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Abstract

Background: Publicly available genomics datasets have grown drastically during the past decades. Although most
of these datasets were initially generated to answer a pre-defined scientific question, their repurposing can be useful
when new challenges such as COVID-19 arise. While the establishment and use of experimental models of COVID-19
are in progress, the potential hypotheses for mechanisms of onset and progression of COVID-19 can be generated by
using in silico analysis of known molecular changes during COVID-19 and targets for SARS-CoV-2 invasion.

Methods: Selecting condition: COVID-19 infection leads to pneumonia and mechanical ventilation (PMV) and associ-
ated with acute kidney injury (AKI). There is increasing data demonstrating mechanistic links between AKl and lung
injury caused by mechanical ventilation.

Selecting targets: SARS-CoV-2 uses angiotensin-converting enzyme 2 (ACE2) and transmembrane protease serine 2
(TMPRSS2) for cell entry. We hypothesized that expression of ACE2 and TMPRSS2 would be affected in models of AKI
and PMV. We therefore evaluated expression of ACE2 and TMPRSS2 as well as other novel molecular players of AKI and
AKI-lung cross-talk in the publicly available microarray datasets GSE6730 and GSE60088, which represent gene expres-
sion of lungs and kidneys in mouse models of AKI and PMV, respectively.

Results: Expression of COVID-19 related genes ACE2 and TMPRSS2 was downregulated in lungs after 6 h of dis-

tant AKl effects. The expression of ACE2 decreased further after 36 h, while expression of TMPRSS2 recovered. In
kidneys, both genes were downregulated by AKI, but not by distant lung injury. We also identified 53 kidney genes
upregulated by PMV; and 254 lung genes upregulated by AKI, 9 genes of which were common to both organs. 3 of 9
genes were previously linked to kidney-lung cross-talk: Lcn2 (Fold Change (FC)y g )= 186, FCyigney (= 6-32), Socs3
(FC,=10.5,FCy=104), Inhbb (FC, =6.20, FC,=6.17). This finding validates the current approach and reveals 6 new
candidates, including Maff (FC, =7.21, FC,=5.98).

Conclusions: Using our in silico approach, we identified changes in COVID-19 related genes ACE2 and TMPRSS2 in
traditional mouse models of AKl and kidney-lung cross-talk. We also found changes in new candidate genes, which
could be involved in the combined kidney-lung injury during COVID-19.
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new challenges such as COVID-19 arise and need to
be rapidly dealt with. These data sets are also very use-
ful to study when traditional wet-lab research is slowed
down during the pandemic, and experimental models of
COVID-19 are still under development.

Clinical data for COVID-19 suggested that its mortality
and morbidity can be linked not only to respiratory com-
plications but also to other organ dysfunction [1]. Acute
kidney injury (AKI) is associated with COVID-19. This
association is thought to be secondary to hemodynamic
effects of the disease related septic condition, and the
poor outcome is secondary to sepsis, where AKI is often
a surrogate marker of severity of illness in these patients
[2, 3]. There is also a strong association between AKI and
dysfunction of extra-renal organs, and more recent ani-
mal research has shown a significant causal effect of AKI
on a distant organ dysfunction [4—8]. Despite frustrating
outcomes, little is known about the potential pathophysi-
ological interactions between the kidney and the extra-
renal organs in critically ill patients. The critical illness
during COVID-19 warrants study COVID-19 related
genes and kidney-lung cross-talk to discover potential
therapeutic targets.

We previously used combined genomics data analysis
of kidney and lung to discover new molecular pathways
of kidney-lung cross-talk during lung injury [9], and dem-
onstrated that inflammation is a major component of the
initiation and exacerbation of AKI. To relate our findings
to COVID-19, we re-visited the global gene expression
profiles of kidney in mice with pneumonia and mechani-
cal ventilation [10, 11] with the main focus on changes in
two important COVID-19 related genes angiotensin-con-
verting enzyme 2 (ACE2) and transmembrane protease
serine 2 (TMPRSS2). These genes were not previously
considered during prior studies of kidney-lung cross-talk.
However, SARS-CoV-2 uses ACE2 to enter both kidney
and lung, and is highly expressed in proximal tubule cells
of the kidney [10]. While virus enters the lung directly
by inhalation the kidney becomes infected via blood
(viremia), that occurs in ~ 15% of patients and is reported
in association with severe infection [12]. The rate of cor-
onoviral infection is multiplied by thousand times in
the presence of co-expressed proteases [13]. TMPRSS2
gene codes for such a protease, which cleaves (primes)
S protein of SARS-CoV-2 bound to ACE2 receptor [12].
TMPRSS2 is abundantly expressed in the distal nephron
[14]. The data from Human Protein Atlas (https://www.
proteinatlas.org) also demonstrates high co-expression of
ACE2 and TMPRSS2 in microvilli of proximal tubules.

