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in SARS-CoV-2-Infected Human Dendritic Cells
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Clinical manifestations of coronavirus disease 2019 (COVID-19) vary from asymptomatic virus shedding, nonspecific pharyn-
gitis, to pneumonia with silent hypoxia and respiratory failure. Dendritic cells and macrophages are sentinel cells for innate and
adaptive immunity that affect the pathogenesis of severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome
(MERS). The interplay between SARS-CoV-2 and these cell types remains unknown. We investigated infection and host responses of
monocyte-derived dendritic cells (moDCs) and macrophages (MDMs) infected by SARS-CoV-2. MoDCs and MDMs were permis-
sive to SARS-CoV-2 infection and protein expression but did not support productive virus replication. Importantly, SARS-CoV-2
launched an attenuated interferon response in both cell types and triggered significant proinflammatory cytokine/chemokine ex-
pression in MDMs but not moDCs. Investigations suggested that this attenuated immune response to SARS-CoV-2 in moDCs was
associated with viral antagonism of STAT1 phosphorylation. These findings may explain the mild and insidious course of COVID-19

until late deterioration.
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A novel human coronavirus, severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), was recently identified as the
causative agent of coronavirus disease 2019 (COVID-19) pan-
demic, affecting more than 4 million patients with over 250 000
deaths globally in less than 6 months [1-4]. Clinical features of
COVID-19 in early reports included fever, myalgia, dry cough,
dysphonia, fatigue, lymphopenia, and radiological evidence of
multifocal peripheral ground-glass lung opacities. About 15%
of COVID-19 cases progressed to acute respiratory distress
syndromes and multiorgan failure [5]. Extrapulmonary mani-
festations included diarrhea, anosmia, dysgeusia, meningoen-
cephalitis, thromboembolism, and multisystemic inflammatory
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syndrome. Despite sharing some clinical manifestations with
that of SARS, a large proportion of COVID-19 cases were
mildly symptomatic or asymptomatic, which may contribute to
the high transmissibility of COVID-19 [6, 7].

Dendritic cells and macrophages are key sentinel cells of the
host that play essential roles in the innate and adaptive immune
defense. However, a number of viruses, including coronaviruses,
are capable of infecting dendritic cells and macrophages to fa-
cilitate their replication and dissemination [8-10]. Importantly,
we and others have reported that the highly pathogenic human
coronaviruses, including SARS-CoV and Middle East respira-
tory syndrome coronavirus (MERS-CoV), triggered aberrant
production of proinflammatory cytokines and chemokines in
these cell types, which might contribute to viral pathogenesis
[11-15]. In agreement with the in vitro findings, increasing
monocyte, macrophage, and neutrophil infiltration was found
in the lungs of SARS and MERS patients and was associated
with elevated serum proinflammatory cytokines, contributing
to disease severity and even multiorgan failure due to cytokine
storm [16-18].

Similar to SARS, recent studies observed higher levels of cyto-
kines and chemokines in severe COVID-19 cases as compared
to mild cases, which is believed to contribute to COVID-19
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disease progression and severity [19, 20]. We recently demon-
strated that SARS-CoV-2 was capable of infecting the alveolar
macrophages in ex vivo human lung tissues [21]. Similarly,
SARS-CoV-2 also readily targeted the alveolar macrophages in
the lungs of infected golden Syrian hamsters [22]. Additionally,
CD68"CD169" macrophages have been reported to be suscep-
tible to SARS-CoV-2, which could contribute to viral spread,
excessive inflammation, and activation-induced lymphocytic
cell death during SARS-CoV-2 infection [23]. Despite the crit-
ical roles of dendritic cells and macrophages in coronavirus
pathogenesis, the interplay between SARS-CoV-2 and these 2
important sentinel cell types remains elusive.

