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Coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is currently
the most significant public health threat worldwide. Patients with severe COVID-19 usually have pneumonia concomitant with
local inflammation and sometimes a cytokine storm. Specific components of the SARS-CoV-2 virus trigger lung inflammation,
and recruitment of immune cells to the lungs exacerbates this process, although much remains unknown about the
pathogenesis of COVID-19. Our study of lung type II pneumocyte cells (A549) demonstrated that ORF7, an open reading
frame (ORF) in the genome of SARS-CoV-2, induced the production of CCL2, a chemokine that promotes the chemotaxis of
monocytes, and decreased the expression of IL-8, a chemokine that recruits neutrophils. A549 cells also had an increased
level of IL-6. The results of our chemotaxis Transwell assay suggested that ORF7 augmented monocyte infiltration and
reduced the number of neutrophils. We conclude that the ORF7 of SARS-CoV-2 may have specific effects on the
immunological changes in tissues after infection. These results suggest that the functions of other ORFs of SARS-CoV-2

should also be comprehensively examined.

1. Introduction

Coronavirus disease 2019 (COVID-19) is an infectious dis-
ease caused by the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) that has become a worldwide
pandemic [1-3]. The number of confirmed patients infected
by SARS-CoV-2 continues to increase daily. As of Apr 2021,
there were more than 0.14 billion SARS-CoV-2 infections
and 3 million deaths from COVID-19 reported worldwide
(https://coronavirus.jhu.edu/map.html). This global pan-
demic is still not under control, although there are encourag-
ing trends in some regions. Other coronaviruses, such as
MERS and SARS, had high transmissibility, but the epi-
demics were limited to certain regions and populations.

Thus, SARS virus led to more than 8000 infected cases and
700 deaths in 26 countries, and MERS led to about 2500
cases and 858 deaths in 27 countries [4-6]. In contrast, there
has been an enormous disease burden associated with SARS-
CoV-2 infection. Numerous vaccines are currently available
in many regions, and clinical trials have shown they are
effective and safe [7, 8].

SARS-CoV-2 infects lung epithelial cells, type II alveolar
(ATI) cells, by binding to the membrane-associated
angiotensin-converting enzyme 2 (ACE2) on the cell surface
[9-12]. Once inside the host cell, SARS-CoV-2 begins to
produce viral RNA polymerase, which then replicates the
complementary genomic RNA, making double-stranded
RNA [13]. Subsequently, cells translate the structural and
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nonstructural proteins (NSPs) of SARS-CoV-2 in the cytosol
[13, 14]. The structural proteins include nucleocapsid (N),
spike (S), membrane (M), and envelope (E) proteins, and
the NSPs include 16 NSPs from the ORFlab [15]. There
are at least 10 open reading frames (ORFs) in the genome
of SARS-CoV-2: ORFlab, ORF2 (S protein), ORF3, ORF4
(E protein), ORF5 (M protein), ORF6, ORF7, ORF8, ORF9
(N protein), and ORF10 [15, 16]. Viral polymerase and all
16 NSPs are translated from the ORFlab subgenome [16].
The S, N, E, and M proteins are all structural proteins, and
the 16 NSPs function in replication and transcription of
the viral genome [15].

Emerging evidence indicates that almost all of these ORF
proteins have important roles in the lifecycle of SARS-CoV-
2. As an RNA virus, SARS-CoV-2 infection stimulates the
innate immunity of cells for RNA sensor proteins in the
cytosol, such as retinoic acid inducible gene-I (RIG-I), mel-
anoma differentiation-associated gene-5 (MDA-5), and
toll-like receptors (TLR 3/7/8), which induce the expression
of interferons (IFNs) [17]. ORF6, ORF8, and the N protein
of SARS-CoV-2 inhibit these IFN-activated antiviral path-
ways, and this inhibits the IFN-stimulated response element
(ISRE) [18]. Additionally, ORF3 upregulates markers of apo-
ptosis in 293T, HepG2, and Vero E6 [19]. Although the
functions of several ORFs are incompletely understood, all
ORFs and NSPs have specific functions during the lifecycle
of SARS-CoV-2.

