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ABSTRACT 

Background. Chronic kidney disease ( CKD ) , especially diabetic CKD, is the condition that most increases the risk of 
lethal coronavirus disease 2019 ( COVID-19 ) caused by severe acute respiratory syndrome coronavirus 2 ( SARS-CoV-2 ) . 
However, the underlying molecular mechanisms are unclear. SARS-CoV-2 and coronavirus-associated receptors and 
factors ( SCARFs ) regulate coronavirus cell entry and/or replication. We hypothesized that CKD may alter the expression 

of SCARF genes. 
Methods. A literature search identified 34 SCARF genes of which we selected 21 involved in interactions between 

SARS-CoV/SARS-CoV-2 and host cells, and assessed their mRNA expression in target tissues of COVID-19 ( kidneys, lungs, 
aorta and heart ) in mice with adenine-induced CKD. 
Results. Twenty genes were differentially expressed in at least one organ in mice with CKD. For 15 genes, the differential 
expression would be expected to favor SARS-CoV-2 infection and/or severity. Of these 15 genes, 13 were differentially 
expressed in the kidney and 8 were validated in human CKD kidney transcriptomics datasets, including those for the 
most common cause of CKD, diabetic nephropathy. Two genes reported to protect from SARS-CoV-2 were downregulated 
in at least two non-kidney target organs: Ifitm3 encoding interferon-induced transmembrane protein 3 ( IFITM3 ) in lung 
and Ly6e encoding lymphocyte antigen 6 family member 6 ( LY6E ) in aorta. 
Conclusion. CKD, including diabetic CKD, is associated with the differential expression of multiple SCARF genes in 

target organs of COVID-19, some of which may sensitize to SARS-CoV-2 infection. This information may facilitate 
developing therapeutic strategies aimed at decreasing COVID-19 severity in patients with CKD. 
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KEY LEARNING POINTS 

What was known: 

• Chronic kidney disease ( CKD ) patients represent the larges
2019 ( COVID-19 ) . Diabetic nephropathy is the most commo
and is also associated with an increased risk of death.

• Severe acute respiratory syndrome coronavirus 2 ( SARS-C
regulate viral cell entry and/or replication.

• The cellular and molecular mechanisms underlying this i

This study adds: 

• CKD is associated with the differential expression of SCAR
for SARS-CoV-2 infection and/or severity.

• A high percentage of genes reported to increase the risk f
including diabetic CKD.

• Two genes reported to protect from SARS-CoV-2 were dow
in the aorta.

Potential impact: 

• Identifying potential mechanisms that may increase the
velopment of therapeutic strategies aimed at decreasing 
population.
ber of persons at high risk of death from coronavirus disease 
use of CKD. Acute kidney injury ( AKI ) is frequent in COVID-19 

 ) and coronavirus-associated receptors and factors ( SCARFs ) 

sed risk are unclear.

es in target organs of COVID-19 which may increase the risk 

RS-CoV-2 infection are overexpressed in kidneys with CKD, 

ulated in targets organs in CKD: Ifitm3 in the lung and Ly6e 

 for lethal COVID-19 or AKI in CKD patients may allow de- 
everity of COVID-19 in future coronavirus pandemics in this 
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NTRODUCTION 

evere acute respiratory syndrome coronavirus 2 ( SARS-CoV-2 ) 
auses coronavirus disease 2019 ( COVID-19 ) . The SARS-CoV-2 
andemic has caused over 6.6 million deaths [ 1 ]. SARS-CoV-2 
auses primarily pulmonary damage but can injure other or- 
ans and systems like the kidneys or the gastrointestinal,
ardiovascular or nervous systems [ 2 ]. The main risk factor for 
evere COVID-19 is older age [ 3 ]. Additionally, preexistent condi- 
ions and genetic factors increase the risk for severe COVID-19 
 3 , 4 ]. Chronic kidney disease ( CKD ) is the preexistent condition 
hat most increases the risk of death from COVID-19, especially 
dvanced CKD that requires kidney replacement therapy, but pa- 
ients with a glomerular filtration rate < 30 mL/min/1.73 m 

2 were 
anked fifth among conditions at highest risk of COVID-19 death 
 3 , 5 ]. Diabetic nephropathy is the most common cause of CKD 

nd is associated with a higher risk of COVID-19 death. In the 
SA, an excess of 7000 to 10000 deaths in patients with kid- 
ey failure occurred during the first months of the pandemic. In 
he Spanish region of Madrid, COVID-19 was the most frequent 
ause of death in 2020 among patients on kidney replacement 
herapy [ 6 ]. Indeed, in 2020 the annual mortality rate doubled 
ompared with prior years and for the first time since records 
egan, the prevalence of kidney replacement therapy decreased 
 6 ]. Moreover, according to the Global Burden of Disease collabo- 
ation, CKD is the most common preexistent condition that in- 
reases the risk of severe COVID-19. The increased risk of death 
ssociated to CKD is not limited to the initial COVID-19 admis- 
ion and persists elevated for months [ 7 ]. Indeed, patients on 
ialysis are at the highest risk of COVID-19 death and this is re- 
ated to injury to non-kidney organs, as the kidney has already 
ailed before SARS-CoV-2 infection [ 3 , 5 ]. Additionally, acute kid- 
ey injury ( AKI ) is frequent in COVID-19 and is associated with 
n increased risk of death. Approximately 28% of hospitalized 
OVID-19 patients presented AKI and 9% needed kidney replace- 
ent therapy [ 8 ]. Finally, CKD may be a long-term sequela of 
OVID-19. 
The cellular and molecular mechanisms underlying the in- 