In this study, we comprehensively investigated the viral
protein expression, replication kinetics, and host response in
monocyte-derived dendritic cells (moDCs) and monocyte-
derived macrophages (MDMs) upon SARS-CoV-2 infection.
We found that despite efficient nucleocapsid (N) protein ex-
pression in SARS-CoV-2-infected moDCs or MDMs, infec-
tious virus particles were not detected from the culture of both
infected cell types. Interestingly, SARS-CoV-2 did not acti-
vate any interferon (IFN) gene upregulation, including that of
IEN type I, type II, or type III, in both infected moDCs and
MDMs. In addition, while SARS-CoV-2 triggered significant
proinflammatory cytokines and chemokines expressions from
infected MDMs, it did not activate the expression of these genes
in the infected moDCs with the exception of IP-10. Further in-
vestigations suggested that the attenuated immune activation in
SARS-CoV-2-infected moDCs was associated with viral antag-
onism of STAT1 phosphorylation.

METHODS

Cells and Viruses

All cell lines were purchased from the American Type Culture
Collection. VeroE6 and Calu3 were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) and DMEM/F12, respec-
tively, supplemented with 10% fetal bovine serum (FBS), 100
units/mL penicillin, and 100 pg/mL streptomycin. SARS-
CoV-2 was isolated from the nasopharyngeal aspirate spec-
imen of a laboratory-confirmed COVID-19 patient in Hong
Kong [24]. SARS-CoV was a clinical isolate archived at
Department of Microbiology, the University of Hong Kong.
Both SARS-CoV-2 (GeneBank accession number: MT230904)
and SARS-CoV GZ50 (AY304495) were titered in VeroE6 cells
by plaque assays. All experiments involving live SARS-CoV-2
and SARS-CoV followed the approved standard operating
procedures of the University of Hong Kong biosafety level-3
facility [24].

Preparation of moDCs and MDMs

Healthy volunteer blood samples were collected from the
Hong Kong Red Cross Blood Transfusion Service according
to a protocol approved by the institutional review board of

the University of Hong Kong. Human peripheral blood mon-
onuclear cells (PBMCs) were isolated from the buffy coats
as previously described [25, 26]. MDMs were differentiated
from PBMCs by providing RPMI-1640 supplemented with
10% FBS, 100 units/mL penicillin, 100 pug/mL streptomycin,
1% sodium pyruvate, 1% nonessential amino acids, and 1 U/
mL granulocyte-macrophage colony-stimulating factor (Cell
Sciences) [13]. MoDCs were differentiated and maintained as
same condition as MDMs with interleukin-4 (IL-4; R&D sys-
tems) [14].

Immunofluorescence Staining and Confocal Microscopy
Immunostaining and confocal microscopy were performed
as we previously described with slight modifications [27].
MoDCs and MDMs infected with SARS-CoV-2 or SARS-CoV
were washed with phosphate-buffered saline and fixed in 4%
paraformaldehyde. For immunostaining, the cells were perme-
abilized for 10 minutes with 0.2% Triton X-100 and blocked
with Dako blocking buffer for 30 minutes at room temper-
ature. The cells were incubated with an in-house rabbit anti-
serum against SARS-CoV-2 N protein [24] diluted with Dako
antibody diluent overnight at 4°C, followed by incubation with
Alexa Fluor secondary antibody (Thermo Fisher Scientific) di-
luted with Dako antibody diluent for 1 hour. The nuclei of cell
were stained by 4/,6-diamidino-2-phenylindole (DAPI; Thermo
Fisher Scientific) nucleic acid stain for 10 minutes. The slides
were imaged with confocal microscopy using a Carl Zeiss LSM
880 system.

Virus Infection of moDCs and MDMs

MoDCs and MDMs were differentiated in complete RPMI-1640
with specific growth factors for 6-7 days before infection. For
replication kinetics, cell viability, and host factor expressions
(potential entry factors, cytokines, and chemokines) experi-
ments, moDCs and MDMs were infected with SARS-CoV-2
or SARS-CoV at a multiplicity of infection (MOI) of 1 for
2 hours at 37°C. After 2 hours’ incubation, the virus inoc-
ulum was washed off and the cells were maintained with fresh
RPMI-1640. For immunofluorescence microscopy experiment,
moDCs and MDMs cultured in 24-well plates were digested by
trypsin and reseeded into chamber slides. After 1 day of culture
in full medium, the cells were infected with SARS-CoV-2 or
SARS-CoV at an MOI of 10 for 2 hours at 37°C. After 2 hours’
incubation, the virus inoculum was washed off and the cells
were maintained with fresh RPMI-1640.

