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ABSTRACT Host factors play critical roles in SARS-CoV-2 infection-associated pathology
and the severity of COVID-19. In this study, we systematically analyzed the roles of
SARS-CoV-2-induced host factors, doublecortin-like kinase 1 (DCLK1), and S100A9 in viral
pathogenesis. In autopsied subjects with COVID-19 and pre-existing chronic liver dis-
ease, we observed high levels of DCLK1 and S100A9 expression and immunosuppres-
sive (DCLK11S100A91CD2061) M2-like macrophages and N2-like neutrophils in lungs
and livers. DCLK1 and S100A9 expression were rarely observed in normal controls,
COVID-19-negative subjects with chronic lung disease, or COVID-19 subjects without
chronic liver disease. In hospitalized patients with COVID-19, we detected 2 to 3-fold
increased levels of circulating DCLK11S100A91 mononuclear cells that correlated with
disease severity. We validated the SARS-CoV-2-dependent generation of these double-
positive immune cells in coculture. SARS-CoV-2-induced DCLK1 expression correlated
with the activation of b-catenin, a known regulator of the DCLK1 promoter. Gain and
loss of function studies showed that DCLK1 kinase amplified live virus production and
promoted cytokine, chemokine, and growth factor secretion by peripheral blood mono-
nuclear cells. Inhibition of DCLK1 kinase blocked pro-inflammatory caspase-1/interleu-
kin-1b signaling in infected cells. Treatment of SARS-CoV-2-infected cells with inhibitors
of DCLK1 kinase and S100A9 normalized cytokine/chemokine profiles and attenuated
DCLK1 expression and b-catenin activation. In conclusion, we report previously uniden-
tified roles of DCLK1 in augmenting SARS-CoV-2 viremia, inflammatory cytokine expres-
sion, and dysregulation of immune cells involved in innate immunity. DCLK1 could be a
potential therapeutic target for COVID-19, especially in patients with underlying comor-
bid diseases associated with DCLK1 expression.

IMPORTANCE High mortality in COVID-19 is associated with underlying comorbidities
such as chronic liver diseases. Successful treatment of severe/critical COVID-19 remains
challenging. Herein, we report a targetable host factor, DCLK1, that amplifies SARS-CoV-2
production, cytokine secretion, and inflammatory pathways via activation of b-catenin
(p65)/DCLK1/S100A9/NF-kB signaling. Furthermore, we observed in the lung, liver, and
blood an increased prevalence of immune cells coexpressing DCLK1 and S100A9, a mye-
loid-derived proinflammatory protein. These cells were associated with increased disease
severity in COVID-19 patients. Finally, we used a novel small-molecule inhibitor of DCLK1
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kinase (DCLK1-IN-1) and S100A9 inhibitor (tasquinimod) to decrease virus production
in vitro and normalize hyperinflammatory responses known to contribute to disease se-
verity in COVID-19.

KEYWORDS COVID-19, DDCLK1, immune response, S100A9, SARS-CoV-2, treatment,
virus replication, inflammation

The coronavirus disease 2019 (COVID-19) pandemic represents the most significant
global public health crisis (1). The severe acute respiratory coronavirus 2 (SARS-

CoV-2) and its variants of concern (e.g., delta and omicron) were causative agents of
this pandemic (2). Although many people who contracted COVID-19 were asymptom-
atic or presented with only mild symptoms (80%), in a minority of cases the infection
can rapidly progress to hypoxia and acute respiratory distress syndrome. This is espe-
cially true for elderly patients and those with underlying comorbid medical conditions
(3, 4). Deep immune profiling of COVID-19 patients reveals heterogeneous immune
responses (5). A characteristic cytokine storm is also noted in severely ill patients (6).
Although the lung is the primary organ affected in severe disease, tissue- and organo-
tropism have also been documented (7). Among comorbid factors for COVID-19, preex-
isting chronic liver disease (CLD) is associated with poor outcomes and high mortality
rates (8, 9).

The angiotensin-converting enzyme type 2 (ACE2) protein is the main viral receptor
for SARS-CoV-2. In adults, this membrane-bound peptidase is normally expressed on
type II pneumocytes, endothelial cells, arterial smooth muscle cells, cholangiocytes,
and intestinal epithelial cells (10). In contrast, ACE2 is rarely expressed by hepatocytes
in healthy livers (10). However, ACE2 is strongly induced by hepatocytes in livers with
fibrosis, cirrhosis, and immune activation (11, 12). As a result, in CLD, this organ, in
addition to the lung, becomes a potential site for SARS-CoV-2 infection. The potential
for increased pathophysiology may occur as liver cells are infected by SARS-CoV-2.
However, underlying mechanisms for decompensation in persons with COVID-19 and
CLD remain poorly understood.

We previously showed that doublecortin-like kinase 1 (DCLK1) is induced by tissue
injury and inflammation in the liver, lung, and gastrointestinal tract (13, 14). DCLK1 is a
multifunctional protein known for its involvement in clonogenicity, stemness, and tumori-
genesis (15–18). It catalyzes tubulin polymerization that facilitates intracellular molecular
transport and the replication of several viruses (e.g., adenoviruses, herpesviruses, and influ-
enza viruses) (19). DCLK1 also contains a kinase domain that phosphorylates multiple sub-
strates, including the Spen family transcriptional repressor and cyclin-dependent kinase
11B (20). Our previous work showed that DCLK1 overexpression enhances the replication
of the hepatitis C virus, a positive-strand RNA virus, by regulating microtubule dynamics
(15, 21, 22). In contrast, downregulating DCLK1 inhibited hepatitis C virus replication and
slowed the growth of hepatocellular carcinoma (23). In one clinical trial, colchicine, a drug
that inhibits microtubule polymerization, was shown to lower hospitalization rates for
COVID-19 patients (24).

Another potential role for DCLK1 in COVID-19 might occur through its regulation of the
proinflammatory myeloid-derived S100A9 protein. DCLK1 and S100A9 are each response ele-
ments to tissue injury and inflammation. When overexpressed, DCLK1 upregulates S100A9
whereas DCLK1 knockdown reduces the expression of S100A9 (12). During inflammation,
S100A9 is expressed by many epithelial and immune cells and is a promising biomarker for
severe COVID-19 (25, 26). This protein forms complexes with S100A8 that are termed calpro-
tectin, and these complexes can activate nuclear factor (NF)-kB via multiple surface receptors
(e.g., Toll-like receptor [TLR] 4), receptor for advanced glycation end products, and a cluster
of differentiation (CD) 33. This induces interleukin (IL)-1b , IL-6, tumor necrosis factor (TNF)-a,
IL-10, and inducible nitric oxide synthase (27, 28). Although the expression of DCLK1, includ-
ing alternative splicing and posttranslational processing, is poorly understood, it is generally
accepted that b-catenin and nuclear factor (NF)-kB regulate DCLK1 promoters (29–31). In
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addition, S100A9 is also regulated via NF-kB, likely through feed-forward mechanisms. These
observations provide additional reasons to investigate the role of these proteins in the hyper-
inflammatory milieu of severe COVID-19. This is especially relevant for patients with CLD as
both proteins are elevated under these conditions (12, 32).