reased risk of severe COVID-19 in persons with CKD are un- 
lear. CKD and especially, kidney failure, is a risk factor for in- 
ection, death from infection and impaired vaccine responses 
 9 ]. Thus, the increased risk of severe COVID-19 may result from 

on-specific impairment of antiviral responses in CKD patients.
owever, this would not fully explain why CKD is the preexis- 
ent condition that is associated with the highest risk of COVID- 
9 death, given that other conditions ( e.g. diabetes ) are also as- 
ociated with an increased risk of multiple types of infection.
remic toxins that accumulate in CKD, and the resulting dis- 
uption of homeostasis, have a multisystemic impact, including 
he differential expression of multiple genes in several organs 
 10 ]. This may include dysregulation of the specific host molec- 
lar machinery that modulates SARS-CoV-2 entry and prolif- 
ration, although this possibility has not been systematically 
ddressed so far. SARS-CoV-2 and coronavirus-associated recep- 
ors and factors ( SCARFs ) are molecules required for and/or that 
egulate coronavirus cell entry and/or viral replication [ 11 –14 ]. 

We have now studied changes in the expression of genes en- 
oding SCARFs in target organs of COVID-19 in mice with CKD.
nterestingly, several SCARF genes were differentially expressed 
nder CKD conditions in organs such as the kidneys, heart, aorta 
nd lungs, in a manner that may be expected to favor viral entry 
nto cells and/or viral proliferation. Kidney findings were vali- 
ated in human transcriptomics databases, including those of 
iabetic CKD. These differentially expressed molecules may be 
ovel therapeutic targets for approaches aimed at improving the 
bility of patients with CKD to effectively fight SARS-CoV-2 and,
otentially, future coronavirus pandemics. 

ATERIALS AND METHODS 

ethods are expanded in the Supplementary data . 

CARF genes 

CARF genes were identified from the literature. Twenty-eight 
CARF genes were reported by Singh et al . [ 11 ]. We focused on 17
actors reported to be directly related to SARS-CoV-2 or SARS- 
oV infection. Four additional factors were reported shortly 
hereafter as relevant to the SARS-CoV-2–host interaction ( AT1,
VPR1B, NRP1, NRP2 ) [ 12 , 13 ] and were incorporated into the
resent analysis ( Fig. 1 ) . Thus, the expression of a total of 21
enes was evaluated in kidneys, lungs, aorta and heart of mice 
ith CKD ( Fig. 2 ) . 

denine-induced CKD 

o explore the systemic impact of CKD, CKD was induced in 
2-week-old C57BL/6 wild-type male mice fed a standard pel- 
et chow or an adenine-rich diet ( 0.2% adenine ) for 4 weeks.
his model was chosen because it is non-invasive, results in in- 
reased serum levels of uremic retention solutes, including urea 
nd creatinine, is fast and reproducible, and its severity may be 
odulated adjusting the adenine concentration or the duration 
f treatment. 

NA extraction and RT-PCR 

eal-time polymerase chain reaction ( RT-PCR ) data have been 
reviously described [ 15 ]. 

istology and immunohistochemistry 

onventional histological assessment included hematoxylin–
osin and periodic acid–Schiff ( PAS ) is staining. Immuno- 
istochemistry was performed as previously described on 
araffin-embedded 3-μm thick tissue sections using the Envi- 
ion detection kit ( Dako ) according to the manufacturer’s in- 
tructions [ 16 ]. Kidney, lung, heart and aorta sections were coun- 
erstained with Carazzi’s hematoxylin. Primary antibodies were 
oat polyclonal anti-Ly6E ( 1:100, Abyntek Biopharma ) and rab- 
it polyclonal anti-interferon-induced transmembrane protein 
 ( IFITM3 ) ( 1:100, Abcam ) . Negative controls included incubation 
ith a non-specific immunoglobulin of the same isotype as the 
rimary antibody. No specific immunohistochemistry signal was 
bserved in the heart. 

estern blot 

estern blot was performed as previously described [ 17 ] and 
etailed in Supplementary data , Methods . 