Evaluation of Cell Viability

Cell viability of mock- or virus-infected moDCs and MDMs
was determined using CellTiterGlo assays (Promega) according
to manufacturer’s instruction. Briefly, the cells were infected
with SARS-CoV-2 or SARS-CoV at an MOI of 1 for 2 hours
at 37°C. The cells were lysed together with culture supernatant
at a 1:1 ratio with CellTiterGlo reagent at the indicated hours
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post infection and placed on an orbital shaker for 10 minutes
to induce cells lysis. The plates were read by measuring the
luminescence signal with a Vector X3 multilabel plate reader
(PerkinElmer) as we previously described [28].

RNA Extraction and Quantitative Reverse Transcription Polymerase Chain
Reaction

To determine the viral genome copy number in cell lysate
samples from infected cells, RNA extraction and quantitative
reverse transcription polymerase chain reaction (qQRT-PCR)
analysis were performed as previously described [24, 29]. In
brief, real-time qRT-PCR was used to quantify SARS-CoV-2
and SARS-CoV genome copy number using QuantiNova Probe
One Step RT-PCR kit (Qiagen) with LightCycler 96 Real-Time
PCR System (Roche). The primers and probes sequences
were designed to recognize viral RNA-dependent RNA poly-
merase/helicase regions. Forward primer for both SARS-CoV-2
and SARS-CoV: 5-CGCATACAGTCTTRCAGGCT-3"; re-
verse primer for both SARS-CoV-2 and SARS-CoV: 5-GTG
TGATGTTGAWATGACATGGTC-3’; SARS-CoV-2-specific
probe: 5-FAM-TTAAGATGTGGTCTTGCATACGTAGAC-
IABKFQ-3; and SARS-CoV-specific probe: 5-Cy5-
CTTCGTTGCGGTGCCTGTGCCTGTATTAGGIAbRQSp-3".
Cellular RNA extraction, reverse transcription, and quanti-
tative PCR were performed as we described previously [21].
For entry factors, cytokines, and chemokines analysis, the cells
were lysed using the RLT buffer provided from the RNA extrac-
tion kit (Qiagen). The levels of cellular gene expression were
normalized to glyceraldehyde-3-phosphate dehydrogenase and
presented as fold change in gene expression of infected cells
relative to that of mock-infected cells. Entry factors analyzed
included angiotensin-converting enzyme 2 (ACE2), trans-
membrane protease serine 2 (TMPRSS2), FURIN, and den-
dritic cell-specific intercellular adhesion molecule-3-grabbing
nonintegrin (DC-SIGN). Cytokines and chemokines analyzed
included IFN-a, IFN-B, IFN-y, IFN-A1, tumor necrosis factor-a
(TNF-a), IL-6, IL-8, IFN-y inducible protein-10 (IP-10),
monocyte chemoattractant protein-1 (MCP-1), macrophage-
inflammatory protein-la (MIP-1a), regulated upon activation
normal T-cell expressed and secreted (RANTES), and IL-1.

Western Blots and Analysis

Western blots were performed as we previously described with
slight modifications [30]. MoDCs and MDMs were infected
with SARS-CoV-2 or SARS-CoV at an MOI of 10 at 37°C. At
24 hours post infection, the cells were treated with 1000 IU/
mL of recombinant human IFN-a (PBL Assay Science) for 40
minutes and then lysed with RIPA buffer supplemented with
protease inhibitor cocktail and phosphatase inhibitor cocktail
II (Thermo Fisher Scientific). The expression levels of STAT1,
STAT1 phosphotyrosine residue 701 (pSTAT1), and -actin
were detected using anti-STAT1 (catalog number, 610186;

BD Biosciences), anti-pSTAT1 (catalog number, 58D6; Cell
Signaling Technology), and anti-p-actin (catalog number,
A5441; Sigma-Aldrich) primary antibodies, respectively. The
intensity of the bands was quantified using Image J software.