In addition to detected significant changes in expres-
sion of ACE2 and TMPRSS2 in AKI and PMV models, we
also identified novel candidates that mediate cross-talk
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between the lung and kidney, which could be pertinent
to COVID-19.

Methods

Study aims

This expression data repurposing study aims to extrapo-
late the molecular changes during COVID-19 to cross-
talk between the injured kidney and lung using publicly
available genomic data. Mouse models were selected
based upon the phenotypes similar to those in patients
with COVID-19. Two major COVID-19 related clinical
conditions were selected: PMV and AKI. We hypoth-
esized that genes involved in SARS-CoV-2 invasion will
be affected in these models and might be potentially
involved in COVID-19 outcome.

The microarray Genomic Series GSE60088 and
GSE6730 were downloaded from the Gene Expression
Omnibus (GEO).

Brief description of gene expression series 60,088: The
S. aureus (SA) ~10” cfu was deposited in mice orophar-
ynx (n=5) and mice were intubated via tracheostomy
with a 20-gauge blunt metal catheter. Although the inju-
rious pathogen in the model was bacterium the recent
clinical observations showed that 37% of critically ill
COVID-19 patients acquired bacterial pneumonia [15],
which supports the model selection. Intubated mice were
connected to a MiniVent rodent ventilator and mechani-
cally ventilated (MV) with a tidal volume of 10mL/kg,
a respiratory rate of 150 breaths per minute. Control
mice (n=5) were maintained in their cages. After 6h the
lungs and kidneys were collected for RNA isolation. The
Office of Animal Welfare at the University of Washington
approved all experiments.

Brief description of gene expression series 6730: Male
6—8-week-old mice (C57BL6/J), weighing approxi-
mately 25-30g were placed on a heating blanket and
underwent midline laparotomy with isolation of

Table 1 Response of ACE2 and TMPRSS2 to direct injurious
stimuli in kidney and lung

ACE2 TMPRSS2
Organ Condition FC P-value FC P-value
LUNG PMV —1.71 0.00037 —1.69 0.00002
AKI6h —1.86 0.00116 —143 0.00022
AKI36h —2.56 0.00062 —1.27 NS
KIDNEY PMV 1.05 NS 117 NS
AKI 6h? —244 0.00108 —1.76 0.01224
AKI 36h? —3.27 0.00033 1.03 NS

2 the data was extracted from supplemental materials Grigoryev et al [9]

AKl acute kidney injury, PMV pneumonia and mechanical ventilation, FC fold
change
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bilateral renal pedicles. For mice assigned to experi-
mental ischemia-reperfusion injury (IRI), a non-trau-
matic microvascular clamp was applied across both
renal pedicles for 60 min. After the allotted ischemia
time, the clamps were gently removed, the animals were
administered 1ml of sterile saline intraperitoneally,
and the incision was closed in two layers with 4-0 silk
suture. The animals were then allowed to recover with
free access to food and water. Sham animals under-
went the identical procedure without placement of
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the vascular clamps. At 6 or 36h following the experi-
mental procedure, the mice were euthanized by exsan-
guination under pentobarbital anesthesia and lung
tissues were collected for the analysis. All procedures
were approved by the Johns Hopkins Animal Care and
Use Committee, and were consistent with the National
Institutes of Health (NIH) Guide for the Care and Use
of Laboratory Animals.

Mouse Genome 430 2.0 microarray (Affymetrix) was
used for both models.
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Fig. 1 Theoretical model of kidney-lung interaction during COVID-19. We postulate that SARS-CoV2 enters a lung and perhaps a kidney using ACE2
as a main entry point and TMPRSS2 for proteolitic cleavage (priming) of SARS-CoV2-ACE2 complex to increase the infection rate. Ensuing injury
("second hit"), such as ventilation injury and AKI (local tissue inflammation) can alter the expression of these two genes and change response to the
infection. The left panel, therefore, represents ventilation injury and right panel represents AKI. Expression values for ACE2 and TMPRSS2 genes are
depicted in closed boxes and are taken from Table 1. Solid boxes/lines represent direct effects of an injury, and dashed boxes/lines represent distant
genomic effects at 6 h after the injury. Aside from ACE2/TMPRSS2 axis additional pathways can be altered in a lung and kidney that might modify
survival and tissue injury/repair. Genes from these key pathways could be involved in lung-kidney cross-talk in COVID-19 patient. We have identified
9 genes, expression of which was significantly changed during experimental PMV and AKl; theses changes were common to both organs during
injurious response. Out of common 9 genes 3 were previously described as AKl-related genes (Lcn2, Socs3, and Inhbb); other six genes were novel
(Mt2, Maff, Junb, Hmgcs2, Tnfrsf12a and Ch25h)
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Statistical analysis
Differentially expressed genes were identified using GEO-
build-in GEO2R tool. For PMV model the groups were defined
as follow: Control Lung Genomic Sample GSM1464822-
GSM1464825, MV+SA Lung GSM1464826-GSM14648230.
Control Kidney GSM1464839-GSM1464843, MV+SA Kidney
GSM1464844-GSM 1464848

