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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection leads to various clinical symptoms including anemia.
Lipocalin-2 has various biological functions, including defense
against bacterial infections through iron sequestration, and it
serves as a biomarker for kidney injury. In a human protein array,
we observed increased lipocalin-2 expression due to parental
SARS-CoV-2 infection in the Calu-3 human lung cancer cell
line. The secretion of lipocalin-2 was also elevated in response
to parental SARS-CoV-2 infection, and the SARS-CoV-2 Alpha,
Beta, and Delta variants similarly induced this phenomenon.
In a Calu-3 implanted mouse xenograft model, parental SARS-
CoV-2 and Delta variant induced lipocalin-2 expression and
secretion. Additionally, the iron concentration increased in the
Calu-3 tumor tissues and decreased in the serum due to infec-
tion. In conclusion, SARS-CoV-2 infection induces the produc-
tion and secretion of lipocalin-2, potentially resulting in a de-
crease in iron concentration in serum. Because the concentration
of iron ions in the blood is associated with anemia, this pheno-
menon could contribute to developing anemia in COVID-19
patients. [BMB Reports 2023; 56(12): 669-674]

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
caused a pandemic after it was first reported in December 2019
(1). SARS-CoV-2 infects host cells using spike proteins, as pre-
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viously reported in SARS-CoV. The spike protein of SARS-CoV-2
recognizes angiotensin-converting enzyme 2 (ACE2), a host cell
receptor, with a higher affinity compared to the SARS-CoV
spike protein, and SARS-CoV-2 invades the host cell (2). After
a 5-day incubation period following SARS-CoV-2 infection,
nearly all COVID-19 patients exhibit symptoms within approxi-
mately 12 days (3). Symptoms of patients include fever, fatigue,
dry cough, headache and sputum production (4). Anemia is ano-
ther common symptom: the prevalence of anemia in COVID-19
patients is higher than control patient group (61% vs 45%) (5).

Lipocalin-2 is one of the lipocalin superfamily members and
was originally isolated as a 25 kDa protein associated with
human neutrophil gelatinase (6). Lipocalin-2 contributes to the
innate immunity against bacterial infection by sequestrating iron.
Bacterial infection stimulates the expression and secretion of
lipocalin-2 in immune cells through activation of Toll-like receptor
(TLR) 4. Lipocalin-2, when secreted, interrupts bacterial growth
by capturing the iron-binding siderophore (7). Lipocalin-2 is a
potential biomarker for infectious diseases such as bacterial
meningitis and chronic liver disease (8, 9). Many studies also
suggest lipocalin-2 as a biomarker in various diseases, including
arthritic diseases, acute kidney injury, severe acute pancreatitis,
obesity-related metabolic diseases and multiple sclerosis (10-14).
Lipocalin-2 expression is activated in damaged organs, including
the kidneys, heart, brain, pancreas, lungs, and skin (15). Further-
more, the lipocalin-2 expression level is elevated in various
cancers and associated with cancer progression; therefore, it
was suggested as a therapeutic target or diagnostic marker in
several cancers (16, 17). Lipocalin-2 is also associated with virus
infection. In human immunodeficiency virus-infected patients,
the serum lipocalin-2 level is decreased. When HIV-infected
patients take highly active anti-retroviral therapy (HAART), the
lipocalin-2 level is significantly increased (18).

Regarding the connection between lipocalin-2 and SARS-CoV-2
infection, an increase in the lipocalin-2 expression has been
recently reported in SARS-CoV-2-infected cells and the bron-
choalveolar lavage fluid and lungs of COVID-19 patients (19).
Investigators also reported that lipocalin-2 can be used as a
biomarker to diagnose the occurrence of acute kidney injury

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/li-
censes/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



Regulation of lipocalin-2 and iron by SARS-CoV-2
Sangkyu Park, et al.

and cardiovascular complications in COVID-19 patients (20,
21). However, there has been no report on the functional effect
of the increase in lipocalin-2 following infection with SARS-
CoV-2. Considering that lipocalin-2 is associated with anemia
and reduces red blood cell production by negative regulation
(22, 23) and one of the symptoms of COVID-19 patients is
anemia (5), it is an interesting issue whether lipocalin-2 is in-
volved in the anemia induced by SARS-CoV-2 infection (24).
In this study, we investigated the expression and secretion of
lipocalin-2 upon SARS-CoV-2 infection using the ACE2-expres-
sing human lung cancer cell line Calu-3 in vitro and a xeno-
graft mouse model established with Calu-3 cells in vivo. Our
results suggest that the lipocalin-2 may contribute to the regu-
lation of iron concentration in vivo.

