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The Pathophysiology of COVID-19 and SARS-CoV-2 Infection
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Abstract

The COVID-19 pandemic is an ongoing threat to public health. Since the identification of COVID-19, the disease caused by
SARS-CoV-2, no drugs have been developed to specifically target SARS-CoV-2. To develop effective and safe treatment options,
a better understanding of cellular mechanisms underlying SARS-CoV-2 infection is required. To fill this knowledge gap, research-
ers require reliable experimental systems that express the host factor proteins necessary for the cellular entry of SARS-CoV-2.
These proteins include the viral receptor, angiotensin-converting enzyme 2 (ACE2), and the proteases, transmembrane serine
protease 2 (TMPRSS2) and furin. A number of studies have reported cell-type-specific expression of the genes encoding these
molecules. However, less is known about the protein expression of these molecules. We assessed the suitability of primary
human bronchial epithelial (HBE) cells maintained in an air-liquid interface (ALI) as an experimental system for studying SARS-
CoV-2 infection in vitro. During cellular differentiation, we measured the expression of ACE2, TMPRSS2, and furin over progres-
sive ALI days by reverse transcription-quantitative polymerase chain reaction (RT-qPCR), Western blot, and immunofluorescence
staining. We also explored the effect of the fibrotic cytokine TGF-b on the expression of these proteins in well-differentiated
HBE cells. Like ACE2, TMPRSS2 and furin proteins are localized in differentiated ciliated cells, as confirmed by immunofluores-
cence staining. These data suggest that well-differentiated HBE cells maintained in ALI are a reliable in vitro system for investi-
gating cellular mechanisms of SARS-CoV-2 infection. We further identified that the profibrotic mediators, TGF-b1 and TGF-b2,
increase the expression of furin, which is a protease required for the cellular entry of SARS-CoV-2.
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INTRODUCTION

In December 2019, the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) virus was identified as the cause
of coronavirus disease 2019 (COVID-19). Due to its rapid
spread and the severity of the disease, by early 2020, COVID-
19 became a pandemic and a serious threat to public health.
Despite collaborative efforts by researchers, the root of indi-
vidual susceptibility to SARS-CoV-2 infection and the sever-
ity of COVID-19 is not understood. It has been speculated
that one of the major determinants of both susceptibility
and severity could be the efficiency of viral entry into host
cells. The entry of SARS-CoV-2 into host cells requires not
only binding of the viral spike protein to the host cell recep-
tor angiotensin-converting enzyme 2 (ACE2) but also cleav-
age of the viral spike (S) protein (1–5). Cleavage allows fusion
of the viral membrane with the host cell membrane to

complete viral entry. This cleavage occurs at a monobasic S1/
S2 site that is processed by the transmembrane serine prote-
ase 2 (TMPRSS2) and at a multibasic S1/S2 site that is proc-
essed by the proprotein convertase furin (1, 4, 6–8).
Although the monobasic S1/S2 site is found in both SARS-
CoV-2 and its close relative SARS-CoV, the multibasic S1/S2
site is present only in SARS-CoV-2 (1, 8). After furin cleaves S
protein, the resulting C-terminal fragment of the S1 protein
binds neurophilin-1, which facilitates the entry of SARS-
CoV-2 (7). Thus, this unique multibasic S1/S2 site may
explain the high infectivity and severity of the disease
caused by SARS-CoV-2 (4, 7–9). In addition, both susceptibil-
ity and severity of disease in COVID-19 appear to be corre-
lated with expression levels of the host proteins that
facilitate the cellular entry of SARS-CoV-2 (9–12). For exam-
ple, the expression of the receptor ACE2 has been shown to
be higher in males, who present a greater risk of developing
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the severe disease with SARS-CoV-2 infection (12). Further,
in human lung cells, co-expression of these three proteins,
namely, ACE2, TMPRSS2, and furin, is required for the cellu-
lar entry of SARS-CoV-2 (1, 6). Overexpression of the pro-
teases, TMPRSS2 and furin, enhances the replication and
cytopathology of SARS-CoV-2 in vitro (3). Therefore, the ele-
vated expression of these proteins might lead to the more ef-
ficient entry of SARS-CoV-2 and can be linked to the
increased susceptibility of individuals with underlying con-
ditions to SARS-CoV-2. Thus, identification of the patho-
physiologic conditions that are associated with increased
expression of these cellular entry proteins could support the
development of a therapeutic target or preventive strategy.
This can be achieved using an appropriate in vitro model, in
which ACE2, TMPRSS2, and furin proteins are co-expressed
as a host cell assembly unit that facilitates cellular entry of
SARS-CoV-2. RNA expression of these three genes has been
detected in human bronchial brushes and lung and airway
biopsies (13–16), thus suggesting that airway epithelial cells
isolated from the proximal airway may be a good in vitro
model for studying the host cell response to SARS-CoV-2 in
vitro (17). Previous studies have identified the transcripts of
these genes in multiple cell types in various organs, but little
is known about the presence and regulation of the encoded
proteins. Thus, spatial and temporal regulation of these
genes and their encoded proteins remains to be character-
ized in vitro using airway epithelial cells isolated from the
human proximal airway.

