CoV-2, obtained from the Centers for Disease Control and
Prevention and BEI Resources. To generate the passage 1 (P1) virus stock, we infected Vero E6 cells,
seeded 1 day prior into a 175-cm2

flask at a density of 10 million cells, with the master stock diluted in
10ml of Opti-MEM. Following virus adsorption to the cells at 37°C for 1 h, we added 15ml of DMEM con-
taining 10% FBS and 1� penicillin-streptomycin. The next day, we removed the inoculum, rinsed the cell
monolayer with 1� phosphate-buffered saline (PBS), and added 25ml of fresh DMEM containing 2%
FBS. Two days later, when the cytopathic effect of the virus was clearly visible, as evidenced by a large
number of round floating cells, we collected the culture medium, passed it through a 0.2-mm filter, and
stored it at 280°C. We then prepared the P2 working stock of the virus by infecting Vero E6 cells with
the P1 stock at an MOI of 0.1 PFU/cell and harvesting the culture medium 3 days later.

To determine the titer of our viral stock by plaque assay, we seeded Vero E6 cells into a 12-well plate
at a density of 2.5� 105 cells per well. The next day, the cells were infected with serial 10-fold dilutions
of the virus stock for 1 h at 37°C. We then added 1ml per well of the overlay medium containing 2�
DMEM (number 12800017; Gibco) supplemented with 4% FBS and mixed at a 1:1 ratio with 1.2% Avicel
(RC-581; DuPont) to obtain the final concentrations of 2% and 0.6% for FBS and Avicel, respectively.
Three days later, the overlay medium was removed, and the cell monolayer was washed with 1� PBS
and fixed for 30 min at room temperature with 4% paraformaldehyde. Fixed cells were then washed
with 1� PBS and stained for 1 h at room temperature with 0.1% crystal violet prepared in 10% ethanol-
water. After rinsing with tap water, the number of plaques was counted and the virus titer was calcu-
lated. The titer of our P2 virus stock was 1� 107 PFU/ml.

RT-qPCR. To measure the mRNA abundance of ISGs, total RNA was isolated from cells using a
Qiagen RNeasy plus minikit (number 74134; Qiagen) according to the manufacturer’s instructions, with
an additional on-column DNase treatment (number 79256; Qiagen). RT-qPCR was performed using a
Luna universal one-step RT-qPCR kit (number E3005L; New England Biolabs). Briefly, 12ml of reaction
mixture containing 2ml of RNA, 0.4 mM each forward and reverse primer, 0.6ml of the 20� Luna
WarmStart RT enzyme mix, and 6ml of the 2� Luna universal one-step reaction mix was subjected to
one-step RT-qPCR using Applied Biosystems QuantStudio 3 (ThermoFisher Scientific), with the following
cycling conditions: reverse transcription at 50°C for 10min, initial denaturation at 95°C for 2min fol-
lowed by 40 cycles of denaturation at 95°C for 15 s and annealing/extension at 60°C for 1min, ending
with melt curve analysis of the PCR product from 65°C to 95°C, rising in 0.5°C per s increments, waiting
for 30 s at 65°C and for 5 s at each step thereafter, and acquiring fluorescence at each temperature incre-
ment. The threshold cycle (CT) values were determined using the QuantStudio Design and Analysis soft-
ware V1.5.1. RPS11 was used as a housekeeping gene, and the ISG CT values were normalized against
this gene to calculate the fold change between untreated and IFN-treated cells.

Immunofluorescence. Virus-infected cells were fixed in 4% paraformaldehyde for 30 min. The fixa-
tive was removed and the cell monolayer washed twice with 1� PBS. The cells were then permeabilized
and incubated overnight at 4°C with anti-SARS-CoV nucleocapsid antibody (1:2,000 dilution). The cells
were then washed 5 times with 1� PBS and stained with Alexa Fluor 568-conjugated goat anti-rabbit
secondary antibody (1:1,000 dilution) (number A11008; Invitrogen) in the dark at room temperature for
1 h and counterstained with 49,6-diamidino-2-phenylindole (DAPI). Images were captured using an EVOS
M5000 imaging system (ThermoFisher Scientific). For quantitative analysis of the fixed cell images, we
used the MuviCyte live-cell imaging system (PerkinElmer, Waltham, MA). We acquired images of multiple
microscopic fields per well using a 10� lens objective and counted the number of DAPI- and viral anti-
gen-positive cells. For each of those images, we then calculated the percentage of DAPI-positive cells
expressing the viral antigen and plotted the mean 6 standard deviation (SD) of multiple images for
each condition.