The present in vitro study examined the function of
ORF7 in SARS-CoV-2 by focusing on its regulation of
numerous cytokines and chemokines (IL-6, TNF-a, IL-8,
CXCL2, and CXCL7) that function in the chemotaxis of
monocytes and neutrophils in vitro.

2. Materials and Methods

2.1. Cell Culture and Vector Construction of ORF7. A lung
adenocarcinoma cell line (A549) was purchased from the
Chinese Academy of Science (Shanghai, China), and cells
were cultured in Dulbecco’s modified Eagle medium
(DMEM; Hyclone, Logan, UT, USA) with 10% fetal bovine
serum (FBS; Corning, NY, USA) and 1% penicillin/strepto-
mycin in a humidified incubator with 5% CO, at 37°C. For
transfection, a lentiviral vector harboring FLAG-tagged
ORF7 of SARS-CoV-2 was constructed using a specific
SARS-CoV-2 strain (Wuhan-Hu-1 strain, NC_045512).
Transfection was performed, and ORF7-expressing A549
cell was obtained. Control cells were transfected with con-
trol vector.

2.2. Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR). RNA was extracted from cells using the TRIzol
reagent (TaKaRa, Dalian) and was then reverse transcribed
into cDNA using the PrimeScript RT Master Mix (TaKaRa,
Dalian). The expression of mRNAs (IL-1a, IL-1b, IFN-a,
IFN-f, IL-6, IL-8, CCL2, and TNF-a) was quantified using
qRT-PCR with the TB Green Master Mix (TaKaRa, Japan).
Expression was normalized to GAPDH, and relative expres-
sion was calculated using the 2744 method (primers are
listed in Table 1). qRT-PCR was performed with the Quant-
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TABLE 1: Primers for real-time PCR.

Gene symbol
Human-3552-IL-1a-F
Human-3552-IL-1a-R

Sequences
TGGTAGTAGCAACCAACGGGA
ACTTTGATTGAGGGCGTCATTC

Human-3553-IL-1b-F AGCTACGAATCTCCGACCAC
Human-3553-IL-1b-R CGTTATCCCATGTGTCGAAGAA
Human-3439-1FN-a-F GCCTCGCCCTTTGCTTTACT

Human-3439-1FN-a-R
Human-3456-I1FN-b-F
Human-3456-IFN-b-R
Human-3569-1L-6-F
Human-3569-1L-6-R
Human-3576-1L-8-F
Human-3576-1L-8-R
Human-7124-TNEF-F
Human-7124-TNF-R
Human-6347-CCL2-F
Human-6347-CCL2-R
Human-6354-CCL7-F
Human-6354-CCL7-R
Human-3586-1L-10-F
Human-3586-IL-10-R

CTGTGGGTCTCAGGGAGATCA
GCTTGGATTCCTACAAAGAAGCA
ATAGATGGTCAATGCGGCGTC
ACTCACCTCTTCAGAACGAATTG
CCATCTTTGGAAGGTTCAGGTTG
TTTTGCCAAGGAGTGCTAAAGA
AACCCTCTGCACCCAGTTTTC
CCTCTCTCTAATCAGCCCTCTG
GAGGACCTGGGAGTAGATGAG
CAGCCAGATGCAATCAATGCC
TGGAATCCTGAACCCACTTCT
GACAAGAAAACCCAAACTCCAAAG
TCAAAACCCACCAAAATCCA
TCAAGGCGCATGTGAACTCC
GATGTCAAACTCACTCATGGCT

Studio™ Dx system (ABI, Thermo, USA) using the following
procedure: denaturation at 95°C for 5min, 40 cycles of 95°C
for 5s and 60°C for 30, followed by a melting curve step of
95°C for 15 s and 60°C for 1 min, and a final increase to 95°C.