METHODS

Culture of primary human bronchial epithelial cells.
Primary human bronchial epithelial (HBE) cells were
received from the Cystic Fibrosis Center Tissue Procurement
and Cell Culture Core, under Protocol No. 03–1396 approved
by the Institutional Review Board at the University of North
Carolina at Chapel Hill. Here, we used primary HBE cells
from seven donors who had no smoking history or lung-
related disease (male: 2, female: 5, Table 1) and followed the
protocol as published previously (18–22). During expansion,
cells were fed with Bronchial epithelial cell growth basal me-
dium (BEBM, Lonza, Basel, Switzerland) supplemented with
Bronchial epithelial growth medium bulletkit (BEGM,
Lonza), 25 ng/mL epidermal growth factor (EGF), and 50nM
retinoic acid. HBE cells were used at passage 2 on Transwell
permeable supports (Corning, Corning, NY). Upon reaching
confluency in submerged culture, the apical medium was
removed, exposing the cells to an air-liquid interface (ALI).
During ALI culture, cells were basolaterally fed every other

day with the media composed of a 1:1 mixture of Dulbecco’s
modified Eagle’s medium (DMEM) (4.5 g/L glucose): BEBM
supplemented with BEGM containing 0.5 ng/mL EGF and
50nM retinoic acid.

Quantitative RT-qPCR.
We followed standard RT-qPCR protocol as previously per-
formed in our laboratory (19–21). Primers used were previ-
ously published (19–21) or as follows: ACE2 FW 50-GGAC-
CCAGGAAATGTTCAGA-30, ACE2 RV 50-GGCTGCAGAAA-
GTGACATGA-30; TMPRSS2 FW 50-AGGTGAAAGCGGGTGT-
GAGG-30, TMPRSS2 RV 50-TGACCCTGAGTTCAAAGCCAT-30;
FURIN FW 50-ACACCTGGTGGTACAGACCT-30, FURIN RV
50-ACTGTGGTCCAATTCTGGGC-30.

Western blot analysis.
We followed the standard Western blot protocol as previ-
ously performed in our laboratory (19–21). Proteins were
detected using primary antibodies as follows: ACE2 (AF933,
R&D Systems, Minneapolis, MN), TMPRSS2 (ab92323, Abcam,
Cambridge, UK), furin (ab3467, Abcam), and GAPDH (5174,
Cell Signaling Technology, Danvers, MA). Protein bands were
quantified using ImageJ software (National Institutes of
Health, Bethesda, MD). Protein was normalized to GAPDH.

Immunofluorescence staining.
We followed standard immunofluorescence staining pro-
tocol as previously performed in our laboratory (19–21)
using primary antibodies as follows: TMPRSS2 (ab92323),
furin (ab3467), tubulin b-IV (T7941, Millipore Sigma,
Burlington, MA), MUC5AC (MA5-12178, Thermo Fisher),
ZO-1 (33–9100, Thermo Fisher), and E-cadherin (3195, Cell
Signaling Technologies). Cell nuclei were counterstained
with Hoechst (Thermo Fisher Scientific).

Data analysis.
Data were analyzed using GraphPad Prism (San Diego, CA)
using a nonparametric, one-way Kruskal–Wallis test with a
Dunn’s multiple comparison test.

RESULTS AND DISCUSSION

Using primary HBE cells cultured in an ALI, here we
assessed the utility of this in vitro system as a model for
infection with SARS-CoV-2. In this study, we used primary
HBE cells from seven donors. HBE cells were seeded on
transwells and maintained in submerged conditions until
confluence and then switched to ALI culture conditions,
indicated as ALI day 0 (Fig. 1A). On ALI day 0, the confluent

Table 1. Demographic characteristics of HBE- cell donors

Donor No. Age, yr Sex Smoking History Ethnicity BMI Figure Panels

N1 23 F N Caucasian 26.2 4B
N2 59 F N Hispanic 27.9 4B
N3 32 F N Hispanic 30.8 4B, 4D
N4 21 M N Caucasian 30.2 1B, 1C, 2B, 4B, 4D
N5 35 M N Caucasian 31.4 1B, 1C, 2B, 3E, 3G 4B, 4D
N6 47 F N Caucasian 25.1 1B, 1C, 2A, 2B, 3A, 3B, 3D, 4D
N7 39 F N Hispanic 25.6 1B, 1C, 2B, 3F, 4D