Flow cytometry. For cell surface analysis of ACE2, we harvested cells and washed them in fluores-
cence-activated cell sorting (FACS) buffer (2% FBS in 1� PBS). Cells were resuspended in a 1:50 dilution
of human FC blocking solution (number 422302; BioLegend) and incubated on ice for 10min. Human
ACE2 antibody or goat IgG isotype control was then added to the cells to obtain the final concentration
of 5mg/ml followed by 1 h of incubation on ice. The cells were washed with FACS buffer and incubated
for 30 min on ice in the dark with a 1:400 dilution of Alexa Fluor 488 donkey anti-goat secondary anti-
body (number A11055; Invitrogen). The cells were washed and resuspended in FACS buffer. Data were
collected using a BD LSR II flow cytometer and analyzed with FlowJo software (version 10).

Sample preparation for proteomic analysis.We infected cells grown to a confluence of 90 to 95%
in 6-well plates with SARS-CoV-2 at an MOI of 1. To synchronize virus entry into cells, the infection was
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carried out in a small volume of Opti-MEM (400ml per well) on ice for 1 h, followed by removal of the vi-
rus inoculum, addition of 2ml of DMEM containing 2% FBS, and incubation at 37°C. To harvest cells, the
culture medium was removed and the cell monolayer was washed twice with 1� PBS, followed by cell
scraping in a lysis buffer comprising 6 M GuHCl, 100mM Tris, pH 8.0, 40mM chloroacetamide, and
10mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), supplemented with Complete Mini protease
(number 11836170001; Roche) and phosphatase inhibitor cocktails (number 04906837001; Roche).
Lysates were boiled at 100°C for 15min and sonicated briefly. Total proteins were quantified via
Bradford assay and normalized prior to digestion with trypsin (Pierce) at a 1:50 ratio (enzyme to protein,
wt/wt) overnight at 37°C. Digestion was quenched with trifluoroacetic acid, and the peptides were
desalted using Sep-Pak C18 columns (WAT054955; Waters Corporation). Desalted peptides were labeled
with tandem mass tags (TMT) using TMTPro-16plex isobaric tags (number A44520; ThermoFisher
Scientific) per the manufacturer’s instructions. Replicate samples corresponding to each time point for
each cell line were labeled separately. The TMT-labeled peptides for the respective cell lines were then
pooled, desalted, and fractionated via basic reversed-phase fractionation using a mobile phase compris-
ing 0.1% NH4OH and various acetonitrile concentrations (5%, 10%, 12.5%, 15%, 17.5%, 20%, 22.5%, 25%,
30%, 35%, 40%, and 60%). For each cell line, two early (5% and 10%) fractions were orthogonally con-
catenated with two late (40% and 60%) fractions, resulting in total of 10 fractions per cell line for analy-
ses. All fractions were dried in a SpeedVac vacuum concentrator (ThermoFisher Scientific).

Mass spectrometry analysis. Dried samples were reconstituted in mobile phase A solvent (2% ace-
tonitrile and 0.1% formic acid) for analysis on the Q-Exactive HF-X mass spectrometer (ThermoFisher
Scientific), interfaced to the Easy NanoLC1200 high-performance liquid chromatography system
(ThermoFisher Scientific). The peptides were loaded on a reversed-phase Nanotrap column in mobile
phase A (75-mm inner diameter by 2 cm; Acclaim PepMap100 C18 3mm; 100Å; number 164946;
ThermoFisher Scientific) and separated over an EASY-Spray column, (number ES803A; ThermoFisher
Scientific) using a gradient (6% to 19% over 58min and then 19% to 36% over 34min) of mobile phase
B (0.1% formic acid, 80% acetonitrile) at a flow rate of 250 nl/min. The mass spectrometer was operated
in positive ion mode with a spray voltage of 2,100 V, and the data were acquired in data-dependent ac-
quisition (DDA) mode. Precursor scans were acquired at a resolution of 120,000 full width at half maxi-
mum (FWHM), with a maximum injection time of 120ms. The top 12 most abundant ions, with charge
states of $2, were selected for fragmentation by high-energy collisional dissociation (HCD; collision
energy, 29%) and analyzed at a resolution of 45,000 FWHM with a maximum injection time of 250ms.