2.3. Immunofluorescence. ORF7-expressing A549 cells were
cultured in 6-well plates with slides. After 24 h, when the
cells were adhered to coverslips, cells were fixed with 4%
paraformaldehyde for 15min and permeabilized with 0.5%
TritonX-100. After blocking for 30 min at room temperature
using 3% BSA, the cells were incubated with a mouse anti-
FLAG antibody (Sigma, USA) at 4°C overnight and were
then stained with a fluorescein isothiocyanate- (FITC-) con-
jugated goat anti-mouse antibody (ProteinTech) at room
temperature for 1h. The nuclei were stained with DAPI
(Abcam, ab104139), and the cellular distribution of ORF7
was observed using confocal microscopy.

2.4. Western Blot Analysis. Western blotting was conducted
as previously described [20]. Briefly, cells were lysed with
SDS sample buffer (1x), boiled for 10 min, separated using
4-20% SDS-PAGE (GenScript, USA), and then transferred
onto a 0.22 ym polyvinylidene difluoride (PVDF) membrane
(Millipore, USA). After blocking for 1h at room temperature
with 3% BSA, the membranes were incubated with diluted
primary antibodies at 4°C overnight. The secondary antibod-
ies were added at room temperature for 2h. Protein bands
were detected using the Clarity Western ECL Substrate
(Bio-Rad, USA).

2.5. Isolation of Human Neutrophils and Monocytes. Neutro-
phils were isolated from blood samples of healthy human
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FiGurek 1: Expression of ACE2 and distribution of ORF7 in A549 cells. (a) Expression of ACE2 in A549 cells (QRT-PCR). (b) Expression of
ACE2 in A549 cells (Western blotting). (c) FLAG-ORF7 expression in A549-ORE7 cells (Western blotting). (d) Cellular distribution of

OREF7 in A549-ORF7 cells (immunofluorescence microscopy).

donors using PolymorphPrep (Alere Technologies AS, Oslo,
Norway) as previously described [21, 22]. Briefly, 5mL of
blood was layered onto 5 mL of PolymorphPrep and centri-
fuged for 35min (500 g) at room temperature. The neutro-
phil layer was transferred to a new tube, washed with PBS,
diluted by 50% with ddH,O, and then centrifuged for
10min (400 g), followed by red blood cell lysis in a lysis
buffer (Solarbio, China).

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from blood samples of healthy donors using a Ficoll
density gradient [23]. Then, CD14 microbeads (Miltenyi
Biotec, Germany) were used for the positive selection of
human monocytes from these cells [24]. The purity of the
CD14" cells was evaluated using an APC-conjugated anti-
human CD14 antibody (eBioscience, CatNo: 17-0149-42)
with flow cytometry. The Institutional Ethics Committee of
the First Affiliated Hospital of Zhejiang University approved
this study.

2.6. Transwell Assay. Transwell assays were conducted using
a 12mm Transwell with a 3.0 ym pore polycarbonate mem-
brane insert (Corning, USA, CatNo: CLS3402) [25]. A549
cells that were transfected with lentiviruses were seeded in
the lower chamber and cultured for 24 h in DMEM contain-
ing 10% FBS. Human-derived monocytes and neutrophils in
serum-free DMEM were added to the upper chamber. After
incubation for 1h, cells in the reverse side of the upper
chamber were fixed with 4% paraformaldehyde and then
stained in crystal violet for observation with a microscope.

Cells in the lower chamber were collected and counted by
flow cytometry, and counting beads were used for quantita-
tion of different samples [26].

2.7. Enzyme-Linked Immunosorbent Assay (ELISA). ORF7-
expressing A549 cells and control cells were plated into 6-
well plates. The supernatant was collected and used for mea-
surement of CCL2 (MultiSciences, CatNo: 70-EK187-96),
CCL7 (Cloud-Clone Corp., CatNo: SEA089Hu), and IL-6
(MultiSciences, CatNo: 70-EK206/3-96) using ELISA kits
according to each manufacturer’s instructions.

2.8. Statistical Analysis. The significance of differences was
determined using Student’s t-test with GraphPad Prism ver-
sion 7.0 (GraphPad Software, CA). A P value below 0.05 was
considered significant.

