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Abstract

Coronavirus disease 2019 (COVID-19) is the illness caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Over 500 million confirmed
cases of COVID-19 have been recorded, with six million deaths. Thus, reducing the
COVID-19-related medical burden is an unmet need. Despite a vaccine that is
successful in preventing COVID-19-caused death, effective medication to relieve
COVID-19-associated symptoms and alleviate disease progression is still in high
demand. In particular, one in three COVID-19 patients have signs of long COVID
syndrome and are termed, long haulers. At present, there are no effective ways to
treat long haulers. In this study, we determine the effectiveness of inhibiting
mitogen-activated protein kinase (MEK) signaling in preventing SARS-CoV-2-
induced lung damage in mice. We showed that phosphorylation of extracellular
signal-regulated kinase, a marker for MEK activation, is high in SARS-CoV-2-infected
lung tissues of mice and humans. We also showed that selumetinib, a specific
inhibitor of the upstream MEK kinases, reduces cell proliferation, reduces lung
damage following SARS-CoV-2 infection, and prolongs the survival of the infected
mice. Selumetinib has been approved by the US Food and Drug Administration to
treat cancer. Further analysis indicates that amphiregulin, an essential upstream
molecule, was upregulated following SARS-CoV-2 infection. Our data suggest that
MEK signaling activation represents a target for therapeutic intervention strategies
against SARS-CoV-2-induced lung damage and that selumetinib may be repurposed
to treat COVID-19.
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1 | INTRODUCTION

Common symptoms of coronavirus disease 2019 (COVID-19) include
fever, fatigue, and dry cough, occurring in most patients. In contrast,
severe symptoms such as pneumonia, acute respiratory distress
syndrome, and multiple organ failure are less common.1™ Effective
medication to relieve COVID-19-associated symptoms and slow
disease progression is an unmet medical need, despite vaccination
successfully reducing severe symptoms and mortality rate. Direct
targeting antivirals (DTA) such as remdesivir or monoclonal anti-
bodies are more effective in the early stages of COVID-19, but
ineffective in reducing late-stage symptoms. Increasing evidence
indicates that both vaccination and DTA are not effective in
combating illness caused by recent severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) variants.

We hypothesize that targeting cellular factors required for
symptom development after SARS-CoV-2 infection will allow us to
identify novel strategies to relieve COVID-19-associated symptoms,
including those in long haulers. Over the years, it has been shown that
activation of the RAF/MEK/ERK signaling pathway is critical for the
replication of DNA>® and RNA viruses, including SARS-CoV-2.”~ In this
study, we demonstrated that selumetinib, a specific inhibitor of the
upstream mitogen-activated protein kinases (MEK kinases), approved by
the US Food and Drug Administration (FDA) for cancer treatments,
prevents phosphorylation of extracellular signal-regulated kinase (ERK),
and reduces lung damage following SARS-CoV-2 infection, and prolongs
the survival of infected mice. Thus, repurposing selumetinib may be a

promising approach to reducing COVID symptoms and pathology.

2 | MATERIALS AND METHODS

2.1 | Mouse model of SARS-CoV-2 infection
The Indiana University School approved all animal studies of the
Institutional Animal Care and Use Committee (IACUC) and the
Indiana University Institutional Biosafety Committee. Cg-Tg(K18-
ACE2)2Primn/J mice (Stock No: 034860; Jackson Laboratory) were
used in this study. At approximately 8 weeks of age, K18-ACE2
mice were either mock infected (media only) or were infected
(media containing virus) intranasally (20 pl) with SARS-CoV-2 isolate
USA-WA1/2020 (BEI Resources), (n=4-5/group) using methods
described previously.2®** Mice were administered with a viral
concentration of O (mock) or 1x10* (plaque-forming unit). As
detailed below, several additional assessments were also completed
each day, including body weight and body condition score (BCS).
Criteria for humane endpoints were established in consultation with
IACUC and collaborating veterinarians as described previously.!?
Discarded human specimens from COVID-19 patients were used
to detect the expression of ERKY? phosphorylation. The use of
human materials has been approved by Institutional Review Board.
We conducted the study after receiving institutional ethical commit-
tee clearance.