For AKI model the groups were defined as fol-
low: Control 36h GSM155092- GSM155096, AKI 36h
GSM155100- GSM155102. Control 6h GSM155086-
GSM155088, AKI 6h GSM155089- GSM155091. Then
GEO2R outputs comparing all groups were downloaded.

The main SARS-CoV-2 targets: angiotensin-converting
enzyme 2 (ACE2) and transmembrane protease serine
2 (TMPRSS2) were selected for the detailed expression
analysis.

Results

We identified changes in lungs and kidneys of COVID-
19 related genes ACE2 and TMPRSS2 in pneumonia and
mechanical ventilation (PMV) and ischemic AKI-induced
lung dysfunction (Table 1). Expression of ACE2 in lungs
was significantly downregulated after 6h in PMV model,
and was similar to the gene downregulation in initially
normal lungs at 6 h after the induction of ischemic injury
to kidneys in AKI model. Lung ACE2 was further down-
regulated 36h after ischemic AKI. (Table 1). Expression
of TMPRSS2 in the lung was also significantly decreased
after PMV, as it was 6h after ischemic AKI. However, at
36 h of AKI lung TMPRSS2 was similar to the baseline.

In kidneys ACE2 sharply decreased at 6h after AKI
and was further downregulated 36h after the induction
of ischemic AKI. However, kidney ACE2 was unaffected
by PMV. Kidney TMPRSS2 was unaffected in PMV
model, but decreased 6h after ischemic AKI. (Table 1).
We then explored other molecular targets in both organs
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by filtering for the known genes with P-value <0.01 and
fold change (FC)>4. This approach identified 53 genes
upregulated in the kidneys from mice with PMV; and
254 genes upregulated in the lungs from mice with AKI
(Fig. 1). Cross-referencing of these candidates identified
9 common genes (Table 2). Three of them Lcn2, Socs3,
and Inhbb had already been associated with kidney-lung
cross-talk [9], which validate by our current approach.
We also identify 6 novel molecular targets for kidney
lung-cross-talk.

Discussion

Severe COVID-19 is usually characterized by lung injury
and often associated with acute kidney injury. There has
been mechanistic studies of combined lung and kidney
injury in animal models, but not related to COVID-19.
Prior studies focusing on mechanisms of kidney-lung
cross-talk did not examine COVID-19 specific genes
because they were not relevant at the time. Publicly avail-
able databases can be re-analyzed while labs are slowed
down and animal models of COVID-19 are being devel-
oped. We used this approach and found unexpected
decreases in key SARS-CoV2 molecules ACE2 and
TMPRSS2 in two models of kidney lung cross-talk: 1)
pneumonia and mechanical ventilation as a trigger of
kidney injury and 2) AKI as a trigger of lung injury. Con-
sequently, we found significant changes in expression of
3 genes that were previously associated with kidney-lung
cross-talk, and also identified 6 novel targets.

ACE2 and TMPRSS2 are important for SARS-CoV2
entry into lungs via inhalation and kidneys via blood
stream. It is believed that expression level of these mol-
ecules predisposes to viral invasion, especially the
co-expression of both genes in targeted cells, which sig-
nificantly accelerates infection and disease development.
This could explain why some patients get more serious

Table 2 Gene candidates distantly upregulated in kidney or lung by injury to distant organ

Gene Symbol lung during AKI kidney in PMV

FC Pvalue FC Pvalue
Lipocalin 2 Lcn2 18.58 0.00020 6.32 0.00720
Suppressor of cytokine signaling 3 Socs3 10.52 0.00018 10.36 0.00058
v-maf musculoaponeurotic fibrosarcoma oncogene family F Maff 7.21 0.00221 5.98 0.00091
Jun B proto-oncogene Junb 6.41 0.00023 5.37 0.00194
Inhibin beta-B Inhbb 6.20 0.00041 6.17 0.00102
Tumor necrosis factor receptor superfamily, member 12a Tnfrsf12a 6.09 0.00063 4.48 0.00081
Cholesterol 25-hydroxylase Ch25h 6.04 0.00040 4.30 0.00037
Metallothionein 2 Mt2 5.29 0.00078 7.09 0.00003
3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 Hmgcs2 4.44 0.00877 5.31 0.00044