ata mining 

ata mining to validate kidney findings in murine adenine- 
nduced CKD was performed in in-house murine kidney 
ranscriptomics datasets and in human CKD transcriptomics 
atasets from Nephroseq v5 ( http://v5.nephroseq.org/ ) . 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
http://v5.nephroseq.org/
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Figure 1: SCARF genes and key functions. Adapted from reference [ 11 ], using additional information obtained from references [ 12 , 13 ]. 
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In-house murine kidney transcriptomics datasets have been 
escribed previously [ 18 –21 ]. 
Information on gene expression in human CKD transcrip- 

omics datasets was obtained from Nephroseq v5 [ 22 ]. A high-
ensitivity approach was used, in which statistically significant 
ifferences ( P < .05 ) in gene expression or correlation with ana-
ytical values were selected. Expression of genes of interest by in-
ividual cell types in healthy human tissue were identified from
roteinAtlas [ 23 ]. 

tatistics 

tatistical analysis was performed using GraphPad Prism Soft- 
are 8 ( La Jolla, CA, USA ) . Results are expressed as mean ± stan-
ard error of the mean ( SEM ) . Significance at the P < .05 level
as assessed by Student’s t -test for two groups of data. Statisti-
al results for Nephroseq data are presented as provided in the
eb page. 

thics approval and consent to participate 

his study was approved by the Ethics Committee of IIS-
undacion Jimenez Diaz. 

ESULTS 

CARF gene expression in mice with CKD 

he key target organ in COVID-19 is the lung, while cardiovas-
ular and kidney complications are causes of death in severe
OVID-19. Thus, we induced CKD in mice and studied the gene
xpression of 21 SCARF genes in the kidney, aorta, heart and
ung. 
Adenine-induced kidney injury resulted in increased serum 

reatinine and urea levels ( Fig. 3 A and B ) , reflecting increased
evels of uremic retention solutions, as well as in kidney tubular
trophy and interstitial fibrosis ( Fig. 3 C ) . Histological examina-
ion of aorta, heart and lungs did not disclose major abnormali-
ies ( Fig. 3 D–F ) . 

Overall, 20 of 21 SCARF genes showed significant differential
xpression in at least one organ of mice with CKD as compared
ith control mice, and for 15/20 ( 75% ) the differential expres-
ion would be expected to facilitate SARS-CoV-2 infection and/or
everity ( Supplementary data , Table S1 ) . 

ultiple differentially expressed SCARF genes may 
ontribute to increased severity of kidney injury in CKD

n CKD kidneys, 17 SCARF genes were differentially expressed,
ll of them upregulated, as assessed by RT-qPCR ( Fig. 4 ,
upplementary data , Fig. S1 ) . For 13 genes ( Dpp4 , Tmprss2 , Tm-
rss4 , Top3b , Ap2m1 , Ap2a2 , Chmp2a , Rab10 , Rab14 , Rhoa , Tapt1 ,
rp1 and Nrp2 ) , the increased gene expression would be ex-
ected to favor SARS-CoV-2 infection, while for 4 ( Ifitm1 , Ifitm2 ,
fitm3 and Ly6e ) , the increased gene expression would be ex-
ected to be protective ( Fig. 4 , Supplementary data , Fig. S1 and
able S1 ) . 

To further understand the pattern of kidney SCARF gene ex-
ression during kidney injury, the expression of the 21 SCARF
enes was assessed in three in-house kidney transcriptomics
atasets corresponding to two nephrotoxic models of AKI and
ne model of early-stage obstructive CKD, as well as in human
KD datasets available at Nephroseq [ 22 ] ( Supplementary data, 
able S2 ) . Same-direction changes in gene expression were ob-
erved in murine adenine model and human CKD for 12 of 21
enes ( 57% ) , while just 8/21 ( 38% ) genes displayed the same

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
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Selected SCARF genes, n=21

Murine CKD

Kidney Heart Lung

DEG in at least 1 organ,
n= 20

Change in expression expected to
increase COVID-19 severity outside

the kidney, n=2

Validated at protein level,
n=2

Aorta

Novel SCARF genes
(literature), n=4

SCARF genes
(Singh et al), n=28

SCARF genes related to
SARS-CoV/SARS-CoV-2

(Singh et al), n=17

Change in expression expected to
increase COVID-19 severity in kidney,

n=13

Validated in human
transcriptomics datasets, n=8

Experimental design

IFITM3 in lung
LY6E in aorta

Figure 2: Experimental design. The list of SCARF genes was obtained from references [ 11 –13 ]. Murine CKD was induced by adding 0.2% adenine to the diet for 4 weeks. 
For human validation of kidney mRNA expression changes in CKD, the Nephroseq database was searched. In murine tissue, protein validation was achieved by western 

blot and/or immunohistochemistry. 
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irection of change in murine adenine CKD and murine models 
f AKI or early CKD. Thus, changes observed in murine CKD ap- 
ear representative of changes in human CKD, but the pattern 
f gene expression appears to change over time as kidney in- 
ury shifts from acute to chronic in mice. Interestingly, the most 
oherent changes in gene expression across species and condi- 
ions corresponded to two genes that may protect for SARS-CoV- 
 expression ( IFITM2 and IFITM3 ) which were increased in all 
onditions tested. However, the current manuscript is focused 
n understanding changes that might explain the clinical obser- 
ation of more severe COVID-19 in patients with CKD. Thus, we 
ext focused on genes whose increased expression may favor 
ARS-CoV-2 infection. 