2.2 | Body condition scoring

BCS was performed as previously described! (see Table below). Mice
with a score of 0-7 will continue with daily scoring. Mice with a score
of 8 or greater or any category of a score of 3 will be euthanized.

Score Activity Posture Respiration

0 Normal Normal Normal

1 Slightly reduced/mild Slightly Slight increase in
gait abnormality hunched rate or effort

2 Moving very slowly/ Moderately Slight to moderate
severely altered gait hunched increase in rate

and/or effort

3 Reluctant to move or Severely Noticeable increase

did not move hunched in rate and/or

effort

2.2.1 | Virus preparation

SARS-CoV-2 isolate USA-WA1/2020 was propagated in Vero-furin
cells, and progeny virions were collected in the supernatant 2-3 days
postinfection. Vero-furin cells were used for virus production
(Dulbecco's modified Eagle's medium supplemented with 10% fetal
bovine serum and 1% penicillin-streptomycin at 37°C with 5% CO,).
SARS-CoV-2 was quantified by a plaque assay as previously
described.**

2.2.2 | Histology and immunofluorescent staining

All mice were either euthanized at Day 14 +5 days or found dead,
and lung tissues were placed in 10% NBF for at least 72 h as per the
CDC-recommended guidelines. They were paraffin-embedded, sec-
tioned, stained with hematoxylin and eosin stain (H&E), and examined
by pathologist Dr. George Sandusky. Immunofluorescent staining was
performed as described previously.’? Antigen retrieval was per-
formed with tissue sections from mouse and human COVID-19 lung
tissues. Nonspecific staining was blocked with 10% FBS in PBS for
30 min and was then incubated with anti-phosphor-ERK/? (1:100,
cat# 4376S, lot#10; Cell Signaling Inc.) or amphiregulin (AREG)
antibodies (1:100, cat# bs-3847R, lot# AH10221226; Bioss Inc.) in a
blocking buffer at 4°C overnight. After washing with PBS, cells were
incubated with Alexa Fluor 488 goat anti-rabbit (1:300; Thermo
Fisher Scientific) for 30 min at room temperature. Nuclei were
visualized with DAPI (Invitrogen). Cross sections of lungs from all
mice were used to count the number of thrombi and fibrin thrombi
after H&E staining, and the average per section was used to compare
the control group with the selumetinib treatment group. The number
of lymphocytes, endothelial and bronchiolar epithelial cells were

counted from the areas with bronchioles and blood vessels. The
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ratios were calculated for comparison between the control group and

the treatment group.

2.2.3 | Statistical analysis
Data were presented as mean + SD. from at least three independent
experiments. Statistical comparisons between two groups were

t13

performed using a two-tail unpaired t-test.”” p < 0.05 was indicated

as the statistically significant difference.

3 | RESULTS

Activation of mitogen-activated protein kinases (MAPKs), including
MEKY/2, represents critical signal transducers that respond to viral
infection, resulting in alteration of cell functions, such as cell
differentiation, proliferation, survival, and apoptosis.'* Activation of
physiological intracellular signaling cascades caused by SARS-CoV-2
infection may lead to the phosphorylation and activation of down-
stream molecules, and specific inhibitors may help reduce SARS-CoV-
2-induced symptoms. We examined MEKY?2 activity by detecting
ERKY2 phosphorylation in patients with SARS-CoV-2 infection.
As indicated in Figure 1A, we detected a high level of ERKY/?
phosphorylation in COVID-19 patients, suggesting that MEK/2
activation occurs in patients with COVID-19.

To test the role of MEKY/2 activity in SARS-CoV-2-induced lung
damage, we need to use a model system and a specific inhibitor. K18-

hACE2 transgenic mice are susceptible to SARS-CoV-2 infection and

(A) (B)

COVID-19 Lung Mock infection

Mouse lung (©)
SARS-CoV2 infection
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are a commonly used mouse model for COVID-19.15"Y We first
tested whether SARS-CoV2 infection in K18-hACE2 transgenic mice
causes activation of MEKY/2, as indicated by ERK/2? phosphorylation.
We monitored ERKY/2 phosphorylation in the lung tissue following
SARS-CoV2 infection and detected a high phosphorylated ERKY/?
(Figure 1B,C).