Together, these observations provide a strong rationale for investigating the role of
DCLK1 in SARS-CoV-2 infection for patients with CLD. Herein, we identified the liver as
an important site of SARS-CoV-2 replication in persons with CLD due to pre-existing
expression of DCLK1. In addition, we show that DCLK1 can modulate SARS-CoV-2 pro-
duction, cytokine induction, and viral immune evasion. Finally, we show that small
molecule inhibitors of DCLK1 and S100A9 limit viral production, DCLK1 expression, and
hyperinflammation. These studies identify DCLK1 as a novel host target for its potential
therapeutic significance in severe COVID-19, especially in the context of CLD.

RESULTS
DCLK1 was expressed at the site of SARS-CoV-2 infection in the lung and liver

of COVID-19 patients. We analyzed the lung and liver tissues of individuals (n = 11) who
were autopsied by the Oklahoma City Office of Chief Medical Examiner (OCME) during the
early pandemic. Based on detailed autopsy investigations and hematoxylin and eosin (H&E)
staining results (33), the subjects were identified as (i) COVID-19 with CLD (Cases 1, 2, and 3);
(ii) non-COVID-19 (SARS-CoV-2-negative) with severe lung disease but no liver disease (Cases
4, 5, and 6); and (iii) COVID-19 with mild liver disease or histologically normal liver (Cases 7, 8,
and 9). For comparison, we used as controls the autopsies of two persons (N-1 and N-2) who
did not have COVID-19 or lung or liver pathology but died from drowning or cardiomyopa-
thy. The clinical findings and representative photomicrographs of the lung and liver histology
and histopathology for these cases and controls are shown in Fig. 1 and summarized in
Table 1. Immunofluorescence staining of tissues for the COVID-19 cases with CLD (Cases 1, 2,
and 3) showed strong patchy staining for ACE2, Spike protein of SARS-CoV-2, and DCLK1, in
both lungs (Fig. 2A, only Case 1 is shown) and liver (Fig. 2B). The COVID-19 cases with mild or
no liver steatosis (Cases 7, 8, and 9) showed absent to moderate staining for ACE2, Spike, and
DCLK1 in lung and rare to no staining in the liver. In contrast, the lungs and livers from nor-
mal (N-1 and N-2) and non-COVID-19 cases with pre-existing lung disease (Cases 4, 5, and 6)

FIG 1 H&E staining representative of the autopsied lung (A) and liver (B) tissues from COVID-19 and non-COVID-19 lung disease cases. Photomicrographs
show two separate areas for each individual. Histopathologic interpretations are summarized in Table 1. Magnification: 20�.
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showed minimal to no staining for ACE2 and DCLK1 (Figs. 1 and 2 and Table 1). These results
indicated that individuals with CLD who succumbed to SARS-CoV-2 infection had markedly
increased expression for ACE2, Spike, and DCLK1 in lung and liver compared to COVID-19
cases without CLD and non-COVID-19 controls.

M2-like macrophages coexpressed DCLK1 and S100A9 and correlated with dis-
ease severity. S100A9 plays important role in the dysregulation of the innate immune
system in many diseases, including COVID-19 (28, 34, 35). It is also positively regulated
by DCLK1 (12). We observed strong S100A9 staining in both epithelial, alveolar, and si-
nusoidal cells during initial investigations, (Cases 1, 2, and 3; Table 1), This observation
led us to determine DCLK1 and S100A9 status in immune cells. We co-stained for
DCLK1, S100A9, and macrophage markers. The lungs of COVID-19 cases with CLD
showed extensive co-staining for DCLK1 and S100A9 in CD2061 M2-like polarized mac-
rophages (Fig. 3A and B). These triple-positive cells (DCLK11S100A91CD2061) were pri-
marily located in alveolar spaces and adjacent to interstitial compartments (see Video
1 for relative positions of these markers within the cells). Quantitative evaluation of 5
areas within stained lung tissues of each individual revealed that COVID-19 cases with
CLD had 4 to 5-fold increased numbers of triple-positive macrophages compared with
non-COVID-19 cases with lung disease (Cases 4, 5, 6; Fig. 3C). Similarly, high levels of
DCLK11S100A91CD2061 macrophages were also observed in the livers of Cases 1 to 3
compared to Cases 4 to 6. (Fig. 3D to F; see Video 2 for marker locations). However,
staining intensity was minimal, and numbers of triple-positive cells were rare in lungs
and livers of normal (N-1 and N-2), non-COVID-19 subjects (Cases 4 to 6), and COVID-
19 subjects without CLD (Cases 7 to 9). For the latter group, S100A91/CD681 M1-like
macrophages were observed instead of triple-positive cells (unpublished data). The

FIG 2 DCLK1 expression and SARS-CoV-2 infection in lung and liver for a representative COVID-19 case and normal control. (A) Lung tissues from one
COVID-19 autopsy and a normal control were immunostained for SARS-CoV-2 Spike (red), ACE2 (green), and DCLK1 (magenta) and imaged by confocal
microscopy. Cellular staining patterns are highlighted (yellow boxes; right, highlighted). Intracellular Spike is seen at sites of active SARS-CoV-2 infection. (B)
Representative liver biopsy specimens from the same case and normal control as in (A) showing Spike (red), ACE2 (green), and DCLK1 (magenta) at sites of
infection. Nuclear stain, blue. Scale, 20 mm.
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triple-positive cells had kidney-shaped nuclei that were morphologically compatible
with macrophages (Fig. 3B). In addition, a small number of triple-positive N2-like neu-
trophils were also noted, which were defined by their characteristics of hyperseg-
mented nuclei and CD206 expression (36). These findings suggested that increased
numbers of triple-positive DCLK11S100A91CD2061 M2-like macrophages and N2-like
neutrophils were common in lung and liver of COVID-19 subjects with CLD.