Supplementary data , Tables S3 and S4 show detailed human 
idney expression data for the 13 genes that are upregulated in 
urine CKD kidney, and the increased gene expression of which 
ould be expected to favor SARS-CoV-2 infection ( Dpp4 , Tmprss2 ,
mprss4 , Top3b , Ap2m1 , Ap2a2 , Chmp2a , Rab10 , Rab14 , Rhoa , Tapt1 ,
rp1 and Nrp2 ) . For 8/13 ( 61% ) genes ( Tmprss4 , Chmp2a , Rab10 ,
 p
ab14 , Rhoa , Tapt1 , Nrp1 and Nrp2 ) , the kidney gene expression
as also found upregulated in human CKD, and for 4 in dia- 
etic CKD ( Ap2a2 , Tmprss4 , Rhoa and Nrp1 ) ( Supplementary data ,
able S3 ) . Thus, these eight genes would be prime candidates to 
xplain an increased sensitivity of kidney tissue to SARS-CoV-2 
nfection in humans whose role may be assessed experimen- 
ally in mice, as the change of expression in human and murine 
KD was in the same direction and would be expected to result
n increased sensitivity to SARS-CoV-2 infection. Specifically, for 
/8 genes ( TMPRSS4 , RAB10 , RHOA and NRP1 ) , a correlation was
ound between lower estimated glomerular filtration rate ( eGFR ) 
nd higher kidney gene expression in human CKD datasets, all 
f them including diabetic CKD ( Supplementary data , Table S4 ) . 

CARF gene expression in other COVID-19 target 
rgans from mice with CKD 

e next explored the impact of CKD on SCARF gene ex- 
ression in three key targets of COVID-19: the lungs and the 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
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asculature, represented by the aorta and the heart ( Figs 4 and 5 ,
upplementary data , Fig. S1 and Table S1 ) . 

In the lungs, 10/21 ( 48% ) genes were differentially ex- 
ressed, all of them downregulated, in CKD lungs ( Figs 4
nd 5 , Supplementary data , Fig. S1 and Table S1 ) . The
ownregulated expression of one gene ( Ifitm3 ) would 
e compatible with increased sensitivity to SARS-CoV-2 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
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In the aorta, 14/21 ( 67% ) SCARF genes were differen- 
ially expressed in CKD. One ( Ifitm3 ) was upregulated, and 13 
 Ap2a2 , Ap2m1 , Avpr1b , Bsg , Chmp2a , Nrp1 , Nrp2 , Rab10 , Rab14 ,
hoa , Tapt1 , Top3b and Ly6e ) downregulated ( Figs 4 and 5 ,
upplementary data , Fig. S1 and Table S1 ) . Only one gene ( Ly6e ) 
howed a differential expression expected to favor SARS-CoV-2 
nfection, as it is known to protect from SARS-CoV-2 infection 
 Fig. 5 B ) . 

In the heart, three SCARF genes ( Ace2 , Tmprss2 and Tmprss4 ) 
ould not be amplified and 5/18 ( 28% ) genes were differentially 
xpressed, all of them downregulated in CKD ( Figs 4 and 5 ,
upplementary data , Fig. S1 and Table S1 ) . The downregulated 
xpression of two genes ( Ifitm3 and Ly6e ) would be compatible 
ith increased sensitivity to SARS-CoV-2 infection. 
Based on these data, Ifitm3 and Ly6e were chosen for vali- 

ation of the impact of changes in gene expression on protein 
evels. 

ecreased lung IFITM3 expression may predispose 
ersons with CKD to severe COVID-19 

he highest Ifitm3 baseline expression was found in the lung,
uggesting that this SCARF may be important to protect from 

ARS-CoV-2 in the lung, while the baseline expression in other 
issues was approximately 50% or more lower than in the lungs 
 Fig. 4 A ) . The amount and localization of IFITM3 was assessed by 
estern blot and immunohistochemistry. Both techniques con- 
rmed the decreased IFITM3 protein levels in CKD lung as com- 
ared with control lung ( Fig. 4 B and C ) and this was concordant 
ith decreased mRNA levels in CKD lung ( Fig. 4 A ) . The localiza- 
ion of IFITM3 in murine lungs was consistent with reports in 
he Human Protein Atlas for IFITM3 mRNA and protein in hu- 
an lung [ 23 , 24 ] ( Supplementary data , Fig. S2 ) . 
Concordant findings between mRNA and protein levels were 

lso found for the kidney ( Fig. 4 A, Supplementary data , Fig. S3 ) .
n this case, both the mRNA and protein levels of IFITM3 were 
ncreased in CKD, as assessed by RT-qPCR ( Fig. 4 A ) , western blot
nd immunohistochemistry ( Supplementary data , Fig. S3 A and 
 ) . By contrast, neither western blot nor immunohistochemistry 
dentified IFITM3 protein expression in the heart ( not shown ) .
his may be explained by a combination of low baseline mRNA 

evels, a further decrease in mRNA expression in CKD ( Fig. 4 A )
nd the lack of gene expression in the most abundant cell 
ypes, the cardiomyocytes, according to the Human Protein Atlas 
hich localized IFITM3 expression to human endothelial cells,
ascular smooth muscle cells, fibroblasts and the heart [ 23 ],
hich was consistent with human heart immunohistochem- 

stry data in the Atlas [ 24 ] ( Supplementary data , Fig. S2 ) . 