Statistical Analysis

Data represent mean and standard deviations. Statistical signif-
icance was calculated with 1-way ANOVA or 2-way ANOVA,
and was considered significant when P < .05.

RESULTS

Infection of moDCs and MDMs by SARS-CoV-2

To investigate whether human dendritic cells and macrophages
are susceptible to SARS-CoV-2 infection, we isolated and dif-
ferentiated primary moDCs and MDMs from monocytes of
healthy donors, and infected the cells with SARS-CoV-2. The
expression of SARS-CoV-2 N protein in the infected moDCs
and MDMs was evaluated using immunofluorescence staining
and confocal microscopy. Our result demonstrated that SARS-
CoV-2 N protein expression was readily detected from both in-
fected moDCs and MDMs, suggesting that both cell types were
permissive to SARS-CoV-2 infection (Figure 1). In particular,
substantial cell-cell fusion was detected in SARS-CoV-2-in-
fected moDCs (Figure 1). Next, we further evaluated the rep-
lication kinetics of SARS-CoV-2 in moDCs and MDMs with
SARS-CoV included for comparison. As demonstrated in
Figure 2, the virus titer in the supernatants and virus genome
copy in the cell lysates did not increase over the 72-hour in-
terval in both SARS-CoV-2-infected moDCs (Figure 2A) and
MDMs (Figure 2B), suggesting that SARS-CoV-2 infection
of moDCs and MDMs were abortive. We previously reported
that MERS-CoV rapidly triggered substantial apoptosis in pri-
mary human T lymphocytes upon virus inoculation even in
the absence of productive virus replication [31]. To investigate
whether infection of SARS-CoV-2 induce cell death in moDCs
and MDMs, we evaluated cell viability upon virus infection by
the CellTiterGlo assays. As demonstrated in Figure 2C, SARS-
CoV-2 infection resulted in a modest reduction in viability
(10%-20%) in the infected moDCs between 24 and 72 hours
post inoculation, which was not statistically significant due to
sizable donor-to-donor variability. The viability of MDMs was
largely unaffected upon SARS-CoV-2 and SARS-CoV infection
(Figure 2C). Overall, our result demonstrated that moDCs and
MDMs were susceptible to SARS-CoV-2 infection. Both cell
types supported viral protein production but did not efficiently
support virus replication and generation of infectious virus
progenies.

SARS-CoV-2 Infection Modulated the Expression of Entry-Related Host
Factors in moDCs and MDMs

To dissect the reason behind the inefficient SARS-CoV-2 repli-
cation in moDCs and MDMs, we next assessed the endogenous
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Figure 1. MoDCs and MDMs were susceptible to SARS-CoV-2 infection. MoDCs and MDMs were challenged with SARS-CoV-2 or SARS-CoV at a MOI of 10. At 24 hours
post inoculation, the cells were fixed in 4% paraformaldehyde, permeabilized, and incubated with an in-house rabbit antiserum against SARS-CoV-2 nucleocapsid protein, fol-
lowed by incubation with Alexa Fluor 488 secondary antibody for 1 hour. The slides were imaged with confocal microscopy using a Carl Zeiss LSM 880 system. Bars represent
20 pm. Abbreviations: MOI, multiplicity of infection; DAPI, 4’,6-diamidino-2-phenylindole; moDCs, monocyte-derived dendritic cells; MDMs, monocyte-derived macrophages;