3. Results

3.1. Construction of ORF7-Expressing A549 Cells. ACE2
occurs on the surface of pneumocytes and binds to
SARS-CoV-2 during infections [27]. We therefore first
examined the expression of ACE2 in A549 cells, a type II
pneumocyte cell line [28]. The Western blotting and quanti-
tative PCR results confirmed that these cells expressed ACE2
(Figures 1(a) and 1(b)). We then used the sequence of a
SARS-CoV-2 isolate (Wuhan-Hu-1, NC_045512.2) to con-
struct a lentiviral vector that expressed a FLAG-tagged
ORF7 subgenomic sequence (Lenti-ORF7-FLAG) and
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FiGurek 2: Effect of ORF7 on the expression of cytokines and chemokines in A549 cells. (a) Relative to control cells, A549-ORF7 cells had
increased expression of IL-6, CCL2, and IFN-f (all P <0.01), decreased expression of IL-1a, IL-8, and TNF-« (all P <0.01), but similar
expression of IL-1f3 and IFN-« (both P >0.05). CCL7 and IL-10 were undetectable (QRT-PCR). (b) Activation of innate immunity by
SeV/VSV infection increased the expression of CCL2 and decreased the expression of IL-8 in A549-ORF7 cells compared to control cells
(both P <0.05; qRT-PCR). (c) A549-ORF?7 cells had increased levels of CCL2 and decreased levels of IL-8 relative to control cells (both

P <0.01; ELISA).

transfected A549 cells with Lenti-ORF7-FLAG to establish
an ORF7-expressing cells. We confirmed the expression
and the cellular distribution of ORF7 using Western blotting
and immunofluorescence. The results indicated expression of
OREF7 (Figure 1(c)) and that this protein was present in the
cytosol (Figure 1(d)). These data thus demonstrated the suc-
cessful establishment of ORF7-expressing A549 cells that
could be used for further studies of the function of ORF7.

3.2. ORF7 Alters the Expression of Cytokines and Chemokines
in A549 Cells. Innate immune cells, such as monocytes,
macrophages, and neutrophils, are the first cells to respond
when there is an infection in the lungs [29]. In particular,
infection of pneumocytes leads to massive infiltration of
monocytes into lung tissues [30], although there appears to
be limited infiltration of neutrophils during SARS-CoV-2
infection [31-33]. During the early stage of viral infection,
cytokines (IL-1, IL-2, IL-8, IL-10, CCL2, CCL7, IFN-a,
IFN-f, and TNF-«) have essential functions in the recruit-

ment of immune cells, defense against the infection, and
promotion of inflammation [34]. We therefore used gPCR
to determine the expression of cytokines and chemokines
in ORF7-expressing A549 cells compared to control cells
(Figure 2(a)). The results demonstrated that IL-6, CCL2,
and IFN-f3 had higher expression in A549-ORF7 cells (all
P <0.01); IL-1a, IL-8, and TNF-a had lower expression in
A549-ORF7 cells (all P < 0.01); the two groups had no differ-
ences in the levels of IL-1-f3 and IFN-« (both P > 0.05); and
CCL7 and IL-10 were undetectable.

CCL-2 (MCP-1) and IL-8 (CXCLS8) function in the che-
motaxis of monocytes and neutrophils, respectively [35, 36].
Sendai virus (SeV) and vesicular stomatitis virus (VSV)
infections stimulate intracellular innate immunity and can
be used to model RNA virus infections [37]. We therefore
used qPCR to measure CCL2 and IL-8 expression in A549-
ORF7 and control cells following infection by these viruses
(Figure 2(b)). The results indicated that A549-ORF7 cells
had greater expression of CCL2 and decreased expression
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Ficure 3: Continued.
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FiGurek 3: Effect of ORF7 on chemotaxis of neutrophils and monocytes. (a—d) Neutrophils were identified as CD11b+ cells and monocytes as
CD14+ positive cells (flow cytometry). (g-n) Chemotaxis of monocytes and neutrophils (upper chamber) in response to A549-ORF cells
(lower chamber) was examined by staining (Transwell assay). (e, f) Quantitation of chemotaxis results showing increased monocyte

chemotaxis and decreased neutrophil chemotaxis (both P < 0.01).