RESULTS

Protein expression patterns in Calu-3 cells induced by
SARS-CoV-2 infection

SARS-CoV-2 infection initiates many changes in the gene ex-
pression of host cells and patients, including interferons and
cytokines (19, 25, 26). To investigate SARS-CoV-2 infection-in-
duced change of expression pattern at a protein level, we
performed a dot blot assay capable of identifying 507 proteins
simultaneously with an antibody array. When Calu-3 cells
were infected with 0.1 MOI of parental SARS-CoV-2, the ex-
pression levels of several proteins changed at 48 h after in-
fection (Fig. 1A, B). The dot density of the membrane blots
incubated with the lysates of mock-infected and SARS-CoV-2-
infected cells, respectively, was measured, and the ratio of
SARS-CoV-2 infection to mock control was calculated for each
dot using an analysis tool. Candidate proteins were sorted
when the ratio was higher than 10. The sorted proteins were
Cerberus 1, Chem R23, CXCR3, EMAP-II, FGF-BP, HCR/CRAM-
A/B, L4, IL-7, lipocalin-2, SDF-1/CXCL12, uPAR, Vasorin,
VCAM-1 (CD106), VE-Cadherin, VEGF, VEGF R2 (KDR) and VEGF
R3. Among them, EMAP-II, HCR/CRAM-A/B, IL-7, lipocalin-2,
and SDF-1/CXCL12 (Fig. 1A, red square) were identified as
proteins with significant differences. As shown in Fig. 1C and
Supplementary Table 1, most of the proteins are cytokine and
chemokine-related proteins except for lipocalin-2. Especially,
EMAP-II was most highly induced (Fig. 1C). EMAP-II is a
proinflammatory cytokine whose expression increases under
stresses including virus infection and can be used as a marker
for severity and mortality in COVID-19 patients (27, 28). Here,
we focused on the regulation of lipocalin-2 expression in re-
sponse to SARS-CoV-2 infection in cells and a xenograft mouse
model.

Analysis of lipocalin-2 expression by SARS-CoV-2 infection in
Calu-3 cells

To investigate the pattern of lipocalin-2 expression caused by
SARS-CoV-2 infection, we infected Calu-3 cells with 0.1 MOI
of parental SARS-CoV-2 as previously described (29) and analy-
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Fig. 1. Analysis of protein expression pattern after parental SARS-
CoV-2 infection in Calu-3 cells. (A) Calu-3 cells were infected with
mock (A, left) or 0.1 MOI of parental SARS-CoV-2 (A, right) for
48 h. Cell lysates were collected, biotinylated and then incubated
with the Human Antibody Array 507 Membrane. The protein-anti-
body interactions were detected with HRP-conjugated streptavidin
and developed using a chemiluminescence imaging system. Red
squares indicate that the protein expression ratio changed more
than 10 times. (B) The protein expression ratio upon SARS-CoV-2
infection compared to the mock control was calculated and then
visualized as a heatmap after converting the values in a logarith-
mic scale. Gray boxes are blanks or controls. (C) Selected proteins
based on the ratio of change. The lowercase letters represent the
corresponding dots on the Human Antibody Array 507 Membrane.

zed the expression of lipocalin-2 in a time-dependent manner.
The quantitative real-time PCR (gRT-PCR) analysis revealed
that the mRNA level of lipocalin-2 was increased at 48 h and
further increased at 72 h after infection (Fig. 2A). According to
the western blot analysis, protein levels of lipocalin-2 were
also increased from 48 h after parental SARS-CoV-2 infection
in Calu-3 cells (Fig. 2B). In addition to lipocalin-2, CCL2/MCP1,
IL-15, and IL-16 have been also reported as soluble biomarkers
associated with mortality of COVID19 patients (19). Therefore,
we additionally investigated their mRNA levels in Calu-3 cells
after SARS-CoV-2 infection and found increased expression of
those genes in a time-dependent manner (Fig. 2C). Although
the dot blot we used included CCL2/MCP1, IL-15, and IL-16,
there was no significant change in the expression levels of
these proteins in the parental SARS-CoV-2-infected Calu-3 cell
lysates (Fig. 1). This result could be associated with the differ-
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Fig. 2. Time-dependent increase of lipocalin-2 protein and mRNA
expression by SARS-CoV-2 infection in Calu-3 cells. (A, C) Calu-3
cells were infected with 0.1 MOI of parental SARS-CoV-2, and
the cells were collected at the indicated time points. Lipocalin-2
(A) and CCL2, IL-5, and IL-6 (C) mRNA levels were quantified by
gRT-PCR analysis. The GAPDH mRNA level was used for normali-
zation of the gene expression. **P < 0.01, ***P < 0.001 vs.
mock control. (B) Cell lysates were prepared at the indicated time
points after parental SARS-CoV-2 infection in Calu-3 cells. The
cell lysates were analyzed by western blotting with the indicated
antibodies.