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

expression of host factors that are potentially involved in
SARS-CoV-2 infection and replication, which included ACE2,
TMPRSS2, FURIN, and DC-SIGN. ACE2 was recently iden-
tified as the receptor of SARS-CoV-2 [32]. Efficient SARS-
CoV-2 entry and replication also depend on host proteases,
including TMPRSS2 and FURIN [32, 33]. DC-SIGN was pre-
viously suggested as an entry factor for SARS-CoV [34, 35].
Calu3 cells, which efficiently support SARS-CoV-2 replica-
tion, were included as a control group for comparison [24].
Our results demonstrated that while moDCs and MDMs ex-
pressed less ACE2 and TMPRSS2 than Calu3, they expressed
20- to 60-fold more FURIN than that of Calu3. In addition,
moDCs expressed high level of DC-SIGN (Figure 3A). Upon

infection, both SARS-CoV-2 and SARS-CoV had a trend to
downregulate ACE2 expression in moDCs and MDMs, al-
beit the difference was only statistically significant in MDMs
(Figure 3B). Interestingly, both viruses upregulated FURIN
and DC-SIGN expression in moDCs upon infection. In addi-
tion, SARS-CoV but not SARS-CoV-2 upregulated the expres-
sion of TMPRSS2 in both moDCs and MDMs (Figure 3B).
Taken together, our results suggested that the inefficient repli-
cation of SARS-CoV-2 in moDCs and MDMs was not a result
of expression deficiency in receptor and host protease, and
that SARS-CoV-2 infection modulated the expression of these
entry-related host factors in the absence of productive virus
replication.

SARS-CoV-2 Infection in moDCs and MDMs « JID 2020:222 (1 September) « 737



A B
molils melE s MO M TR
BARE.CLAD EARE LY EARS.COE EARE S
=R 4 4+ 49
F L X =
-] % Y - E
EIEE I ad TR E B 5 B
E ‘%\ . g B
B 2 24 ¥ o4 A 2 My
£ \.\_ . e m
g 11 SIS 14 LN 14 ~
: \
:‘ I.-I L] ¥ L ¥ I:l L) L] L ¥ l:l ] Ll L] ﬁ'I-' I.-I L] L L]
2 M 48 T2 T ™ 48 Tz T O™ o4 T2 2 M 45 I
B4 N 3 29
o E. i
' e i it
-:E-“. BN e LEE M e 3 H e 1
E o - ‘:::_ ,: - .3 —
=5 - = . B
23 1 - 14 T ooad TR
:a £, "
1]
il ¥ 1 T T -1 T T T T e T ¥ T -1 T T T T
I ™M 4 M T ™M £ Tz T M 47 T2 I ™ 42 mn
Howre post Ineculation Houes post Inoodatien Heges peat innodation Honura post inealation
i FARS-CNE Donor A) e SRR Y Dlener &)
=g TARE O] [Donor B} e BARECN Dorear By
—dir— BARS-C2V-E Dloner G i BAR STV Dener 03
K
maldiCs BTk
- 195 il Mk
8 el CTL xv a3 BB EARECVA
=] a |l i 1 'l R - .
H & Bl GARE-CV
R N
£ i
Es; g 50
= a5
=
& £
z 4 B 70 z 4 45 v

Houvs pont Inzoulation

Figure 2.

Houvs post Inzoulation

Infection of SARS-CoV-2 in moDCs and MDMs was not productive. MoDCs (A) and MDMs (B) were infected with SARS-CoV-2 or SARS-CoV at an MOl of 1. The

live infectious virus particles in the supernatants and the viral genome copy in the cell lysates were determined by plaque assays and gRT-PCR, respectively. C, The cell
viability of moDCs and MDMs upon SARS-CoV-2 or SARS-CoV infection at an MOI of 1 was quantified at the indicated hours post infection using CellTiterGlo assays. The
mean cell viability of SARS-CoV-2— or SARS-CoV—infected cells was compared with that of mock-infected cells at each time point. The results represent mean and standard
deviations from 3 individual donors in 3 independent experiments. Statistical significance between the groups was determined with 1-way ANOVA and was consider signif-
icant when P < .05. Abbreviations: MOI, multiplicity of infection; PFU, plaque-forming unit; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; moDCs, monocyte-derived
dendritic cells; MDMs, monocyte-derived macrophages; gRT-PCR, quantitative reverse transcription polymerase chain reaction; SARS-CoV-2, severe acute respiratory syn-

drome coronavirus 2.