ecreased aorta LY6E expression may predispose 
ersons with CKD to vascular involvement in COVID-19 

he highest Ly6e baseline expression was found in the aorta fol- 
owed by the kidney, suggesting that this SCARF may be impor- 
ant to protect from SARS-CoV-2 in these tissues, while the base- 
ine expression in heart and lung was very low ( Fig. 5 A ) . 

Immunohistochemistry confirmed a decrease in LY6E pro- 
ein expression in the aortic wall, in both endothelium and the 
edial layer ( Fig. 5 B ) . These data were consistent with the con-
titutive expression of LY6E mRNA by human endothelial and 
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a  
ascular smooth muscle cells as reported in the Human Pro-
ein Atlas [ 24 ] ( Supplementary data , Fig. S4 ) . The increased CKD
idney Ly6e mRNA expression ( Fig. 5 A ) was concordant with in-
reased LY6E protein levels ( Supplementary data , Fig. S5A and
 ) . By contrast, CKD lung Ly6e mRNA expression was similar to
ontrol lung mRNA ( Fig. 5 A ) , while LY6E protein levels were in-
reased in CKD lung ( Supplementary data , Fig. S5C and D ) . 

The Human Protein Atlas localized LY6E mainly to hu- 
an endothelial and vascular smooth muscle cells [ 24 ]

 Supplementary data , Fig. S4 ) . In this regard, we could not op-
imize murine heart immunohistochemistry to study LY6E pro- 
ein and western blot did not show changes in heart LY6E protein
 not shown ) . 

ISCUSSION 

iabetes is the most common cause of CKD. To gain insight
nto potential molecular changes that may predispose patients 
ith CKD to more severe COVID-19, we have assessed the ex-
ression of SCARFs in kidney, heart, vascular and lung tis-
ue in a murine model of CKD. The main finding was that
KD is associated with deregulated expression of multiple 
CARF genes both in the injured kidney and in the lungs and
ardiovascular systems. Kidney findings were validated in hu- 
an diabetic CKD. Overall, these data indicate that during CKD,

he differential expression of genes that modulate SARS-CoV- 
 biology is not limited to the kidney tissue and may be ob-
erved in aorta, heart and/or lung. In CKD kidneys, a majority
f differentially expressed genes ( 13 ) would be expected to re-
ult in increased sensitivity to SARS-CoV-2 infection and, po- 
entially, to virus-induced kidney injury during COVID-19. Ad- 
itionally, two genes were found to be differentially expressed 
n target organs other than kidneys in a manner that might
e expected to facilitate SARS-CoV-2 infection or increase its 
everity: specifically, Ifitm3 mRNA and IFITM3 protein were sig- 
ificantly downregulated in lungs, while Ly6e mRNA and LY6E 
rotein were significantly downregulated in aorta. This sug- 
ests that IFITM3 is a key candidate that may contribute to
he increased sensitivity of patients with CKD to severe COVID-
9, given that the lungs are the usual port of entry of SARS-
oV-2, and that therapeutic approaches that promote IFITM3 
xpression should be explored as a potential means to de-
rease the severity of COVID-19 in future coronavirus pandemics 
n the context of CKD. 

CKD patients with COVID-19 have a higher risk of hospital-
zation, need for mechanical ventilation, and mortality, and pa- 
ients with kidney failure had an almost 4-fold higher risk for
ortality than those without kidney failure [ 3 , 5 ]. It has been
uggested that suboptimal innate and adaptive immune sys- 
em activation increases the susceptibility to infections in pa- 
ients with CKD [ 13 ]. A Mendelian randomization study to eval-
ate the role of kidney function in severe COVID-19 in people
ith European Ancestry found that higher eGFR, but not lower
lbuminuria, was associated with lower risk of severe COVID- 
9 ( odds ratio 0.90, 95% confidence interval 0.83–0.98 ) [ 25 ]. This
urther supports the involvement of the kidney function of 
liminating uremic toxins in the increased sensitivity to severe 
OVID-19. 
Decreased IFITM3 levels were found in lungs in mice 

ith CKD. IFITMs are expressed in many cell types that be-
ave as innate immune responders to virus infections and 
egulate the fusion of invading viruses and endocytic vesi- 
les, and direct them to lysosomes [ 26 , 27 ]. IFITM3 has a
ey role in adaptative immunity by preventing viruses from 
raversing the cellular lipid bilayer as they alter membrane
igidity and curvature thus inhibit virus membrane fusion
 27 –32 ]. Specifically, IFITM3 had anti-influenza A properties
n murine models [ 33 –36 ]. IFITM3 gene variants have been
ssociated with the clinical response to influenza and other
iruses. The IFITM3 rs12252 C allele is a risk factor for COVID-
9 hospitalization among Chinese, Caucasian Spanish and Arab
opulations [ 37 –40 ]. The combined haplotypes of rs12252 and
s34481144 correlated with the reported standardized mortality 
atios in ethnic groups in England [ 41 ]. 