ential kinetics of protein production and secretion: we moni-
tored the protein expression pattern of the host cell while a
previous study investigated the sera of SARS-CoV-2 infected-
patients (19). Importantly, we confirmed that the analysis of
SARS-CoV-2-infected Calu-3 cells can partially explain the
biomarker expression profiles observed in the blood of COVID-19
patients. Moreover, the expression of lipocalin-2 was increased
in Calu-3 cells after SARS-CoV-2 infection.

Lipocalin-2 is secreted by SARS-CoV-2 infection in Calu-3 cells
Calu-3 cells were infected with SARS-CoV-2 (0.1 MQI) to
investigate the effect of SARS-CoV-2 infection on the expres-
sion of lipocalin-2 and its secretion into the culture medium,
and the levels of secreted lipocalin-2 in the cell culture super-
natant at 72 h after infection were measured by ELISA using
the human Lipocalin-2/NGAL immunoassay kit. Lipocalin-2
secretion was increased by parental SARS-CoV-2 infection com-
pared to the mock control in Calu-3 cells (Fig. 3A). To deter-
mine whether this phenomenon also occurs in other cell lines,
we tested three SARS-CoV-2 susceptible cell lines: human lung
epithelial carcinoma cell line A549, human colorectal epithe-
lial adenocarcinoma cell line Caco-2, and human hepatocellular
carcinoma cell line Huh-7 and an HCoV OC43-permissive
control cell line MRC-5 (human lung fibroblast cell) (30).
Lipocalin-2 secretion was absent or very weak independent of
SARS-CoV-2 infection in these cells (Fig. 3B). SARS-CoV-2, as
an RNA virus, has high mutation rates, and there are many
SARS-CoV-2 variants (31). Therefore, we analyzed whether
lipocalin-2 expression is commonly induced by infection of
SARS-CoV-2 variants, including Alpha (B.1.1.7), Beta (B1.351)
and Delta (B1.617.2) in Calu-3 cells. Lipocalin-2 secretion was
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Fig. 3. Lipocalin-2 secretion in Calu-3 cells and lipocalin-2 produc-
tion in a lung tumor xenograft mouse model after SARS-CoV-2
infection. (A) Calu-3 cells were infected with 0.1 MOI of parental
SARS-CoV-2 for 72 h, and then, cell culture supernatants were
collected. (B) Parental SARS-CoV-2 or HCoV-OC43 were infected
into the indicated cells at 0.1 MOI for 72 h, and then, cell cul-
ture supernatants were collected. (C) Calu-3 cells were infected
with 0.1 MOI of parental SARS-CoV-2, Alpha variant, Beta variant,
or Delta variant for 72 h, and then, cell culture supernatants were
collected. Lipocalin-2 concentration in the supernatants was determined
by ELISA using the Human Lipocalin-2/NGAL immunoassay kit (A-C).
(D-G) Lipocalin-2 production after parental SARS-CoV-2 infection in
a lung tumor xenograft mouse model. (D) Schematic diagram of pa-
rental SARS-CoV-2 infection and the experimental contents. Calu-3
cells were subcutaneously injected into the right flank of NRGA
mice (n = 3/group). Parental SARS-CoV-2 was intratumorally infected
after the tumor volume reached approximately 100 mm’. (E) Body
weight (left panel) and tumor weight (right panel) were measured
at 3, 5, 10, and 15 DPI. (F) Replication of SARS-CoV-2 in lung
tumors. Supernatants of tumor homogenates were collected at 3,
5, 10, and 15 DPI, and then, viral titers were determined by plaque
formation assay. (G) Measurement of lipocalin-2 in lung tumors.
Cell lysates of the tumor homogenates were collected at 3, 5, 10,
and 15 DPI, and then, the lipocalin-2 concentration was determined
by ELISA. DPI, days post-infection. pfu, plaque forming unit. Values
are the mean + SEM. *P < 0.05, **P < 0.01, ***P <0.001 vs.
each mock or PBS control.