We next wanted to determine whether triple-positive immune cells also occurred
as circulating cells in the blood of COVID-19 patients. Because peripheral blood

FIG 3 DCLK1 and S100A9 coexpressing immunosuppressive M2 macrophages (CD2061) extensively accumulate in the lungs of COVID-19 individuals. (A)
Confocal microscopy of the lung from autopsied subjects with COVID-19, non-COVID-19 with lung diseases, and normal case controls (left) after costaining
for S100A9 (green), CD206 (red), DCLK1 (cyan), and nucleus (blue); scale, 20 mm. (B) Boxed yellow areas (Case-1) are highlighted at the bottom. (C)
Quantitative evaluation of DCLK11S100A91CD2061 macrophages from the stained lungs (50 mm2/area), 15 dots represent 3 cases, and 5 sites were
evaluated for each case. (D) Corresponding liver of individuals shown in (A) were costained for S100A9 (green), DCLK1 (cyan), CD206 (red), and nucleus
(blue). The images were visualized by confocal microscopy. (E) The yellow boxed area (Case-3) is highlighted to reveal triple-positive
(DCLK11S100A91CD2061) M2 macrophages in the liver. Magnification, 60�. (F) Quantitation of DCLK11S100A91CD2061 macrophages from stained livers
(50 mm2/area), 4 sites in the stained slides were evaluated for each case. Twelve dots (e.g., COVID-19 or non-COVID-19) represent 3 cases in each group as
shown in (D). For two normal cases, 8 dots represent 4 sites for each one on the stained slides.
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mononuclear cells (PBMCs) were not available for postmortem cases, we analyzed
PBMCs from the blood of 11 hospitalized COVID-19 patients (4 with mild-to-moder-
ate disease and 7 severe/critical disease) and the blood of 3 normal healthy adults.
We note that these patients were hospitalized in 2020 and received standard of
care for COVID-19 at that time (e.g., remdesivir, steroids, and/or convalescent
plasma). PBMCs of severe COVID-19 patients had 3 to 4-fold greater numbers of cir-
culating DCLK11S100A91 mononuclear cells compared to PBMCs from normal or
patients with mild-to-moderate COVID-19 (Fig. 4A and B). Few of these cells, how-
ever, had CD861 M1-like or CD2061 M2-like phenotypes indicative of polarized
macrophages. Analysis of sera for COVID-19 patients revealed high levels of proin-
flammatory (TNF-a, IL-6, and IL-17) and anti-inflammatory (IL-10) cytokines, and the

FIG 4 COVID-19 patients exhibited high levels of DCLK1 and S100A9 coexpressing mononuclear cells in the blood that correlated with the severity of
COVID-19. (A) Flow cytometry of PBMCs from normal adults and COVID-19 patients for DCLK1, S100A9, and M1 (CD86) and M2 (CD206) macrophage
markers. Cells were stained with antibody conjugates or corresponding isotype control IgG-conjugates (negative controls used for gating). (B) The
percentage of DCLK11S100A91 cells in PBMC populations from seven severe/critical and four mild/moderate COVID-19 patients and three normal healthy
adults. (C) Sera from 3 normal (black bar) and 17 COVID-19 inpatients (6 mild/moderate [green bar] and 11 severe/critical [red bar]) were analyzed for
cytokines. Cytokine levels were arbitrarily set at 100 for normal and compared with patients’ sera.
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angiogenic factor vascular endothelial growth factor (VEGF)-A compared to normal
control sera (Fig. 4C).

DCLK1 and S100A9 inhibitors blocked the production of infectious SARS-CoV-2
particles and inflammatory responses. To further explore the potential role of DCLK1
in SARS-CoV-2 infection, we infected Calu3 cells (a lung adenocarcinoma cell line) and
measured the production of infectious virus particles following treatment with a well-
characterized small-molecule inhibitor of DCLK1 kinase (DCLK1-IN-1). This inhibitor
strongly binds the kinase domain of DCLK1 with high specificity (KD = 109 nM) (20, 37).
A structural analog, DCLK1-NEG, with low binding affinity was used as a negative-con-
trol (37). The DCLK1-IN-1 treatment of infected cells showed a strong dose-response
reduction in intracellular viral proteins (nucleocapsid and Spike) (Fig. 5A, lanes 4 to 6)
compared to untreated control (lane 1). There was an approximate 65% and 95% loss
of these proteins at 5 mM and 10 mM, respectively. DCLK1 protein levels were not sig-
nificantly affected by treatment. These results suggested that the kinase activity of
DCLK1 promoted viral replication. Tissue culture infectious dose 50 (TCID50) analysis of
SARS-CoV-2 infectious particles in culture supernatants from treated and untreated
samples showed a 4-fold and 10-fold decrease in infectivity at 5 mM and 10 mM
DCLK1-IN-1, respectively (Fig. 5B). The negative-control DCLK1-NEG at 5.0 mM did not
reduce Spike (Fig. 5C), suggesting that reductions in SARS-CoV-2 viral particle produc-
tion by DCLK1-IN-1 were specifically due to inhibition of kinase activity. We confirmed
DCLK1-IN-1-mediated downregulation of Spike using immunofluorescence (Fig. 5D,
bottom; Fig. 5E, highlighted at the bottom). It was notable that many cells with little to
no staining for Spike showed intense staining for DCLK1 implying potential paracrine
signaling between cells.

To further investigate the mechanisms of DCLK1 regulation of SARS-CoV-2 pathoge-
nesis, we next treated infected Calu3 cells with DCLK1-IN-1 alone or in combination
with tasquinimod (TasQ), an S100A9 inhibitor. SARS-CoV-2 induction of DCLK1 was
accompanied by activation of the full-length (p92) and a smaller form (p65) of active
b-catenin (Fig. 5F, lane 2 compared with lane 1). An anti-active b-catenin monoclonal
antibody that specifically recognizes the unphosphorylated N terminus motif was used
for detecting these bands (38). DCLK1-IN-1 plus tasquinimod attenuated activate
b-catenin(p65) and DCLK1 (Fig. 5F, lane 5), suggesting induction of DCLK1/S100A9
through b-catenin (p65) by SARS-CoV-2. Similarly, viral infection increased p45 (unpro-
cessed) and p20 (active) forms of caspase 1 (Fig. 5F, lane 2). This correlated with high
levels of pro-IL-1b (p35) and active (p17) IL-1b (a downstream target of caspase 1) and
granulocyte-macrophage colony-stimulating factor (GM-CSF). DCLK1-IN-1, tasquini-
mod, and combined treatments downregulated active forms of caspase 1 and IL-1b
(Fig. 5F, lanes 3, 4, and 5). Intracellular GM-CSF and S100A9 levels were not affected by
these inhibitors. We next determined whether interferon (IFN) b as part of the cellular
antiviral response to SARS-CoV-2 infection was modulated by inhibiting the kinase ac-
tivity of DCLK1 or S100A9. IFN-b produced by infected cells was normalized when
treated with the inhibitors (Fig. 5G). These findings suggested that targeting the kinase
activity of DCLK1 and/or S100A9 may be useful to limit inflammation and bolster anti-
viral cellular responses to SARS-CoV-2.