As would be expected for an innate immunity protein
ith antiviral properties, IFITM3 is upregulated in SARS-CoV-2-

nfected lung epithelial cells [ 42 ]. However, it was downregulated
n the lungs of mice with CKD, potentially contributing to the in-
reased susceptibility to severe COVID-19 in the uremic milieu.
ndeed, IFITM3 knockout ( KO ) mice had higher lung SARS-CoV-
 viral titers and increased lung inflammatory cytokine levels,
D45-positive immune cell infiltration and histopathological in- 
ury than wild-type ( WT ) control mice [ 43 ]. Viral antigen staining
as disseminated in lung tissue and pulmonary vasculature in

FITM3 KO mice, while it was observed just in limited regions in
T lungs. Complete virus clearance was delayed in IFITM3 KO
ice. Transcriptomics analysis of infected lungs identified up-

egulation of gene signatures related with interferons, inflam-
ation, angiogenesis and coagulation in IFITM3 KO as compared
ith WT mice, which would be consistent with more severe in-
ammatory injury and thromboembolic complications in per- 
ons with low IFITM3 expression, such as, potentially, CKD pa-
ients. Interestingly, cardiac dissemination of virus was detected 
n 8/8 IFITM3 KO vs 1/8 control mice, suggesting that IFITM3 lim-
ts extrapulmonary dissemination of SARS-CoV-2, concordantly 
ith a previous study showing that IFITM3 protects the heart
uring influenza virus infection [ 44 ]. In this regard, Ifitm3 was
lso downregulated in the heart of mice with CKD at the mRNA
evel, although we were unable to validate this result at the
rotein level. 
The identification of downregulated IFITM3 in COVID-19 tar-

et tissues in CKD offers the opportunity for therapeutic inter-
ention aimed at increasing IFITM3 expression. In this regard,
alproic acid upregulated IFITM3 mRNA expression and its an-
iviral action in a Toxicogenomics Database [ 42 ]. Furthermore,
he results are in line with the known negative impact of de-
ciency of an effective interferon response on the severity of
OVID-19, as interferon increases IFITM3 [ 45 ]. However, clinical
rials with diverse type I and III interferons have been inconclu-
ive [ 45 ]. It would be worth revisiting the results of these trials
rom a CKD perspective. 

Ly6e mRNA expression was downregulated in the heart and
orta of mice with CKD. However, downregulated LY6E pro-
ein was only confirmed in the aorta. LY6E encodes a glyco-
ylphosphatidylinositol ( GPI ) -anchored cell surface protein that 
odulates T-cell activation and proliferation and has an an-

iviral immune effect that has been described to control coro-
avirus infection [ 46 , 47 ]. LY6E interferes with spike protein–
ediated membrane fusion, protecting primary B cells from
urine coronavirus infection and severe viral disease [ 48 ]. The
ellular restriction provided by LY6E extends to multiple coron-
viruses, including SARS-CoV, SARS-CoV-2 and Middle East res-
iratory syndrome coronavirus ( MERS-CoV ) . Thus, mice lacking
Y6E in hematopoietic cells were highly susceptible to murine
oronavirus infection. In humans, an association between LY6E
ene variants and SARS-CoV-2 pneumonia was found in an
frican Ancestry population [ 47 ]. As was the case for IFITM3,
nd consistent with its antiviral role, LY6E was upregulated in
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lveolar tissue, large airways and heart tissue samples con- 
aining significant levels of SARS-CoV-2, which corresponds to 
arly stages of the infection in COVID-19 patients [ 48 ]. However,
he role of Ly6E in the vasculature in relation to viral infection 
s unknown. 

Additionally, 13 SCARF genes were upregulated in the kidney 
f murine CKD and their increased expression would be con- 
istent with increased local susceptibility to SARS-CoV-2 infec- 
ion. Eight of these SCARF genes were also upregulated in human 
idneys with CKD, including four specifically in diabetic CKD 

atasets. This points to an increased susceptibility of CKD kid- 
eys to SARS-CoV-2-induced kidney injury, which may be medi- 
ted by a different set of genes from those potentially mediating 
he increased sensitivity of CKD patients to SARS-CoV-2-induced 
ung and cardiovascular injury. In this regard, COVID-19 may 
ave direct and indirect negative impacts on the kidney. Kidney 
isease in COVID-19 is probably multifactorial, with important 
ontributions of systemic inflammation resulting from severe 
xtrarenal disease leading to kidney epithelial cell injury and 
aladaptive repair. Additionally, SARS-CoV-2 may infect kidney 
ells, including podocytes and tubular cells, triggering responses 
nvolved in inflammation and fibrosis [ 49 ]. 