SARS-CoV-2 Infection Did Not Activate IFN Response in moDCs and MDMs
But Triggered Significant Proinflammatory Response in MDMs

We next investigated the expression profile of representa-
tive IFN and proinflammatory cytokines and chemokines in
moDCs and MDMs upon SARS-CoV-2 infection. Importantly,
SARS-CoV-2 did not activate any IFN response, including
that of IFN type I (IFN-a and IFN-B), IFN type II (IFN-y),
and IEN type III (IFN-A1), from infected moDCs and MDMs
(Figure 4). Intriguingly, in SARS-CoV-2-infected but not

SARS-CoV-infected MDMs, the expression of IFN type
I (IFN-a and IFN-pB) and IFN type III (IFN-A1) was even lower
than that of the mock-infected MDMs at 24 hours post infec-
tion (Figure 4). In parallel, our data suggested that the expres-
sion of proinflammatory cytokines and chemokines was not
substantially triggered by SARS-CoV-2 infection in moDCs.
Specifically, among the 8 representative cytokine/chemokine
evaluated, SARS-CoV-2 only significantly upregulated the ex-
pression of IP-10 (3.3-fold, P = .015) (Figure 5A). In contrast,
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Figure 3. SARS-CoV-2 modulated the differential expression of entry-related host factors in moDCs and MDMs. 4, The expression of endogenous ACE2, TMPRSS2, FURIN,
and DC-SIGN was evaluated in moDCs and MDMs. Calu3 cells were included as a positive control. B, MoDCs and MDMs were infected with SARS-CoV-2 or SARS-CoV at an
MOl of 1. The cell lysates were harvested to detect expression of entry-related host factors using gRT-PCR at the indicated hours post infection. The expression of entry-related
host factors in SARS-CoV-2—infected or SARS-CoV—infected cells was compared with that of mock-infected cells at each time point. The results represent mean and standard
deviations from 3 to 6 individual donors in 3 independent experiments. Statistical significance between groups was determined with 1-way ANOVA and was consider significant
when P<.05.* P< .05, ** P< .01, *** P< 001, **** P< .0001. Abbreviations: MOI, multiplicity of infection; ACEZ, angiotensin-converting enzyme 2; TMPRSSZ; transmembrane
protease serine 2; DC-SIGN, dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin; moDCs, monocyte-derived dendritic cells; MDMSs, monocyte-derived
macrophages; qRT-PCR, quantitative reverse transcription polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

SARS-CoV-2 significantly activated the expression of 5 of the
8 (5/8 or 62.5%) evaluated proinflammatory cytokine/chemo-
kine in MDMs, including that of TNF-a, IL-8, IP-10, MIP-1q,
and IL-1pB. The most upregulated proinflammatory cytokine/
chemokine in MDMs by SARS-CoV-2 infection was again
IP-10 (7.0-fold, P = .003) (Figure 5B). Collectively, these find-
ings demonstrated that SARS-CoV-2 infection did not activate
IEN type I, II, or III response in moDCs and MDMs. In addi-
tion, while SARS-CoV-2 triggered significant proinflammatory
cytokine/chemokine expressions in the infected MDMs, the
proinflammatory response in moDCs upon SARS-CoV-2 in-
fection was largely absent.

SARS-CoV-2 Antagonized STAT1 Phosphorylation in moDCs

Despite successful virus entry and protein production, antiviral
IFN and proinflammatory response were not triggered by SARS-
CoV-2 infection in moDCs, suggesting potential manipulation of
the IFN signaling pathways by SARS-CoV-2 infection. To this end,
we evaluated the protein expression level of STAT1 and examined
the efficiency of STAT1 phosphorylation upon IFN-a treatment
with or without SARS-CoV-2 infection. Our results demonstrated
that SARS-CoV-2 infection upregulated STAT1 protein expression
in moDCs (Figure 6A). We next evaluated the activation of STAT1
by measuring the ratio of phosphorylated STAT1 over STAT1
based on the intensity of individual bands. Interestingly, our data
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Figure 4. Attenuated IFN response in SARS-CoV-2—infected moDCs and MDMs. MoDCs and MDMs were inoculated with SARS-CoV-2 or SARS-CoV at an MOl of 1. The
cell lysates were harvested for gRT-PCR analysis of type | (IFN-c and IFN-3), I (IFN-y), and Il (IFN-A.1) IFN. The results represent mean and standard deviations from 3 to 6
individual donors in 3 independent experiments. Statistical significance between the groups was determined with 2-way ANOVA and was consider significant when P< .05. *
P < .05. Abbreviations: MOI, multiplicity of infection; IFN, interferon; moDCs, monocyte-derived dendritic cells; MDMs, monocyte-derived macrophages; qRT-PCR, quantitative
reverse transcription polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