increased at 72 h in Calu-3 cells after infection of all the tested
variants of SARS-CoV-2, and the levels of secreted lipocalin-2
did not significantly differ among the viruses (Fig. 3C).

Lipocalin-2 expression induced by long-term infection of
SARS-CoV-2 in a lung cancer xenograft mouse model
Previously, we established a xenograft mouse model by trans-
planting Calu-3 cells into the flanks of immunodeficient NOD/
ShiLy-Rag2”""M112rg"™"*M (NRGA) mice to induce long-term
infection by SARS-CoV-2 (32). To investigate whether lipocalin-2
expression is increased by SARS-CoV-2 infection in vivo, the
mice with Calu-3 xenograft tumors were infected with parental
SARS-CoV-2 after the tumor developed a diameter of approxi-
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mately 100 mm?® (Fig. 3D). The mice were monitored 3, 5, 10,
and 15 days after infection. The tumor volume and body weight
were not influenced by parental SARS-CoV-2 infection (Fig.
3E). Long-term replication of SARS-CoV-2 in the tumors was
confirmed by the plaque formation assay (Fig. 3F), which is
consistent with previously reported results (32). Lipocalin-2
protein levels were measured by ELISA, and the results showed
that lipocalin-2 levels were increased compared to mock in-
fection at all the tested time points after infection (Fig. 3G).
These results suggest that SARS-CoV-2 infection induces lipo-
calin-2 expression in vivo and in vitro.

Inverse relationship between the lipocalin-2 level and iron
content in serum

To investigate a potential effect of lipocalin-2 expression on
the iron content in vivo, we measured the total amount of iron
in the tumor tissues and sera at 15 days after infection with
parental SARS-CoV-2 or SARS-CoV-2 Delta in a lung cancer
xenograft mice model. The tumor tissues were homogenized,
and the supernatants were collected to analyze the tumor
tissues. While the lipocalin-2 expression in the tumor tissues
was increased by both virus infection with significantly higher
extent by the Delta variant (Fig. 4A), the lipocalin-2 levels in

A 20, - B 50 *
*k *k . 40 * ns
a3 1 a5
ca £ 5 301
T = 101 g
82 S E 201
8& g5
J‘EJ:’ 54 £ 104
0+ N X (s 0 & @
F L X & & &
@0 Q{D‘Q o@ §0 Q{b\ QQJ

(9]

Total Iron
(WM/mg tissue)
O‘F ET
Total Iron in serum O
o o
e o <

20 1 *

N
o
o
%
*

"= =100

Fig. 4. Effect of SARS-CoV-2 infection on the iron concentration
in a lung tumor xenograft mouse model. Calu-3 cells were sub-
cutaneously injected into the right flank of NRGA mice (n = 3/
group). Parental SARS-CoV-2 or SARS-CoV-2 Delta was intratumoral-
ly infected. (A, C) Supernatants of tumor homogenates were col-
lected at 15 DPI, and then, the Lpocalin-2 concentration was deter-
mined by ELISA (A). The total iron concentration in the tissues
was determined using the supernatants of the tumor homogenates
by the Iron Colorimetric assay kit (C). (B, D) Sera were collected
at 15 DPI in a lung tumor xenograft mouse model, and then, the
lipocalin-2 concentration was determined by ELISA (B). The total iron
concentration in sera was determined by the Iron Colorimetric assay
kit (D). Values are the mean + SEM. *P < 0.05, **P < 0.01 vs.
mock control.
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the sera were similarly increased by the two viruses (Fig. 4B)
suggesting that the level of lipocalin-2 secretion was not
significantly affected by the type of virus. On the other hand,
the iron contents in the tumor tissues and the sera were
similarly increased and decreased, respectively, by parental
SARS-CoV-2 and SARS-CoV-2 Delta infection (Fig. 4C, D).
These data suggest that SARS-CoV-2 infection induces iron
accumulation in the tissues and reduces iron content in the
sera by modulating lipocalin-2 secretion.