of IL-8 compared to control cells (both P <0.05). We also
used ELISA to measure the levels of IL-8 and CCL2 in the
supernatant of A549-ORF7 and control cells (Figure 2(c)).
These results confirmed that A549-ORF7 cells had increased
expression of CCL2 and decreased expression of IL-8 with or
without infection by SeV/VSV or the transduction of ago-
nist, LMW and HMW RNAs (both P < 0.01).

3.3. ORF7 Affects the Chemotaxis of Monocytes and
Neutrophils. We next examined the effects of ORF7 on the
chemotaxis of monocytes and neutrophils. Flow cytometry
provided identification of neutrophils as CDI1b+ cells
(Figures 3(a) and 3(b)) and monocytes as CD14+ positive
cells (Figures 3(c) and 3(d)). Next, we implanted the A549-
ORF7 and control cells in the lower chambers of 12-well
plates, added monocytes and neutrophils in the upper cham-
ber, and recorded chemotaxis after 6h (monocytes) and 3h
(neutrophils) [25, 38]. The results indicated that monocytes
had increased chemotaxis, and neutrophils had reduced che-
motaxis (Figures 3(g)-3(n)).

During these experiments, we found numerous trans-
membrane cells, monocytes, and neutrophils on the lower
wells with the A549-ORF7 cells. Thus, we used flow cytom-
etry for the cell counting. The results indicated that more
monocytes and fewer neutrophils migrated into the lower
chamber with A549-ORF?7 cells than with control A549 cells
(all P<0.01; Figures 3(e) and 3(f)). These results indicated
that ORF7 attracted monocytes and repelled neutrophils
in vitro.

4. Discussion

Previous postmortem examinations indicated that the lungs
of COVID-19 patients, particularly the immune microenvi-
ronment, had significant alterations. These changes included
alterations in T cells, B cells, macrophages, and neutrophils
[39, 40]. Lymphocytes, T cells, and B cells were less abun-

dant and scattered in the lungs of these patients [30, 32,
39, 41], but there was increased infiltration by monocytes,
macrophages, and neutrophils [42]. After infection of the
lungs, macrophages and neutrophils function as the first
defense of the innate immune system, and these cells phago-
cytize pathogens and produce cytokines and chemokines
that attract other immune cells [29]. The early recruitment
of immune cells determines the local immune response
and can even cause more widespread inflammation, such as
a cytokine storm. Our present work examined the influence
of ORF7 of SARS-CoV-2 on innate immunity. Our major
result is that expression of ORF7 in type II pneumocytes
(A549 cells) increased the level of CCL2, decreased the level
of IL-8, and increased the migration of primary monocytes
but decreased the migration of neutrophils in vitro.

The ORF7 gene is located in a region of the genomes of
the SARS-CoV-2, SARS-CoV-1, and MERS viruses that have
a high frequency of mutations [1]. Our results indicated that
OREF?7 has a specific function in the immune response to
coronavirus infection. Monocytes produce IL-1, IL-6, IL-
18, IL-33, TNF-a, CCLs, and VEGF, and these molecules
have critical roles in cytokine release and recruitment of
other immune cells [43]. IL-6 and IL-1 are proinflammatory
cytokines and the predominant inducers of the cytokine
storm [43, 44]. Additionally, IL-6 can activate macrophages,
which produce more cytokines and chemokines [43]. Neu-
trophils are also produced early in response to infection,
and neutrophil chemotaxis in humans is usually mediated
by factors such as IL-8, IL-1, TNF-a, and complement C5a
[45]. Neutrophils, like macrophages, produce a range of
cytokines (TNF-a, ILs, GCSF, MCSF, and GMCSF) and che-
mokines (IL-8, CXCL10, CXCL9, CCL2, CCL3, and CCLA4)
[43, 46]. Thus, neutrophils have direct antipathogen effects
(phagocytosis) and indirect antipathogen effects (stimula-
tion by cytokines). Macrophages and neutrophils thus play
critical roles during the acute phase of pneumonia following
viral infection.
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Patients with COVID-19 have greater levels of periph-
eral monocytes than healthy controls [47, 48]. Recent evi-
dence showed massive macrophage infiltration of the lungs
of deceased COVID-19 patients, including intra-alveolar
CD68+ macrophages [30, 31, 49]. The monocytes in these
tissues (macrophages) may be at a stage of active prolifera-
tion in the lung alveolar spaces of these patients [50].