SARS-CoV-2 infection induced DCLK1+S100A9+ mononuclear immune cells
and M1-like macrophages.We next determined whether the association of triple-pos-
itive DCLK11S100A91CD2061 macrophages with severe/critical SARS-CoV-2 infection
was due to the exposure of immune cells to viral-infected lung or liver cells. Infected
Calu3 cells were incubated with normal human PBMCs in a dual-chamber system that
prevented cellular contact but allowed for the free diffusion of soluble factors. When
cultured alone, live singlet PBMCs gated for side scatter (SSC)-high and SSC-low mor-
phologies showed few DCLK11S100A91 mononuclear cells and few M1-like (CD861) or
M2-like (CD2061) macrophages (Fig. 6A, top). However, compared to uninfected con-
trols, an increase in DCLK11S100A91 SSC-high cells was observed when PBMCs were
exposed to SARS-CoV-2-infected Calu-3 cells (Fig. 6A, bottom left). These SSC-high cells
were predominantly negative for CD86 and CD206 markers, suggesting they were not
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FIG 5 DCLK1 kinase facilitates the production of infectious SARS-CoV-2 particles and inflammatory signaling. (A) Calu3 lung cells infected with SARS-CoV-2
(multiplicity of infection = 1) were treated with DCLK1 kinase inhibitor (DCLK1-IN-1). Spike, nucleocapsid, and DCLK1 were detected by Western blotting
with replicates performed. (B) Titers of SARS-CoV-2 virions in spent media at 0, 5, and 10 mM DCLK1-INH-1 were assessed by TCID50. P , 0.0005 (***); P ,
0.00005 (****). (C) Comparison of Spike after treatment of infected Calu3 cells with 5 mM DCLK1-IN-1 (lane 3) or DCLK1-NEG (small molecule negative-
control, lane 4). (D) Confocal microscopy for DCLK1 (green) and Spike (red) in uninfected Calu3 cells (upper), infected but untreated cells (middle), and
inhibitor-treated cells (lower). (E) Magnified cells show patterns of Spike (red) and DCLK1 (green) expression in uninfected, infected, and inhibitor-treated
Calu3 cells with infection. (F) Western blots of total cell lysates from uninfected (lane 1) and infected (lane 2) Calu3 cells. Infected cells were treated with

(Continued on next page)
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M1 or M2 polarized macrophages (unpublished data). Finally, for PBMCs exposed to
infected Calu3 cells, SSC-low cells representing lymphocytes and monocytes showed
little to no change in the small proportions of M1-like and M2-like cells compared to
untreated controls (Fig. 6A, lower right). These results showed that soluble factors from
SARS-CoV-2-infected cells generated DCLK11S100A91 cells although did not polarize
blood monocytes into M1-like or M2-like macrophages.

To determine the potential role of cell-cell contact on induction of DCLK11S100A91CD2061

mononuclear immune cells, a similar analysis was performed using PBMCs and
SARS-CoV-2-infected Calu3 cells in mixed culture. Again, a substantial increase in
DCLK11S100A91 cells was observed in SSC-high populations (Fig. 6B, middle). SSC-
low cells showed an increase in their proportions of M1-like, but not M2-like cells
(Fig. 6B, right). We tested secreted cytokine/chemokine levels in both coculture for-
mats (transwell and mixed) using spent media. Supernatants showed marked
increases in TNF-a, IFN-b , IL-1b , IL-6, and IL-10 for infected cultures compared to
uninfected controls in the transwell system (Fig. 6C). In the mixed cocultures that
allowed infected cell-immune cell interactions, similar increases were observed in
these cytokines along with modest increases in M-CSF, GM-CSF, IFN-a, and IFN-g
(Fig. 6D). The C-C motif chemokine ligand 2 (CCL2/MCP-1) was downregulated in
mixed culture although increased levels have been reported for patients with severe/criti-
cal COVID-19 (39, 40). Because NF-kB is involved in macrophage polarization to the M1-
like phenotype, and the upregulation of inflammatory cytokines, we performed Western
blots of lysates for the activated form of NF-kB (p-NF-kB(65)Ser536) and total NF-kB in
infected and uninfected Calu3 cells cultured with PBMCs (Fig. 6E). While total NF-kB was
maintained at basal levels, infection increased the activated form of NF-kB. Because NF-kB
is activated by S100A9/TLR4 pathways in macrophages (41), increases in activated NF-kB
(Fig. 6E, lane 2) were likely due to polarized macrophages. The upregulation of IFN-g and
other chemokines along with increased proportions of M1-like macrophages in mixed cul-
ture suggests that SARS-CoV-2-infected cells induce a strong proinflammatory Th1
response as typically seen in severe COVID-19 (42).

SARS-CoV-2-infected human hepatocytes expressed DCLK1 and S100A9 and
generated a proinflammatory immune response. Persons with CLD have a higher
risk for fatal outcomes with COVID-19 compared to those without liver disease (8, 9).
Both DCLK1 and S100A9 are highly expressed in CLD, including fatty liver, cirrhosis,
and hepatocellular carcinoma. To determine whether SARS-CoV-2-infected cells with
high DCLK1 expression have increased viral replication, we used primary human hepa-
tocytes (PHHs) cultured cells on thin Matrigel layers to retain plasticity and lineages
(15, 23). The ACE2 viral receptor was highly expressed under these conditions (Fig. 7A,
upper). Cells infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 1 were
markedly positive for Spike (Fig. 7A, lower). Viral infection also strongly induced DCLK1
and S100A9 (Fig. 7B). As observed with the Calu3 cells and in livers from COVID-19
cases with CLD, ACE2-expressing hepatocytes were susceptible to SARS-CoV-2 and
infection was associated with DCLK1 and S100A9 expression.

As reported by others (43), we next confirmed the susceptibility of Huh7 human
hepatoma cells to infection with SARS-CoV-2. Similar to experiments using PHHs, these
cells strongly induced DCLK1 and S100A9 when infected (Fig. 7C). SARS-CoV-2 also led
to the expression of immunomodulatory cytokines (GM-CSF and M-CSF) and M-CSF-R/
CD115 receptors. These cofactors help drive proinflammatory signaling and macro-
phage recruitment/polarization. Mixing SARS-CoV-2-infected Huh7 cells with normal
human PBMCs strongly induced a CD681/CD861 M1-like macrophage phenotype with
a corresponding loss of CD2061/Arg-11 M2-like markers (Fig. 7D). Thus, SARS-CoV-2
infection of DCLK1-expressing hepatoma cells promoted an M1-like polarization of

FIG 5 Legend (Continued)
DCLK1-IN-1 (5 mM, lane 3), tasquinimod (TasQ,10 mM, lane 4), or both (lane 5). (G) Spent media (from the above-described experiment) were assayed for
IFN-b (indicates antiviral responses) for infected Calu3 cells (colored bars) compared to uninfected controls (gray). Infected cells were treated with DCLK1-
IN-1 (blue) or tasquinimod (green) or both (cyan). Data are mean 6 SEM.
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PBMCs. These findings are consistent with observations that used infected Calu3 cells
(Fig. 6B). Infected Huh7 cells also had increased levels of caspase 1 and IL1b (Fig. 7E).
Mixed cultures of infected Huh7 cells with PBMCs led to an accumulation of unpro-
cessed (i.e., high molecular weight) caspase 1 (p45 and p42) and pro-IL-1b (p31) at 48
h. This was accompanied by the downregulation of NLRP3. Longer incubations of these
cultures were not feasible due to increased cell death over time (Fig. 7G).