Several limitations should be acknowledged. Lung and car- 
iovascular tissue from patients with CKD were not stud- 
ed. However, an extensive analysis of kidney transcriptomics 
atabases showed concordance between findings in murine and 
uman CKD at the kidney tissue level and for external tissues,
oncordance between mRNA and protein levels was character- 
zed. Furthermore, the uremic toxins that may change SCARF 
ene expression were not identified. Young mice were stud- 
ed while the risk of severe COVID-19 is increased in aged hu- 
ans [ 3 , 5 ]. However, older age results in a higher risk of severe
OVID-19 in person without CKD ( 21-fold higher risk for those 
ver 80 years old ) than in persons with CKD ( 3.5 higher risk ) 
 3 , 5 ]. Definite proof of the involvement of the identified genes 
n severe COVID-19 would require animal models of CKD, SARS- 
oV-2 infection, and genetic manipulation of IFITM3 or LY6E ex- 
ression in specific organs. In this regard, humanized models 
f SARS-CoV-2 infection in mice are available [ 50 ]. Finally, the 
hanges in the expression of some genes may be expected to 
e protective against COVID-19. Given the clinical observation 
f more severe COVID-19 in patients with CKD, we hypothesize 
hat the impact of the observed changes that may favor viral in- 
ection outweighs the impact of changes that may protect from 

iral infection. 
In conclusion, CKD, of which the most common cause is di- 

betes, is associated with the differential expression of multi- 
le SCARF genes in target organs of COVID-19. Specifically, the 
ecreased expression of Ifitm3 or Ly6e may contribute to in- 
rease the severity of COVID-19 in target organs such as the 
ung and the cardiovascular system, respectively, in the con- 
ext of CKD. Additionally, the differential expression of multi- 
le additional SCARF genes may sensitize CKD kidneys to kid- 
ey injury in infected individuals, as validated for human CKD,
ncluding diabetic CKD. This information may allow develop- 
ent of therapeutic strategies aimed at decreasing the sever- 

ty of COVID-19 of future coronavirus pandemics in patients 
ith CKD. In this regard, SARS-CoV-2 is the third novel coron- 
virus that causes lethal human disease identified in the 21st 
entury, following SARS-CoV ( 2003 ) and MERS-CoV ( 2013 ) [ 51 ].
iven the lung port of entry of SARS-CoV-2, lung IFITM3 ex- 
ression emerges as a key potential target of therapeutic ap- 
roaches aimed at increasing the resilience of CKD patients to 

ARS-CoV-2. 
UPPLEMENTARY DATA 

upplementary data are available at ckj online. 

CKNOWLEDGEMENTS 

he authors thank AstraZeneca Foundation, FIS/Fondos FEDER,
ociedad Española de Nefrología, Sociedad Madrileña de 
efrología, FRIAT, Comunidad de Madrid, ISCIII, Universidad 
utónoma de Madrid and REACT-EU resources for research 
upport. 

UNDING 

his research has been funded by the AstraZeneca Founda- 
ion through the Program for the Promotion of Young Re- 
earchers “V Call for Young Researchers Awards of the As- 
raZeneca Foundation 2020.” FIS/Fondos FEDER ( PI18/01366,
I19/00 815, PI21/00 251 ) , ERA-PerMed-JTC2018 ( KIDNEY ATTACK 

C18/00064, ISCIII-RETIC REDinREN RD016/0009 ) , Sociedad 
spañola de Nefrología, Sociedad Madrileña de Nefrología 
 SOMANE ) , FRIAT and Comunidad de Madrid en Biomedicina 
2017/BMD-3686 CIFRA2-CM. Instituto de Salud Carlos III ( ISCIII ) 
ICORS program to RICORS2040 ( RD21/0005/0001 ) and SPACKDc 
MP21/00109, FEDER funds. This research was funded by agree- 
ent between Comunidad de Madrid ( Consejería de Educación,
niversidades, Ciencia y Portavocía ) and Universidad Autónoma 
e Madrid to fund research on SARS-CoV-2 and COVID-19 with 
he REACT-EU resources under the European Regional Develop- 
ent Fund ( project SPACE2-CV-COVID-CM ) . 

UTHORS’ CONTRIBUTIONS 

.O., M.D.S.-N. and S.C. contributed to the concept, study 
esign and manuscript drafting; M.R. and A.P.-C. performed 
nimal studies; S.C. did the data mining. All authors reviewed 
nd revised the manuscript and approved the final manuscript 
s submitted. 

ATA AVAILABILITY STATEMENT 

he datasets used and/or analysed during the current study are 
vailable from the corresponding author on reasonable request.