To demonstrate that selumetinib is effective in suppressing

K2 phosphorylation by

MEKY/2 activity, we examined the level of ER
immunofluorescent staining. Phospho-ERK was highly detectable in
lung tissues following SARS-CoV-2 infection (Figure 1C). In contrast,
selumetinib injection nearly diminished phospho-ERKY? in the lung
tissues (Figure 1D), indicating that selumetinib effectively suppresses
MEKY2 activation.

We performed histological analyses and found significant
differences between the selumetinib treatment group and the control
group in the infected mice (Figure 2). Mice infected with SARS-CoV-2
exhibit chronic interstitial pneumonia, fibrin thrombi (indicated as # in
Figure 2A), thrombi (indicated by ** in Figure 2B), perivascular and
peribronchiolar lymphocytic infiltration (indicated by an orange * in
Figure 2C), alveolar macrophages (see green arrows in Figure 2D),
active bronchiolar epithelial cell degeneration (a green arrow in
Figure 2B indicated degenerated cells). Collapsed alveoli were
common in SARS-CoV-2 infected lung tissues (indicated by *
Figure 2A). With selumetinib treatment, the SARS-CoV-2 infected
lung tissues looked essentially normal (Figure 2E-H), but contained
multifocal lymphoid nodules. Thrombi and congestion were less
severe in selumetinib-treated mice (shown in Figure 2E-H). We
observed a significant reduction in the number of thrombi and fibrin
thrombi in the seleumetinib treatment group (Figure 2l,J, with

Mouse lung
SARS CoV2 + selumetinib

Mouse lung (D)

- ---ERKM’
- ---DAP

FIGURE 1 ERKY?2 phosphorylation in SARS-CoV-2-infected lung tissues of mice and humans. ERKY/? phosphorylation was detected by
immunofluorescent staining using specific antibodies (shown in green and highlighted in red*). Positive staining was observed in lung tissues
from COVID-19 patients (A), SARS-CoV-2-infected K18-hACE2 transgenic mice (C), not in the lung tissues of mock-infected lung tissues
(B). When K18-hACE2 transgenic mice were treated with MEK inhibitor selumetinib, ERK phosphorylation was not detectable (D), indicating

effective suppression of MEK activity by selumetinib. ERK/?

phosphorylation was shown in red (top panels) and nuclear staining was done

with DAPI (shown in blue, bottom panels). COVID-19, coronavirus disease 2019; DAPI, 4’ ,6-diamidino-2-phenylindole; ERK, extracellular
signal-regulated kinase; MEK, mitogen-activated protein kinase; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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FIGURE 2 Histological changes of lung tissues by selumetinib. Hematoxylin and eosin slides were examined for changes in lung tissues.
(A-D) were from the control group and (E-H) were from selumetinib treatment group. (I-L) are summaries of data analyses as described below.
We detected fibrin thrombi (indicated by # in A), thrombi (indicated by ** in B) in SARS-CoV-2-infected mouse lung tissues. We also observed
active bronchiolar epithelial cell degeneration (indicated by a green arrow in B), perivascular (indicated by red * in C) and peribronchiolar
lymphocytic infiltration (shown in D), and collapsed alveoli (indicated by a * in A). All these symptoms were less severe in selumetinib-treated
mice (as shown in E-H). We found that the number of fibrin thrombi (I) (p = 0.0317) and thrombi (J) (p = 0.041) per lung tissue section was
significantly lower in selumetinib-treated mice. The biggest difference was the ratio of perivascular lymphocytes to endothelial cells between the
control group and the selumetinib-treated group (K) (p = 0.0002). A lower ratio between peribronchiolar lymphocytes to bronchiolar epithelial
cells was also observed between the control group and the selumetinib treatment group (L) (p = 0.0005). SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
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FIGURE 3 The efficacy of selumetinib on ki6é7 positivity of lung tissues from SARS-CoV-2 infected mice. (A) Typical images of Ki67 and
DAPI staining. The presence of Kié7-positive cells (in red) was observed in SARS-CoV-2 infected K18-hACE2 mice, but only a few in selumetinib
(shown as drug)-treated mice. (B) Summary of kié7 staining from three mice in each group. Three fields were counted from each mouse lung
tissue and the number is the average from three mice/group. p = 0.007. DAPI, 4',6-diamidino-2-phenylindole; SARS-CoV-2, severe acute
respiratory syndrome coronavirus 2.
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p values of 0.04 and 0.03 respectively). Similarly, the ratio of
perivascular lymphocytes to endothelial cells in the areas with
blood vessels was significantly lower in selumetinib-treated mice
(Figure 2K, p =0.0002). Samples from selumetinib treatment group
also have a significantly lower ratio of peribronchiolar lymphocytes to
bronchiolar epithelial cells (Figure 2L, p=0.0005). These data
strongly indicate that selumetinib reduces SARS-CoV-2-induced lung
tissue damage.