BMI, body mass index; F, female; M, male; N, never smoked.
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epithelium is composed solely of undifferentiated basal
cells. During the subsequent course of 14days in ALI culture,
the basal cells undergo differentiation to a pseudostratified
epithelium (Fig. 1A, Fig. 3). Although some culture techni-
ques and medium compositions for differentiation of HBE
cells require up to 28days in ALI, we used a previously devel-
oped method in which HBE cultures are well-differentiated
by 14days in ALI (see METHODS) (18, 22). As biochemically
and morphologically characterized, this well-differentiated
pseudostratified epithelium recapitulates the cellular con-
stituency and architecture of the intact human airway (18–
20, 22–24). We harvested HBE cells on ALI days 0, 7, and 14

to detect the expression of ACE2, TMPRSS2, and furin by RT-
qPCR and Western blot analysis to determine the temporal
development of these three host factors during differentia-
tion of HBE cells (Fig. 1A). To ensure the proper differentia-
tion of the HBE cells over the course of 14days in ALI
culture, we detected cell-type markers specific to differenti-
ated HBE cells (Figs. 1B, 2, and 3). To ensure the proper pseu-
dostratified architecture of the epithelium, we also detected
adherens junction protein, E-cadherin and tight junction
protein, ZO-1 (20) (Fig. 3C). During differentiation, mRNA
expression of ACE2 and TMPRSS2 increased, whereas
mRNA expression of FURIN remained constant (Fig. 1C).
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Figure 1. In human bronchial epithelial (HBE) cells during air-liquid interface (ALI) culture, mRNA expression of angiotensin-converting enzyme 2 (ACE2)
and transmembrane serine protease 2 (TMPRSS2) increases during differentiation. A: outline of the time-course experiment during ALI culture. Created
with BioRender.com. B: from ALI day 0 to day 14, TP63 (basal-cell marker) remains unchanged, whereas MUC5AC (goblet-cell marker), FOXJ1, and
TEKT1 (ciliated-cell markers) increase [median þ interquartile range (IQR), n =4], *P<0.05, **P<0.01. C: ACE2 and TMPRSS2 significantly increase,
whereas FURIN remains unchanged (median þ IQR, n = 4), **P<0.01.
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Similarly, in protein expression detected by Western blot
analysis, ACE2 and TMPRSS2 were barely detectable on ALI
day 0 but prominently detectable on ALI day 14 (Fig. 2A).
These data suggest little or no expression of either protein in
undifferentiated basal cells but prominent expression of
both ACE2 and TMPRSS2 in well-differentiated HBE cells on
ALI day 14 (Fig. 2). Furin protein was prominently detectable
over the course of ALI days, suggesting that furin protein is
abundantly expressed in both undifferentiated basal and dif-
ferentiated cells (Fig. 2). In well-differentiated HBE cells,
ACE2 has been shown to be localized in ciliated cells (25).
Using immunofluorescence (IF) staining, we visualized
the cellular localization of TMPRSS2 and furin proteins in
well-differentiated HBE cells on ALI day 14 (Fig. 3).
TMPRSS2 and furin proteins were localized to the apical
surface of the pseudostratified cell layer. As shown by
costaining with the ciliated-cell marker tubulin b-IV,
TMPRSS2 and furin colocalized in ciliated cells (Fig. 3, D
and E). Furthermore, as shown by costaining with the
goblet-cell marker MUC5AC, TMPRSS2 and furin rarely
colocalized in goblet cells (Fig. 3, F and G). Together, our
data show that well-differentiated HBE cells maintained
in ALI culture reliably express transcripts of ACE2,
TMPRSS2, and FURIN as well as their encoded proteins,
indicating that the ALI culture of HBE cells is a reliable in
vitro model to study cellular mechanisms of SARS-CoV-2
infection.

We next tested the extent to which expression of ACE2,
TMPRSS2, and furin could be modulated by the profibrotic
cytokine TGF-b. In the lung, TGF-b can either play a benefi-
cial or detrimental role depending on its balance with antag-
onizing cytokines and the pathophysiological context (26–
28). For example, TGF-b plays a beneficial role in promoting
repair in response to injury. However, in acute respiratory
distress syndrome (ARDS), TGF-b plays detrimental roles,
including reduction of alveolar fluid clearance, increased epi-
thelial permeability, and resulting pulmonary fibrosis (27, 29,
30). During viral infections, TGF-b can either suppress or
enhance viral replication. TGF-b suppresses the replication of
human immunodeficiency virus (HIV) in monocytes and
macrophages (31) and the RNA replication of hepatitis C vi-
rus (HCV) in hepatocytes (32), whereas TGF-b enhances the
replication of the respiratory syncytial virus (RSV) in HBE
cells (33). In patients infected with SARS-CoV-2, the level of
TGF-b is higher in plasma from patients with severe disease
(34), suggesting that TGF-b might contribute to the disease
severity in COVID-19. In COVID-19, severity and fatality are
often linked to the development of ARDS, which in turn
shows a detrimental effect by TGF-b (35). Here, we tested if
TGF-b has the potential to modulate the efficiency of viral
infection by the regulation of host cell proteins that are
involved in viral infection.