DCLK1 amplified SARS-CoV-2 production by liver cells. To test whether DCLK1-
overexpressing liver cells generally present in CLD could amplify SARS-CoV-2 produc-
tion, Huh7 cells were engineered to overexpress N-terminal red fluorescent protein
(RFP) tagged human DCLK1 (Huh7-RFP-DCLK1). The biological activities of the
expressed RFP-DCLK1 in these cells have been established previously (15, 21). Huh7
cells and Huh7 cells expressing RFP alone (Huh7-RFP) were used as controls. After
infection with SARS-CoV-2, the spent media from infected cells were assayed by TCID50

FIG 6 SARS-CoV-2-infected cells induce DCLK11S100A91 monocytes and M1-like macrophages in normal human PBMCs. (A) Normal human PBMCs were
cultured with uninfected or SARS-CoV-2-infected Calu3 cells for 48 h in a dual-chamber culture system (representative histograms shown). PBMCs were
cultured in upper inserts while uninfected or infected Calu3 cells were in lower chambers. PBMCs were analyzed by multicolor flow cytometry after
staining with antibody-fluorophore conjugates. Respective isotype IgG-fluorophore conjugates were used as negative controls for gating (not shown). Live
cells with large (SSC-high, black circles) or low (SSC-low, red circles) granular morphology were analyzed. Cells with large granular morphology were
predominantly DCLK11S100A91 (middle). Low granularity cells (predominantly monocytes and lymphocytes) were analyzed for CD861 (M1-like) and
CD2061 (M2-like) polarized macrophages (right) with quadrants defined by isotype-IgG-fluorophore conjugates (not shown). (B) Normal human PBMCs
cocultured with infected or uninfected Calu3 cells in the same chamber (mixed cocultures) were analyzed by flow cytometry as described in (A). Live large
granular cells (SSC-high, black circles, left) were predominantly DCLK11S100A91 (middle). Low granularity cells (SSC-low, red circles, left) represent
lymphocytes and monocytes. Analysis of these cells showed an increase (approximately 3-fold) in the proportion of CD861 (M1-like) cells in the mixed
cocultures (right bottom) compared to the uninfected control (middle right). Spent media from dual-chamber (C) and mixed (D) cocultures were analyzed
for cytokines, chemokines, and growth factors using a Luminex assay kit; samples assayed in duplicate with SEM are shown. (E) Western blot for the total
lysates of infected and uninfected mixed cocultures for probing activated NF-kB (p- NF-kB(65))Ser536 and total NF-kB.
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to determine titers of live viral particles produced by infected cells. Huh7-RFP-DCLK1
cells increased the production of infectious viral particles by 4-fold at 48 h compared
to controls (P = 0.002; Fig. 7F). With longer incubations (72 and 96 h postinfection),
decreases in viral particles were most likely due to cell death (Fig. 7G) and reduced sta-
bility of viral particles in spent culture media. Others have reported significant losses of
SARS-CoV-2 viability in liquid medium at 37 C within 1 to 2 days (44). Huh7-RFP-DCLK1
lysates showed increases in the large and S2 forms of Spike and nucleocapsid protein
(p46) compared to controls (Fig. 7H) at 48 h, helping substantiate DCLK1-mediated

FIG 7 DCLK1-mediated upregulation of SARS-CoV-2 production in the liver promotes viremia, inflammatory response, and immune dysfunction. (A) Primary
human hepatocytes (PHHs were cultured on a thin layer of Matrigel for 24 h and infected with SARS-CoV-2). After 72 h, cells were imaged by confocal
microscopy for ACE2 (green) and Spike (red). Highlighted (yellow box) cells show a pattern of the cell membrane and intracellular ACE2 expression in the
uninfected cells (upper). Lower, infected cells (B) Confocal microscopy of uninfected (upper) and infected (lower) PHHs for S100A9 (green) and DCLK1 (red).
Highlighted (right) shows DCLK11S100A91 PHHs after the viral infection. Intense staining of cellular cytoplasm with Dapi (blue) in infected PHHs is likely
due to viral RNA (bottom), which is not present in uninfected cells (upper). (C) Western blot of hepatoma Huh7 cell lysates (lane 1, uninfected; lane 2,
infected). (D) Western blots of mixed cocultures of normal human PBMCs with uninfected (lane 1) or SARS-CoV-2-infected (lane 2) Huh7 cells. (E) SARS-CoV-
2 downregulates NLRP3 and enhances the intracellular accumulation of unprocessed caspase 1 and IL-1b at an early stage of infection (48 h of infection)
in mixed cocultures. Western blots of total lysates from infected or uninfected cultures of Huh7 cells (lanes 1 and 2). Western bot for mixed cocultures of
PBMCs and infected (lane 4) or uninfected (lanes 3) Huh7 cells. (F) DCLK1 enhances SARS-CoV-2 production. Huh7, Huh7-RFP (control), and Huh7-RFP-
DCLK1 (overexpressing recombinant human DCLK1) cells were infected with SARS-CoV-2 and infectious viral particles in spent media assayed at 24, 48, 72,
and 96 h postinfection by TCID50 (P = 0.002). (G) Cell survival assay for Huh7-RFP-DCLK1 cells at 24, 48, and 72 h of SARS-CoV-2 infection. Uninfected cells
at each time point (not shown) were set as 100% (control). (H) Western blots of infected Huh7 (lane 4), Huh7-RFP (lane 5), and Huh7-RFP-DCLK1 (lane 6)
cells for expression of Spike and nucleocapsid proteins at 48 h.
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upregulation of viral production (Fig. 7F). These findings indicated that the increased
expression of DCLK1 amplified SARS-CoV-2 production in liver cells.