It is known that MEKY? plays an essential role in cell
proliferation, and nuclear ki67 expression is a marker for cell
proliferation.’* After immunofluorescent staining with kié7 antibo-
dies, we observed >25% of ki67 positivity in SARS-CoV-2 infected
lung tissues. After selumetinib treatment, ki6é7 positivity was reduced
to <5% (p=0.007) (Figure 3). This result suggests that selumetinib
reduces cell proliferation in the infected lung tissue. Further
examination suggested that ki67-positive cells are mostly
lymphocytes.

Next, we determined whether selumetinib effectively reduces
mouse mortality after SARS-CoV-2 infection. In the K18-hACE2
mouse model, most mice die on Days 5-7 after virus infection. We
observed a tendency for better survival for mice treated with
selumetinib. On Day 11, we found that the survival rate of the mice
treated with selumetinib was twice that of the control mice (67% vs.
33%). This result suggests that selumetinib may be effective in
reducing COVID-19-related mortality.

There are numerous mechanisms by which MEKY2 is activated,
including activation of upstream growth factors and signaling

crosstalk. We detected elevated expression of the growth factor

Mock infection

l AREG
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AREG in SARS-CoV2-infected mouse lung tissues compared with
mock-infected tissues (see Figure 4). This result suggests that
elevated AREG expression may be partly responsible for MEK/2
activation in the lung tissues after SARS-CoV2 infection.

From these data, we conclude that MEKY/2 inhibitor selumetinib
effectively reduces SARS-CoV-2 infection-induced lung damage and
could be repurposed to treat COVID-19 patients.

4 | DISCUSSION

This study identified MEK*/? as a targetable vulnerability for SARS-
CoV-2-induced symptoms in a mouse model of COVID-19. The
MEKY2 inhibitor selumetinib is well-tolerated in cancer patients, with
very low toxicity. In fact, selumetinib has been approved by FDA to
treat uveal melanoma, NF1-related inoperable plexiform neurofibro-
mas, and subsets of liver cancer and acute myeloid leukemia.
Our data indicate that selumetinib could be repurposed to treat
COVID-19 patients to reduce SARS-CoV-2-induced symptoms,
including long haulers. While our studies provide insightful informa-
tion on how SARS-CoV-2 induces lung damage, we anticipate more
in-depth studies will follow. In addition to mechanistic studies, there
are several strategies available to block SARS-CoV-2-induced
activation of the AREG-MEK signaling axis, such as neutralizing
antibodies against AREG, RAF, and MEK inhibitors. We also
anticipate that alternatives to the K18-hACE2 transgenic mice may
be useful for a better understanding of the pathological process of
SARS-CoV-2 infection.

Infection with SARS-CoV-2

FIGURE 4 Detection of amphiregulin (AREG) expression in K18hACE2 transgenic mice with or without SARS-CoV-2 infection. AREG protein
was detected by immunofluorescent staining (shown in red) with specific antibodies. No AREG expression was observed in mock-infected
mouse lung tissues, whereas high expression of AREG was seen in SARS-CoV-2- infected mouse lung tissues. DAPI, 4’,6-diamidino-2-
phenylindole; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; MEK, mitogen-activated protein kinase;

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



é‘—‘—Wl LEY-

XIE ET AL.

MEDICAL VIROLOGY

The relevance of this study to human COVID-19 may be further
studied using the real-world data from the Optum data set.

This study has limitations. All mouse studies used only one
mouse model. Although K18-hACE2 mice are a commonly used
model for studying COVID-19 pathogenesis, they do not exactly
represent all the symptoms of human COVID-19.
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