DISCUSSION

Lipocalin-2 contributes to innate immunity against bacterial
infection, and its expression is increased upon organ damage,
enabling it to be used as a biomarker (7-9, 15). It was reported
that lipocalin-2 gene expression is increased by SARS-CoV-2
infection (19), and lipocalin-2 protein level is decreased by
HIV infection (18). In this study, we found an increase in
lipocalin-2 protein expression and secretion by SARS-CoV-2
infection in cellular and long-term SARS-CoV-2 replication
models in a lung cancer xenograft mouse. Importantly, we
suggest a functional role of lipocalin-2 expression related to
iron regulation.

Regulation of iron balance through lipocalin-2 secretion is
one of the important functions of lipocalin-2 (33). Lipocalin-2
can bind with iron. When lipocalin-2 is loaded with iron, it
can be taken up by cells after interacting with a 24p3 cell-
surface receptor (24p3R). After the iron-loaded lipocalin-2 is
internalized into cells, the iron concentration is increased in
the cell. Conversely, when lipocalin-2 lacks iron, it can result
in a decrease in intracellular iron (34). Furthermore, in patients
with systemic inflammation and anemia, the levels of serum
lipocalin-2 were elevated compared to patients without anemia.
Interestingly, in those anemic patients with higher levels of
serum lipocalin-2, the concentration of iron in their blood was
lower compared to anemic patients with lower levels of serum
lipocalin-2 (35). Therefore, lipocalin-2 regulates iron home-
ostasis, and the lipocalin-2-mediated iron deprivation in plasma
may be related to anemia development. In this regard, our
results may explain the functional role of lipocalin-2 related
with anemia of COVID-19 patients (5). We found that SARS-
CoV-2 infection increased the expression and secretion of
lipocalin-2 in the infected cells and tissues. In addition, the
iron concentration was increased in the tissue samples but
decreased in the serum by SARS-CoV-2 infection. It suggests a
possibility that the secreted lipocalin-2 captures iron in the
serum and reenters the cells to release iron in the cytoplasm.
This phenomenon follows previous reports related to lipocalin-2-
mediated anemia. Iron deprivation in the serum is a factor
contributing to sideropenic anemia (36). In a specific animal
model involving anemia induced by chronic infection of
Mycobacterium avium, it was suggested that lipocalin-2 may
be involved in the development of anemia (37). Therefore, our
results suggest that SARS-CoV-2-mediated anemia in COVID-19
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patients may be caused by increased expression of lipocalin-2
in the infected tissues and its secretion to the serum.

Since the emergence of SARS-CoV-2, numerous SARS-CoV-2
variants have been continuously reported. SARS-CoV-2 variants
are grouped into three categories: those of concern (VOC),
those of interest (VOI), and those being observed or monitored
(VUM). This categorization relies on multiple considerations,
encompassing factors such as contagiousness, transmissibility,
severity, alterations in clinical manifestation, impact on the
efficacy of public health measures, and the availability of diag-
nostics, vaccines, and treatments (38-40). Therefore, it is neces-
sary to investigate whether several variants of SARS-CoV-2 com-
monly induce lipocalin-2. Lipocalin-2 secretion was induced
by all the tested SARS-CoV-2 VOCs, including Alpha, Beta,
and Delta variants. Therefore, it is presumed that the mutations
of SARS-CoV-2 do not affect the secretion of lipocalin-2.
Recently, Omicrons have been the most prevailing variant.
Because changes in the expression and secretion of lipocalin-2
caused by other mutations cannot be excluded, additional
studies may provide more information.

To overcome the COVID-19 pandemic, many researchers
have investigated SARS-CoV-2, and many things have been
revealed, but there are still many unknowns about the virus. In
this study, we investigated the regulation of lipocalin-2 upon
SRS-CoV-2 infection and its possible role in iron regulation
and anemia in patients. These results provide additional in-
formation on the host response to SARS-CoV-2 infection. We
believe that our approach may contribute to a better under-
standing and efficacious treatment of SARS-CoV-2 infection by
suggesting a possible mechanism that can cause symptoms
during SARS-CoV-2 infection.

MATERIALS AND METHODS

Materials and methods are available in supplementary material.
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