AKl acute kidney injury, PMV pneumonia and mechanical ventilation, FC fold change
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Fig. 2 Protective model of a“second hit" during distant organ injury. The schematic cells represent proximal tubule cells of kidney. It has been
shown in the Human Protein Atlas that ACE2 and TMPRSS2 are co-expressed in proximal tubules, especially in its microvilli (https://www.prote
inatlas.org/ENSG00000130234-ACE2/tissue/kidney and https://www.proteinatlas.org/ENSG00000184012-TMPRSS2/tissue/kidney). The virus
invasion flow was adopted from Parmar et al. [12]. The proposed model demonstrates that with increased time after the initial injury it becomes
more difficult for SARS-CoV-2 to enter the injured lung or kidney cell. 6 h after the injury the both targets of SARS-CoV-2 (ACE2 and TMPRSS2) are
downregulated. 36 h after the injury, while the expression of TMPRSS2 is recovered, the expression of ACE2 is downregulated even more than after
6h
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injury while others do not [16]. There are also “second
hits” that can alter patient outcome, such as bacterial
pneumonia, mechanical ventilation induced injury, and
AKI. We examined expression of these two molecules
in two traditional published models and expected an
increase in mRNA expression of the receptors. Unex-
pectedly, both ACE2 and TMPRSS2 decreased in lung
and kidney during PMV and AKI, though with different
intensities and kinetics. This decrease is a real suppres-
sion of expression, rather than a reflection of a cell death
after the injury, given that 53 kidney genes and 254 lung
genes demonstrated significant increase in response to
the injury. The meaning of this is unknown and could
be tested in the future studies when experimental mod-
els of COVID-19 are better developed. The matter is
also complicated by the known difference in expression
of TPMRSS2 in the mouse and human [17]. However,
one still can speculate that “second hits” could make it
more difficult for SARS-CoV-2 to enter lung and kidney
cells and might be protective. Based on the level of gene
expression in Table 2, we directly extrapolated the gene
expression values to receptor expression on the surface of
a cell and built our protective model against SARS-CoV-2
invasion (Fig. 2). This model might suggest a straightfor-
ward reduction in the severity of COVID-19 infection,
which was not noted during this pandemic. However, the
future comparison of virus burden between patients with
and without AKI can address feasibility of this model.
While focusing on the important COVID-19 targets
ACE2 and TMPRSS2 molecules, we re-analyzed these data
sets and confirmed that our approach was valid when we
identified 3 previously known candidates of lung-kidney
cross-talk during AKI: lipocalin 2 (NGAL), suppressor of
cytokine signaling 3 (member of STAT family), and inhibin
beta B. NGAL is a bio-marker of AKI but also has impor-
tant role in iron metabolism, epithelial cell and immune
cell functions. Socs3 in stressed proximal tubules plays an
important role during AKI by inhibition of reparative pro-
liferation [18] and its anti-inflammatory properties might
also play protective role in kidney injury. Inhibin beta B
is a member of the transforming growth factor f (TGF-p)
superfamily. It has been reported that this gene is signifi-
cantly up-regulated in renal endothelial cells from male
mice with ischemia reperfusion injury [19]. We also identi-
fied 6 new candidate kidney-lung cross-talk genes (Table 2).
We found Maff gene particularly interesting. This gene is
abundantly expressed in the kidney and its up-regulation
has been linked to deleterious effects on podocytes [20].
Maff also binds the oxytocin receptor promoter [21], which
could contribute to sex differences in disease outcome
— seen in COVID-19 [22]. Moreover, it had been demon-
strated in the highly related mouse model of SARS-CoV that
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ovariectomised or antiestrogen-treated female mice had
more severe CoV infections than their respective controls
[23].

Conclusions

Study of expression patterns of ACE2 and TMPRSS2
genes during PMV and AKI could be important in
understanding the pathogenesis of COVID-19 in criti-
cally ill patients. These two genes may also interplay
with other key genes during kidney-lung cross-talk.
Analytical methods of repurposing available genom-
ics data allowed us to generate new COVID-19 related
hypotheses, which can be studied and validated once
reliable COVID-19 models are established. Moreover,
this in silico repurposing method is generalizable and
can be applied to different studies.
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