Analysis of raw mass spectrometry data. All raw data were processed using MaxQuant (version
1.6.7.0). The acquired tandem spectra were searched against the reference Homo sapiens proteome (tax-
onomic ID 9606) FASTA file downloaded from UniProt in April 2017, concatenated with common con-
taminants and SARS-CoV-2 proteome sequences. TMT reporter ion quantification was performed on
MaxQuant using default settings. For searches, cysteine carbamidomethylation was specified as fixed
modification, and oxidation of methionine and N-terminal protein acetylation were set as variable modi-
fications. Enzyme specificity was set to trypsin, and up to two missed cleavages were allowed. The
MaxQuant output file, designated “ProteinGroups.txt,” was used for data normalization and statistical
analyses using in-house-generated scripts in the R environment.

Data analysis and pathway enrichment. Bioinformatic analysis was performed using R (R
Foundation for Statistical Computing, Vienna, Austria; http://www.R-project.org), version 3.6.1. The
ProteinGroups.txt table corresponding to each cell line was filtered to eliminate entries labeled as
reverse hits, potential contaminants, and “only identified by site.” Protein quantitation required at least
70% valid values across all TMT channels. The TMT intensity values were log2 transformed and Loess nor-
malized. Differentially regulated proteins were defined by implementing a log2 fold change threshold of
0.25 for SARS-CoV-2 versus mock-infected cells. Similar liberal thresholds have been previously described
for TMT-based analyses owing to ratio compression (60). For functional enrichment of proteins based on
clustering between the respective time points, Enrichr was used with the Reactome database of path-
ways. For differential analysis, the LIMMA (61) R package was used to fit a linear model accounting for
the infection versus mock condition at each time point. Moderated t tests were corrected with the
Benjamini-Hochberg method for false discovery rate (FDR). Gene set enrichment analysis was performed
using the fgsea R package (https://www.biorxiv.org/content/early/2016/06/20/060012) using curated
gene library (62) ranked lists, where the gene rank is defined as 2log(P value) � sign(log2 fold change)
(63). In the case of duplicate proteins mapping to a common gene symbol, the one with the highest
absolute value rank was retained.

Differentiation of hiPSC into cardiomyocytes. hiPSCs from the PGP1 parent line (GM23338; Coriell
Institute), engineered to have an endogenous green fluorescent protein tag on one titin allele (64), were
provided by the Seidman Lab. hiPSCs were seeded into tissue culture-treated plates coated with
Matrigel (number CB-40230; ThermoFisher Scientific) mixed 1:80 in DMEM/F-12 (number 11330-057;
ThermoFisher Scientific), maintained in mTeSR1 (number 85870; StemCell), and passaged using
Accutase (number A6964; Sigma) at 60 to 90% confluence.hiPSCs were differentiated into cardiomyo-
cytes (hiPSC-CMs) by small-molecule, monolayer-based manipulation of the Wnt-signaling pathway.
Briefly, the cells were grown from day 0 to day 9 in RPMI 1640/GlutaMAX medium (number 61870036;
ThermoFisher Scientific) containing the insulin-free B-27 supplement (number A1895601; ThermoFisher
Scientific). On day 0, the cells were treated with 12mM CHIR99021 (number 4423; Tocris) for 24 h to acti-
vate WNT signaling. Two days later (on day 3), 5mM IWP4 (number 5214; Tocris) was added to the cul-
ture medium for 48 h to block the WNT signaling. On day 9, the culture medium was replaced with RPMI
1640/GlutaMAX medium supplemented with insulin-containing B-27 supplement (number 17504-044;
ThermoFisher Scientific). On day 11, metabolic selection of hiPSC-CMs was started by growing them in a
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glucose-free RPMI 1640 medium (number 11879020; ThermoFisher Scientific) containing 4mM sodium
DL-lactate solution (number L426; Sigma) for 4 days, replenishing the medium every 2 days.