Well-differentiated HBE cells were exposed to either TGF-
b1 or TGF-b2 (Fig. 4A). Neither elicited an effect on either
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Figure 2. In human bronchial epithelial (HBE) cells during air-liquid interface (ALI) culture, angiotensin-converting enzyme 2 (ACE2) and transmembrane
serine protease 2 (TMPRSS2) proteins increase during differentiation. A: representative blots indicate progressive increases in ACE2 and TMPRSS2 pro-
teins during differentiation. Acetylated tubulin (ciliated-cell marker) increases during differentiation. Protein lysates from two independent wells are
shown for each ALI day. B: the abundance of each protein was determined from four donors [arbitrary units (A.U.), normalized to GAPDH, median þ
IQR, n =4], *P<0.05, **P<0.01.
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mRNA or protein expression of ACE2 (Fig. 4, B, C, and D).
Neither TGF-b1 nor TGF-b2 affected TMPRSS2 mRNA
expression, but both led a trend toward the reduction of
TMPRSS2 protein (Fig. 4, B, C, and D). This reduced

detection of TMPRSS2 protein suggests that TGF-b could
potentially lead to the secretion or degradation of TMPRSS2
(36). Interestingly, both TGF-b1 and TGF-b2 significantly
increased the expression of furin mRNA and protein (Fig. 4,
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Figure 3. In well-differentiated human
bronchial epithelial (HBE) cells, transmem-
brane serine protease 2 (TMPRSS2) and
furin are detected in ciliated cells. On air-
liquid interface (ALI) day 14, HBE cells ex-
hibit a pseudostratified architecture and
prominent expression of tubulin b-IV (cili-
ated-cell marker, A), MUC5AC (goblet-cell
marker, B), and junctional proteins ZO-1
and E-cadherin (C). TMPRSS2 (D and F)
and furin (E and G) localize to the apical
cell surfaces and co-localize in ciliated
cells. A–G: DNA counterstained with
Hoechst; scale bars =20mm.
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B, C, and D). At 24 and 48h, FURIN mRNA expression was
increased by TGF-b1 and TGF-b2, with the maximum induc-
tion observed at 48h (TGF-b1: 5.91±0.69, n = 5, TGF-b2:
4.79±0.61, n = 3, Fig. 4B). At 48 and 72h, furin protein was
increased by TGF-b1 and TGF-b2, with the maximum

induction detected at 48h (TGF-b1: 2.30±0.28, n = 5, TGF-b2:
2.24±0.34, n = 5, Fig. 4, B and C). These data indicate that in
well-differentiated HBE cells, both TGF-b1 and TGF-b2 induce
furin expression. Furin is a member of the evolutionarily an-
cient family of proprotein convertases (37), and its enzyme
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Figure 4. In well-differentiated human
bronchial epithelial (HBE) cells in air-liquid
interface (ALI) culture, TGF-b1 and TGF-b2
induce expression of furin mRNA and pro-
tein. A: on ALI day 14, well-differentiated
cells were exposed to either TGF-b1 or
TGF-b2 for 48h. TGF-b1 and TGF-b2
induce FURIN mRNA expression (B, me-
dian þ IQR, n = 3–5, *P<0.05) and furin
protein as indicated by representative
blots (C) and as determined from five
donors (D) (A.U., normalized to GAPDH,
median þ IQR, n =5, *P<0.05).
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activity plays a critical role in a variety of pathophysiological
processes, including viral infections. As a host protease, furin
could not only facilitate viral entry but also modulate innate
immunity (37).

TGF-b has been suggested as a target for COVID-19 thera-
pies to potentially abrogate pathologic conditions in the lung
during disease progression (38). In patients with COVID-19,
the severity of the disease is often associated with ARDS,
which is in turn associated with increased pulmonary edema
and fibrosis attributable to the increased levels of active
TGF-b (38). Here we suggest that activation of the TGF-b
pathways could also potentially enhance the infectivity of
SARS-CoV-2 by increasing cellular expression of furin,
although further studies with live SARS-CoV-2 virus are
required. The regulation of furin by TGF-b has been shown
in rat synoviocytes, where furin is both increased by TGF-b1
and correlated with increased production of mature and
active TGF-b1 (39). This previous report suggests activation
of a positive feedback loop between furin and TGF-b1, result-
ing in amplified pathology. In addition, furin is indicated as
a target gene of canonical TGF-b signaling pathway (40). If
furin and TGF-b do play critical roles at multiple stages in
COVID-19, including susceptibility to infection with SARS-
CoV-2 and severity of the disease, they could be promising
targets for therapy.
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