Inhibition of DCLK1 kinase attenuated the SARS-CoV-2-induced cytokine signa-
ture. To assess the effect of DCLK1 kinase on cytokine production during SARS-CoV-2
infection, we mixed infected Huh7-RFP-DCLK1 cells with normal human PBMCs in the
presence of 5 mM DCLK1-IN-1 for 48 h. Spent supernatants were assayed for cytokines/
chemokines/growth factors using a multiplex system. As with infected Calu3 cells,
DCLK1-IN-1 blocked Spike (Fig. 8A, lane 2, Set 2). Interestingly, PMBCs were not
infected by SARS-CoV-2 and did not produce detectable Spike (Fig. 8A, lane 7, Set 1).
However, PBMCs were responsive to SARS-CoV-2-infected cells as indicated by
increased secretion of TNF-a, IL-1b , IL-6, and IL-10 in spent media compared to unin-
fected cells (Fig. 8B). DCLK1-IN-1 treatment led to downregulation of cytokines
involved in inflammation and viral response (TNF-a, IFN-a, IFN-g, and IL-1b ; Fig. 8C).
Interestingly, CCL2 (monocyte chemoattractant protein-1, MCP-1) was a noteworthy
exception as this chemokine showed increased expression when infected cells were
treated with DCLK1-IN-1. Because CCL2 participates in normal wound healing, an
increase in this chemokine may contribute to tissue healing after viral clearance. In
general, this in vitro system mimicked cytokine signatures observed in severe COVID-
19 and the DCLK1 kinase inhibitor markedly attenuated this signature.

DISCUSSION

The progression of COVID-19 into severe/critical stages occurs more often in
patients with underlying comorbidities, including chronic liver disease (CLD) (9, 45).
Severe/critical SARS-CoV-2 infection is characterized by high levels of viral RNA in

FIG 8 DCLK1-IN-1 inhibits viral replication and viral-induced inflammatory cytokines in DCLK1-overexpressing cells. (A) Mixed cocultures of normal human
PBMCs with SARS-CoV-2-infected Huh7-RFP-DCLK1 cells were treated with 5 mM DCLK1-IN-1 (Set 2, lane 2) for 48 h. Similar untreated mixed cultures were
used as a positive-control (lane 1) and other controls as indicated (Set 1, lanes 6 to 7). Culture lysates without infection show no Spike (lanes 3 to 7). Set 1,
PBMC cultures (lane 6) were exposed to similar amounts of SARS-CoV-2 (lane 7) as in lanes 1 and 2. (B and C) Media supernatants of Set 2 and Set 1
cultures were assayed using the multiplexed cytokine assay kit. Marker expression in the untreated spent medium was calibrated at 100% and compared
to inhibitor-treated samples in Set 2.
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plasma, hyperinflammation, and multiorgan failure that results in increased mortality
(1, 46, 47). This study provides evidence that DCLK1 plays an important role in SARS-
CoV-2 pathogenesis and immune dysregulation in COVID-19, especially for patients
with CLD.

We found that DCLK1 was extensively expressed in the lungs and livers of individu-
als with COVID-19 who had underlying CLD. In vitro, DCLK1 increased viral particle pro-
duction in lung and liver cells by 4 to 5-fold. A specific DCLK1 kinase inhibitor blunted
viral production. This multifunctional kinase is known to modulate the cellular cyto-
skeleton by phosphorylating tubulin subunits (48). DCLK1 also autophosphorylates its
C terminus at T688 residue to block hyperphosphorylation of N-terminal doublecortin
domains. Hypophosphorylated and unphosphorylated doublecortin domains bind
microtubules with higher affinity (49). Inhibition of T688 phosphorylation by DCLK1-IN-
1 can disrupt DCLK1 interactions with microtubules and inhibition of the movement of
viral RNA replication complexes. We previously observed the dynamic distribution of
DCLK1-microtubule complexes in the filopodia of Huh7 cells by live cell imaging
(unpublished data). It was recently reported that these protrusions in infected cells
contain budding particles of SARS-CoV-2 (50). Additional work is needed, however, to
better understand the mechanisms by which DCLK1 amplifies SARS-CoV-2 replication
and trafficking within infected cells.

Our data further suggest the involvement of DCLK1 in a distinctive feed-forward signal-
ing cascade with b-catenin, NF-kB, and S100A9 that can fuel inflammation and immune
dysregulation in COVID-19 (12). We found that immune cells localized in alveolar and he-
patic sinusoidal spaces in COVID-19 cases with CLD coexpressed DCLK1 and S100A9. Based
on CD206 expression, these cells were consistent with M2-like macrophages. We also
observed triple-positive DCLK11S100A91CD2061 cells with segmented nuclei that likely
represent N2-like neutrophils. Few DCLK11S100A91-expressing cells were observed in non-
COVID-19 cases with chronic underlying lung disease or in normal controls (Table 1). In hos-
pitalized patients with severe/critical COVID-19, these dually positive cells were detected in
the blood. The SARS-CoV-2-dependent generation of these cells was substantiated using
dual-chamber and mixed culture systems. These observations are consistent with prior
reports showing high levels of calprotectin (a heterodimer of S100A8 and S100A9) in the
blood of patients with severe COVID-19 (26, 28, 51). The M2- and N2-like phenotypes noted
in autopsied COVID-19 cases would be expected to suppress antiviral innate immune
responses, in part, through the upregulation of IL-10. Although DCLK11S100A91CD2061

immune cells could be a potential marker for severe COVID-19, these findings require fur-
ther study using a larger cohort of cases.

We found that DCLK1 facilitated the production of important inflammatory media-
tors in vitro. SARS-CoV-2-infected cells also induced GM-CSF, a chemoattractant that
helps polarize macrophages toward an inflammatory M1-like phenotype. In our model,
inhibiting DCLK1 kinase blocked inflammatory cytokines (IL-1b , IL-6, and TNF-a). Viral
infection of liver cells also led to the induction of M-CSF and its receptor along with IL-
10. IL-10 activates immunosuppressive immune cells (Th2) and helps polarize macro-
phages toward a CD2061 M2 phenotype. The induction of the M1 phenotype would
enhance inflammatory cytokine production while M2 phenotypes could facilitate
higher levels of viremia by suppressing antiviral responses (Fig. 9). Our in vitro studies
revealed that targeting both DCLK1 and S100A9 downregulated DCLK1 decreased
b-catenin activation, and blocked caspase 1/IL-1b signaling. However, GM-CSF levels
were not affected. In a clinical trial of lenzilumab, a GM-CSF inhibitor, the survival of
COVID-19 patients was significantly improved (52). The potential combination of a
DCLK1 kinase inhibitor with a GM-CSF inhibitor might further reduce viral replication
and hyperinflammatory responses and improve outcomes.