Following metabolic selection, purified hiPSC-CMs were trypsinized with 0.25% trypsin-EDTA (num-
ber 25200114; ThermoFisher Scientific) containing 10mg/ml DNase I (number 7469; StemCell) and
replated into 12-well plates coated with 10mg/ml human bulk fibronectin (number 3560; ThermoFisher
Scientific) at a density of 750,000 cells/well. The replating medium comprised RPMI 1640 mixed with the
insulin-containing B-27 supplement, 2% fetal bovine serum (number F0926; Sigma), and 5mM Y-2763
(number 12543; Tocris). The cells were maintained in RPMI 1640 medium supplemented with insulin-
containing B-27 until days 30 to 50, with the medium being replenished every 2 days. For SARS-CoV-2
infection, hiPSC-CMs were seeded into either 96- or 12-well plates coated with 10mg/ml fibronectin.

Interferon response assays. To test interferon response in uninfected and SARS-CoV-2-infected
cells, we seeded cells either in 6-well plates (for Western blotting) at a density of 5� 105 cells per well, in
12-well plates at a density of 2� 105 cells per well (for RT-qPCR), or in 96-well plates at a density of
2.5� 104 cells per well (for IF). The next day, the cells were infected with SARS-CoV-2 at an MOI of 1 or
left uninfected. Twenty-four hours later, we treated the cells with different concentrations of IFN-a for
15 to 30min (for Western blotting and IF) or for 1, 2, 4, and 8 h (for RT-qPCR). The cells were then proc-
essed for downstream applications.

Ubiquitination assay. To examine ubiquitination of ectopically expressed IFNAR1, 293T cells
expressing ACE2/TMPRSS2 were transfected with FLAG-IFNAR1 and HA-ubiquitin for 36 h and then
infected with SARS-CoV-2 for 12 h or treated with thapsigargin (2mM) for 30min. The cells were lysed in
1% SDS followed by quenching of SDS with a 10-fold excess of Triton X-100. Five hundred micrograms
of total protein was used for immunoprecipitation with anti-FLAG M2 agarose beads (number A2220;
Sigma) at 4°C for 2 h, and IFNAR1 ubiquitination was assessed by Western blotting with an anti-HA anti-
body (number F7425; Sigma). To assess ubiquitination of endogenous IFNAR1, ACE2/TMPRSS2-express-
ing 293T cells were transfected with FLAG-tagged TR-TUBE for 36 h, followed by infection with SARS-
CoV-2 for 12 h and as a positive control with VSV (MOI of 0.01) for 12 h. The cells were harvested in lysis
buffer containing 0.25% NP-40, and 500mg of total protein was subjected to immunoprecipitation with
anti-FLAG M2 agarose beads (Sigma) followed by detection of polyubiquitinated IFNAR1 by Western
blotting with an anti-IFNAR1 antibody.

Western blotting. Proteins from various cells were extracted with 1� RIPA buffer containing 1�
complete-mini protease inhibitor (number 11836170001; Roche) and 1� phosphatase inhibitor cocktail
(number 04906837001; Roche). Samples were incubated on ice for 30min and centrifuged at 12,000� g
for 20min at 4°C. The supernatants were transferred to new ice-cold Eppendorf tubes, and protein con-
centration was measured by the bicinchoninic acid (BCA) assay using the Pierce BCA protein assay kit
(number 23225; ThermoFisher Scientific). Equal amounts of protein were loaded on 4 to 12% SDS-PAGE
gel and transferred onto nitrocellulose membrane. Following staining with primary and secondary (Li-
Cor) antibodies, the bands were visualized by scanning the membrane with the Li-Cor CLx infrared scan-
ner. The intensity of protein bands was measured in the open-source package ImageJ.

Availability of raw data. The mass spectrometry proteomics data have been deposited in the
ProteomeXchange Consortium (65) via the PRIDE (66) partner repository at http://proteomecentral
.proteomexchange.org/cgi/GetDataset?ID=PXD022027 and https://www.ebi.ac.uk/pride/archive/projects/
PXD022027, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 1.4 MB.
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