demonstrated that while IFN-a treatment substantially activated
STAT1 phosphorylation, the extent of upregulation was signifi-
cantly mitigated by SARS-CoV-2 infection in moDCs (Figure 6B).
Importantly, while SARS-CoV also inhibited STAT1 phosphoryla-
tion in moDCs, the extent of inhibition by SARS-CoV-2 was sig-
nificantly stronger than that by SARS-CoV (P = .035). In contrast,
SARS-CoV-2 infection did not have a modulatory effect on STAT1
phosphorylation in MDMs (Figure 6B). Taken together, our results
suggested that SARS-CoV-2 infection subverted IFN signaling in
moDCs through antagonizing STAT1 phosphorylation.

DISCUSSION

Dendritic cells and macrophages play essential roles in innate and
adaptive immunity against virus infection but are also potent pro-
ducers of cytokines that may contribute to immunopathology [11,
36]. Both cell types could be infected by the highly pathogenic
human coronaviruses, including SARS-CoV and MERS-CoV,
and were suggested to play a role in viral pathogenesis [11-14].
However, the interplay between SARS-CoV-2 and these 2 sentinel
cell types is currently unknown. In this study, we found that moDCs
and MDMs were permissive to SARS-CoV-2 infection but not rep-
lication. Specifically, SARS-CoV-2 did not productively replicate in
both cell types despite efficient N protein expression. In addition,
SARS-CoV-2 infection downregulated the ACE2 expression in

both infected moDCs and MDMs. Importantly, SARS-CoV-2 did
not upregulate any IFN response in both cell types and only trig-
gered significant proinflammatory response in the infected MDMs
but not moDCs. Furthermore, we demonstrated that the largely si-
lent infection of SARS-CoV-2 in moDCs was associated with viral
antagonism of STAT1 phosphorylation. Overall, our study contrib-
utes to our understanding on the role of dendritic cells and macro-
phages in COVID-19 biology.