DCLK1 and S100A9 are expressed in epithelial compartments of the liver following
acute injury and with cirrhosis and hepatocellular carcinoma (12, 15, 21, 22). We noted
strong expression of DCLK1 and S100A9 in livers of COVID-19 patients with CLD. Only
weak, rare, or absent expression was noted in the livers of a normal case, or persons
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without significant CLD (Table 1). We found evidence for robust SARS-CoV-2 infection
only in livers with CLD. The expression of ACE2 on hepatocytes in CLD likely renders
this organ susceptible to infection with SARS-CoV-2. Furthermore, our results suggest
that DCLK1 expression in CLD amplifies SARS-CoV-2 replication. This might worsen vi-
remia and disease severity in patients with COVID-19 and CLD.

In addition to viral production, DCLK1 may heighten inflammatory responses
through b-catenin and DCLK1/S100A9/NF-kB signaling (12). This involves a feed-for-
ward loop between S100A9 and NF-kB because DCLK1 and S100A9 each regulate the
other’s promoter (31, 35). Furthermore, S100A9 binds TLR4 and receptors for advanced
glycation end products and could increase NF-kB signaling leading to NLRP3 activa-
tion in immune cells and the release of inflammatory cytokines (e.g., IL-1b and IL-6) by
immune cells (27, 53). Indeed, SARS-CoV-2 infected cocultures of Calu3 and normal
human PBMCs showed increased levels of p-NFkBp65Ser536 compared with uninfected
controls (Fig. 4E). NLRP3 is activated in severe COVID-19 and may boost pro-IL-1b

FIG 9 Potential mechanisms for DCLK1-regulated COVID-19 severity in patients with CLD. SARS-CoV-2
infection of Type II pneumocytes results in b-catenin(p65) activation (Fig. 5F) leading to the
transcriptional activation of the DCLK1 (31). This results in the expression of the large isoform of
DCLK1 mRNA, which can express the full-length protein (p82) or smaller isoforms by alternatively
spliced mRNA or proteolytic cleavage of DCLK1(p82) (29–31). Viral infection of these cells also triggers
DCLK1-dependent activation of inflammatory cytokines (TNF-a, IL-1b , and IFN-g) (Fig. 5F and G and
8C). High-level expression of DCLK1 and S100A9 in CLD (12, 14, 21, 22) confers increased virus
production and pathogenesis. Circulating viruses infect ACE2- and DCLK1-expressing hepatocytes in
COVID-19 for individuals with CLD but not in individuals with healthy livers where these proteins are
not expressed (Table 1). The infected pneumocytes and hepatocytes in CLD patients may produce
additive or synergistic effects on viral load and inflammatory responses with the polarization of
macrophages into proinflammatory M1 and immunosuppressive M2 (DCLK11S100A91CD2061)
phenotypes (Fig. 3) and by secreting cytokines and colony-stimulating factors (GM-CSF, MCSF) (Figs.
6B and 7C, D, and F). M2 macrophages produce IL-10 resulting in suppression of innate immunity.
Mechanistically, DCLK1 upregulates S100A9 (12), which can bind to TLR4 and receptors for advanced
glycation products to increase NF-kB signaling in immune cells (Fig. 6E) (27). DCLK1 upregulates
S100A9 (12), which can bind to TLR4 and receptors for advanced glycation products to increase NF-
kB signaling in immune cells (Fig. 6E) (27). Thus, additional investigations are needed to determine
the interplay between these signaling molecules and whether a potential DCLK1/S100A9/NF-kB-
mediated signaling process contributes to immune dysregulation in severe COVID-19.
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processing. Thus, a DCLK1/S100A9/NF-kB feed-forward cycle could help drive persis-
tent inflammatory responses and immune dysregulation. However, in hepatoma cells,
we noted the downregulation of full-length NLRP3 following viral infection (Fig. 7E,
lane 4) This led to the accumulation of procaspase 1 and pro-IL-1b . This agrees with
reports by others where the translation of NSP1 and NSP13 proteins during the early
phase of SARS-CoV-2 infection inhibits NLRP3 and IL-1b secretion (54). Inhibition of
NLRP3 and IL-1b would be expected to facilitate viral propagation during early infec-
tion and promote immune evasion.

One limitation of this study was the lack of human leukocyte antigen (HLA) match-
ing for normal PBMCs cultured with Huh7 and Calu3 cells. However, the coculture data
were consistent with results obtained from flow cytometry analyses using PBMCs
acquired from COVID-19 patients. In addition, cytokine changes were confirmed by
loss-of-function and gain-of-function experiments. Another limitation involved the
small number of autopsied individuals. Follow-up observations need to include larger
cohorts. Finally, although an early strain of SARS-CoV-2 was used for these studies, we
believe that DCLK1 and S100A9 represent host factors that would also likely be
induced by recent emerging coronavirus variants and therefore should retain potential
in the treatment of viral replication and hyperinflammation. In conclusion, our findings
provide novel insights into the interplay between DCLK1 and SARS-CoV-2 infection in
the context of CLD. DLCK1 is a host determinant that is expressed in CLD and as such
represents a potential new target for therapy in this subset of patients with COVID-19.
Small molecule inhibitors of DCLK1 kinase and S100A9/calprotectin simultaneously
reduced viral production and inflammatory cytokines in vitro while impairing DCLK1
expression. Inhibiting DCLK1 kinase during SARS-CoV-2 infection may be an attractive
new adjunct for the treatment of severe COVID-19.

MATERIALS ANDMETHODS
Collection of postmortem specimens, PBMCs, and sera from COVID-19 patients. Forensic pathol-

ogists performed complete postmortem examinations on cases brought to the Oklahoma City Office of
the Chief Medical Examiner. The autopsies of individuals (n = 11) were performed following the recom-
mended guidelines (33). The lungs and livers of these cases did not show evidence for autolysis by histo-
logical examination and were included in the study. For blood analysis of hospitalized COVID-19 patients
(n = 18), PBMCs and corresponding sera were obtained from the Oklahoma Shared Clinical and
Translation Resources (OSCTR) at Oklahoma University Health Sciences Center (OUHSC). Normal blood
samples were donated by healthy adults and each tested negative for SARS-CoV-2 (n = 3). Normal
PBMCs were purchased from ZenBio Inc. Infectious Diseases Society of America guidelines (https://www
.idsociety.org) were used to classify COVID-19 cases as mild, moderate, and severe/critical. The study
was approved by the Institutional Review Board (number 12906, dated 02/08/2021).

Cell cultures, SARS-CoV-2 infection, and TCID50 assay. Lung adenocarcinoma cells (Calu-3, catalog
number HTB-55) were purchased from ATCC. Hepatoma cells (Huh7), and derivative cells expressing
recombinant fluorescent protein (Huh7-RFP) and RFP-DCLK1 (Huh7-RFP-DCLK1), have been previously
described (12, 15). Cryopreserved primary human hepatocytes (Corning) and normal PBMCs (ZenBio)
were purchased from vendors. All methods were carried out following the guidelines and regulations of
the OUHSC Institutional Biosafety Committee (approval number 200470-2440A).