Previous research reported that the blood neutrophil
count of SARS patients was associated with the severity of
their pneumonia [51]. In contrast, other studies reported
that the blood neutrophil count of COVID-19 patients was
inversely associated with disease severity [47, 52, 53].
Although virus infections, such as influenza, induce neutro-
phil infiltration in the respiratory tract, the status of neutro-
phils in the lungs of COVID-19 patients appears paradoxical
[30-33, 54, 55]. Several autopsy reports found no neutrophil
infiltration in the lungs of COVID-19 patients, but there was
neutrophil infiltration of the liver [31]. Some reports that
found minor infiltrations of neutrophils in the lungs attrib-
uted this to secondary infections [33]. A report of 4 patients
with COVID-19 found that only 1 patient had neutrophil
infiltration of the lungs [55]. Another report of two cases
found neutrophil infiltration in 1 patient’s pulmonary inter-
stitium [30]. Other studies reported the presence of mega-
karyocytes, dendritic cells, and natural killer cells in the
lungs of deceased COVID-19 patients [33, 40].

The present in vitro study found that overexpression of
the SARS-CoV-2 ORF7 in cultured type II alveolar cells
(A549) upregulated the expression of CCL2, a chemokine
that functions in monocyte chemotaxis. This suggests that
ORF7 may accelerate the progression of local inflammation
after viral infection. Our in vitro studies also found that
ORF7 downregulated the expression of IL-8. This suggests
that ORF7 may block the migration of neutrophils. Greater
neutrophil infiltration of the lungs could exacerbate the
cytokine storm and worsen the patient’s condition due to
lymphopenia [56].

There is evidence that a specific variant of SARS-CoV-2
which has mutation N501Y in the S protein and was first
reported in London [57] is now widespread. Because this
mutation is in the receptor-binding domain of the S protein,
this variant likely has altered binding capacity to its ACE2
receptor. Even though this mutation was in the S protein,
recent research reported the efficacy of neutralizing antibod-
ies in mice [58]. It is important to consider that the mutation
frequency of RNA viruses, such as coronaviruses and influ-
enza viruses, is higher than that of DNA viruses.

Our study indicated that ORF7 of SARS-CoV-2 had spe-
cific effects on the immunological changes. ORF7 may
therefore contribute to the unique immunological profile
of the lung tissues of patients with COVID-19, although
the functions of other ORFs should also be examined.
ORF7 can be the target for the development of anti-
COVID-19 drugs in the future. The inflammation environ-
ment in the lung is one of the major risks for severe
COVID-19 patients. In addition, ORF7 and other genes,
including the structure and nonstructure proteins, combina-
torially involve in the inflammatory environment in the lung
after the infection.

However, there are limitations to our work. Many other
physical and pathological factors impact the inflammation
status of the lungs of patients with SARS-CoV-2 infections.
For example, the genomic RNA sensor system triggers the
innate immune reaction, stimulates the translation of other
proteins from the genome or subgenome of the virus, and
may thereby increase lung injury. Consequently, appropri-
ated animal models can be employed for the determination
of ORF7 in vivo in the future. Additionally, the effect of
ORF7 on the microenvironment of the lung should not be
considered alone. Instead, there should be a systematic
examination of the impact of all factors and their interac-
tions on lung inflammation.
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