Importantly, despite efficient viral protein production, SARS-
CoV-2 infection did not activate type I (IFN-a and IFN-f), II
(IFN-y), or III (IFN-A1) IEN response in moDCs and MDMs. The
attenuated host IFN response is consistent with our previous find-
ings from SARS-CoV-2-infected ex vivo human lung tissues [21]
as well as a recent study that examined the transcriptional response
of SARS-CoV-2-infected samples [37]. Type I IFN is known to
potently inhibit the replication of human coronaviruses, including
hCoV-229E, SARS-CoV, and MERS-CoV, both in vitro and in
vivo [38-41]. A recent study similarly suggested that SARS-CoV-2
was highly sensitive to IFN treatment [42]. In this regard, the defi-
ciency of SARS-CoV-2-infected moDCs and MDMs in launching
effective IFN response might delay viral clearance and contribute
to COVID-19 pathogenesis. The treatment of COVID-19 by IFN
may jump start and improve the antiviral response of the host to
achieve better clinical outcome [43].
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Figure 5.  SARS-CoV-2 induced significant proinflammatory response in MDMs but not moDCs. MoDCs (A) and MDMs (B) were inoculated with SARS-CoV-2 or SARS-CoV at an
MOl of 1. The cell lysates were harvested for gRT-PCR analysis of representative proinflammatory cytokines and chemokines. The results represent mean and standard deviations from
3 to 6 individual donors in 3 independent experiments. Statistical significance between the groups was determined with 2-way ANOVA and was consider significant when P< .05.
* P<.05, ** P<.01. Abbreviations: MOI, multiplicity of infection; TNF-c., tumor necrosis factor-c.; IP-10, IFN-y inducible protein-10; MCP-1, monocyte chemoattractant protein-1;
MIP-1c, macrophage-inflammatory protein-1o; RANTES, regulated upon activation normal T-cell expressed and secreted; moDCs, monocyte-derived dendritic cells; MDMs, monocyte-
derived macrophages; qRT-PCR, quantitative reverse transcription polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Coronaviruses have evolved a variety of mechanisms to in- (MAVS)/retinoic acid-inducible gene-1 (RIG-I) or TANK-
tervene in IFN signaling [44], including inhibition of IRF phos- binding kinase 1 (TBKI)/inhibitor of NF-«kB kinase ep-
phorylation, antagonizing mitochondrial antiviral-signaling  silon (IKKe) signaling, and blocking STAT1 nuclear import
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Figure 6. SARS-CoV-2 antagonized STAT1 phosphorylation in moDCs. MoDCs and MDMs were mock-infected or infected with SARS-CoV-2 or SARS-CoV at an MOI of 10.
At 24 hours post infection, the cells were untreated or treated with 1000 U/mL of recombinant human IFN-a: for 40 minutes. The cell lysates were collected for the detection
of STAT1, pSTAT1, and 3-actin by Western blots. A, Representative blots are shown from 3 donors in 3 independent experiments. B, Quantitation was calculated as the ratio
of pSTAT1 over STAT1 protein. Statistical analysis was performed with 1-way ANOVA and the differences were considered significant when P< .05. *P< .05, ****P < .0001.
Abbreviations: MOI, multiplicity of infection; IFN, interferon; moDCs, monocyte-derived dendritic cells; MDMs, monocyte-derived macrophages; SARS-CoV-2, severe acute

respiratory syndrome coronavirus 2.

[45-47]. A recent report suggested that SARS-CoV-2 failed
to activate the induction of TBK1 and STAT1 [37]. However,
the detailed mechanism of SARS-CoV-2-mediated IFN an-
tagonism has not been explored. We found that SARS-CoV-2
infection did not trigger IFN and proinflammatory response
with the exception of IP-10 in moDCs. We further showed
that this attenuated host response was associated with inhi-
bition of STAT1 phosphorylation. STAT1 is a key modulator
of type I, II, and III signaling and plays critical roles in the in-
nate immune response in the clearance of SARS-CoV [48, 49].
A previous study demonstrated that the nspl nonstructural
protein of SARS-CoV antagonized type I IFN by suppressing
STAT1 phosphorylation [50]. Further investigations should be
conducted to determine the SARS-CoV-2 protein that is asso-
ciated with inhibition of STAT1 phosphorylation.
Dysregulated host immune response and excessive pro-
duction of inflammatory cytokines are associated with dis-
ease severity in SARS, MERS, and COVID-19 [5, 19, 51].
Interestingly, despite a lack of IFN response, SARS-CoV-2

triggered potent expression of proinflammatory medi-
ators including that of TNF-a, IL-8, IP-10, MIP-1a, and
IL-1p in the infected MDMs. Among them, IP-10 was of
particular interest as it was the only inflammatory medi-
ator that was upregulated in both moDCs and MDMs upon
SARS-CoV-2 infection. Importantly, excessive IP-10 could
exacerbate the pathology of ARDS (acute respiratory dis-
tress syndrome) [52] and was recently suggested to play
a critical role in the pathogenesis of SARS-CoV-2 [53].
Together, our data suggest that the SARS-CoV-2-infected
dendritic cells and macrophages in the lungs of COVID-19
patients might be a source of proinflammatory cytokine
production that exacerbates the clinical manifestation of
COVID-19.

Overall, our study has provided the first evidence that
demonstrates SARS-CoV-2 infection and the associated
host responses in primary human dendritic cells and macro-
phages, which provides novel insights into the pathogenesis
of COVID-19.
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