SARS-CoV-2 (USA-WA1/2020 strain) was obtained from BEI Resources at the National Institutes of
Allergy and Infectious Diseases in Bethesda, Maryland (catalog number NR-52281). Coronavirus SARS-
CoV-2 infectious clones, icSARS-CoV-2 were obtained from the World Reference Center for Emerging
Viruses and Arboviruses through the University of Texas Medical Branch at Galveston, Texas. All experi-
ments related to infectious clones and cultures were performed in a Biosafety Level-3 laboratory after
Institutional Biosafety Committee approval (IBC Protocol number 100492). SARS-CoV-2 was grown for up
to 3 passages in Vero-E6 cells (ATCC: CRL-1586) that were cultured in complete Dulbecco's Modified
Eagle's Medium (DMEM) containing 5% fetal bovine serum (FBS) and antibiotics (Pen/Strep, Gibco), at
37°C and 5% CO2. To passage SARS-CoV-2, Vero-E6 cells were grown in a T-150 flask to 50% confluence
(;10 million cells) and inoculated with SARS-CoV-2 at a multiplicity of infection (MOI) of 0.001.
Infections of cells were carried out in 3 mL of DMEM without FBS for 1 h at 37°C with gentle mixing.
Cells were placed in complete media for 48 h. The virus was harvested from spent culture supernatants,
centrifuged, and stored at 280°C. All experiments involving viral infection were conducted using viruses
from the same stock. SARS-CoV-2 was titrated using the 50% tissue culture infectious dose (TCID50)
method (55). Vero-E6 cells were seeded at 10,000 cells per well in a 96-well plate, infected with serially
diluted SARS-CoV-2 containing spent media, and cytopathic effects were determined after 96 h. The
number of virus-positive wells was used to calculate a TCID50/mL at each dilution.

SARS-CoV-2 infection of target cells in cocultures and evaluation of inhibitors. Huh7 cells, RFP-
or RFP-DCLK1-expressing Huh7 cells, and Calu3 cells were infected for 2 h at 37°C with SARS-CoV-2
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(multiplicity of infection = 1). Cell supernatants were collected at 24, 48, 72, and 96 h postinfection to
detect productive virus infection. Viral titers in spent media were measured by TCID50 (55). Huh7-RFP-
DCLK1 cells were cultured in 6-well plates, infected for 2 h with SARS-COV-2 and DCLK1-IN-1 or DCLK1-
NEG added at final concentrations of 0, 0.1, 2.5, 5.0, and 10 mM. The cells were lysed in RIPA buffer
(Thermo Fisher), and total lysates were prepared using Bullet Blender's protocol (Next Advance, Inc.).
Western blots were carried out with antibodies and fluorescence conjugated reagents and imaging was
performed with the LI-COR imaging system. For coculture, purified PBMCs (106 per 6-well plate) from
normal donors were added to cells 2 h postinfection. The effects of inhibitors were analyzed as above.
Band intensities were calculated using Image Studio Digits. Images were produced in compliance with
digital image and integrity policies.

Immunohistochemistry (IHC) and confocal microscopy. Deidentified lung and liver tissue slides
were subjected to immunofluorescence staining using the Akoya Opal 7-Color IHC kit. Stained slides were
imaged and evaluated by confocal microscopy (Leica SP8). The intensity of cellular staining was scored
qualitatively by two investigators (NA and MMH) and a consensus was achieved. Staining was considered
to be absent (2), rare (1/2), weak (1), moderate (11), or strong (111). H&E-stained slides were used for
pathological analyses. Fifty thousand PHHs from normal donors were cultured in a Lab-Teck II chambered
system (Thermo Fisher) containing 100 mL Matrigel per well in Hepato-STIM hepatocyte defined medium
supplemented with EGF (10 ng/mL). To perform confocal microscopy, cultures were fixed with 10% form-
amide-PBS for 20 m, blocked with 1% BSA in washing buffer (PBS, 0.5% Triton X-100, 0.05% Tween 20).
After washing, the cells were stained with primary and secondary antibodies conjugated with fluorophores.
Nuclear staining was carried out with 4’,6-diamidino-2-phenylindole (Dapi). Stained cells were subjected to
confocal microscopy after the addition of ProLong Gold Anti-fade reagent (Invitrogen).

PBMC preparation, flow cytometry, and cytokine/chemokine analysis. PBMCs from COVID-19
patients were isolated using Lymphocyte Separation Medium (MediaTech/25-072-CV) and resuspended in
CS10 solution at 1 � 106 cells/mL for cryopreservation. Frozen normal PBMCs were stained with Aqua-
Zombie to determine live cells. Washed cells were fixed with 2% formaldehyde-PBS and permeabilized in
3.0% Triton X-100. Cells were treated with Fc blocker (BD 564220) in a mixture of Brilliant Stain Buffer (BD
563794) and eBioScience Flow Staining buffer (Invitrogen 00-4222-26). Cell staining was performed using
antibody-fluorophore conjugates and, in parallel, with isotype IgG conjugates of corresponding fluorophores
(BD Biosciences). Stained cells were subjected to data acquisition using a Stratedigm S1400Exi flow cytome-
ter. Data were analyzed by FlowJo software. Compensation was performed using UltraComp eBeads Plus
Compensation Beads (Invitrogen 01–3333-41) for each IgG-fluorochrome conjugate.

Tissue culture supernatants and sera were analyzed using a custom-made human Magnetic Luminex
assay kit (LXSAHM-15; R&D Systems) for the following analytes: TNF-a, IFN-a, IFN-b , IFN-g, IL-1b , IL-2, IL-
4, IL-6, IL-8, IL-10, IL-17, CCL2, M-CSF, GM-CSF, and VEGF-A. Samples were processed in replicates and
quantified using the BioPlex 200 System (Bio-Rad). The concentration of each analyte was expressed as
pg/mg of total protein. Analyte levels in normal serum or control supernatants were set at 100% com-
pared to test samples.

Statistical analysis. Statistical analyses were performed using Prism GraphPad software 9.0.
Comparison between groups was made using a one-way analysis of variance (ANOVA). Multiple compar-
isons were done using the Šidák test with a single pooled variance. Cytokine/chemokine/growth factor
data are presented as mean 6 SEM. P values are expressed as: P $ 0.05 (ns); P , 0.05 (*); P , 0.01 (**);
P, 0.001 (***); and P, 0.0001 (****). A P value of 0.05 or lower was considered statistically significant.

Data availability. All data associated with this study are presented in the paper and supplemental
materials. Materials will be available upon request.
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