ONFLICT OF INTEREST STATEMENT 

.O. is former Editor-in-Chief of CKJ and has received grants 
rom Sanofi and consultancy or speaker fees or travel sup- 
ort from Advicciene, Astellas, AstraZeneca, Amicus, Amgen,
resenius Medical Care, GSK, Bayer, Sanofi-Genzyme, Menarini,
undipharma, Kyowa Kirin, Alexion, Freeline, Idorsia, Chiesi,
tsuka, Novo-Nordisk, Sysmex and Vifor Fresenius Medical Care 
enal Pharma, and is Director of the Catedra Mundipharma- 
AM of diabetic kidney disease and the Catedra Astrazeneca- 
AM of chronic kidney disease and electrolytes. S.C. has received 
onoraria for consultancy from Otsuka and travel support from 

enarini. 

EFERENCES 

. World Health Organization. WHO Coronavirus ( COVID-19 ) 
Dashboard . https://covid19.who.int/ ( 2 December 2022, date 
last accessed ) .

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad220#supplementary-data
https://covid19.who.int/


SCARF expression in kidney disease 2681 

2  

 

3

4  

 

5  

 

6

7  

8  

 

9  

 

1  

1  

1  

 

1  

1  

1  

1
 

1  

1  

1  

 

 

 

2  

2  

 

2

2  

2

2  

 

 

2  

 

 

2  

 

 

2  

 

2  

 

3  

 

3  

 

 

3  

 

3  

3  

 

3  

 

3  
. Clark BC, Arnold WD. Strategies to prevent serious fall in-
juries: a commentary on Bhasin et al. A randomized trial of
a multifactorial strategy to prevent serious fall injuries. Adv 
Geriatr Med Res 2021 ; 3 :e210002.

. Williamson EJ, Walker AJ, Bhaskaran K et al. Factors 
associated with COVID-19-related death using Open- 
SAFELY. Nature 2020; 584 :430–6. https://doi.org/10.1038/ 
s41586- 020- 2521- 4 

. Netea MG, Domínguez-Andrés J, van de Veerdonk FL et al.
Natural resistance against infections: focus on COVID-19.
Trends Immunol 2022; 43 :106–16. https://doi.org/10.1016/j.it. 
2021.12.001 

. Ortiz A, Cozzolino M, Duivenvoorden R et al. Chronic kidney
disease is a key risk factor for severe COVID-19: a call to ac-
tion by the ERA-EDTA. Nephrol Dial Transplant 2021; 36 :87–94.

. Carriazo S, Aparicio-Madre MI, Tornero-Molina F et al. Im- 
pact of different COVID-19 waves on kidney replacement 
therapy epidemiology and mortality: REMER 2020. Nephrol 
Dial Transplant 2022; 37 :2253–63. https://doi.org/10.1093/ndt/ 
gfac234 .

. Carriazo S, Mas-Fontao S, Seghers C et al. Increased 1-
year mortality in haemodialysis patients with COVID-19: a 
prospective, observational study. Clin Kidney J 2021; 15 :432–
41. https://doi.org/10.1093/ckj/sfab248 

. Silver SA, Beaubien-Souligny W, Shah PS et al. The preva-
lence of acute kidney injury in patients hospitalized with 
COVID-19 infection: a systematic review and meta-analysis.
Kidney Med 2021; 3 :83–98.e1. https://doi.org/10.1016/j.xkme. 
2020.11.008 

. Ortiz A, Covic A, Fliser D et al. Epidemiology, contribu-
tors to, and clinical trials of mortality risk in chronic kid-
ney failure. Lancet 2014; 383 :1831–43. https://doi.org/10.1016/ 
S0140-6736 ( 14 ) 60384-6 

0. Zoccali C, Vanholder R, Massy ZA et al. The systemic nature
of CKD. Nat Rev Nephrol 2017; 13 :344–58. https://doi.org/10. 
1038/nrneph.2017.52 

1. Singh M, Bansal V, Feschotte C. A single-cell RNA expres-
sion map of human coronavirus entry factors. Cell Rep 
2020; 32 :108175. https://doi.org/10.1016/j.celrep.2020.108175 

2. Yeung ML, Teng JLL, Jia L et al. Soluble ACE2-mediated cell
entry of SARS-CoV-2 via interaction with proteins related 
to the renin-angiotensin system. Cell 2021; 184 :2212–28.e12.
https://doi.org/10.1016/j.cell.2021.02.053 

3. Mayi BS, Leibowitz JA, Woods AT et al. The role of Neuropilin-
1 in COVID-19. PLoS Pathog 2021; 17 :e1009153. https://doi.org/ 
10.1371/journal.ppat.1009153 

4. Niemi MEK, Karjalainen J, Liao RG et al. Mapping the human
genetic architecture of COVID-19. Nature 2021; 600 :472–7.

5. Valiño-Rivas L, Cuarental L, Agustin M et al. MAGE genes
in the kidney: identification of MAGED2 as upregulated 
during kidney injury and in stressed tubular cells. Nephrol 
Dial Transplant 2019; 34 :1498–507. https://doi.org/10.1093/ 
ndt/gfy367 

6. Ortiz A, Husi H, Gonzalez-Lafuente L et al. Mitogen- 
activated protein kinase 14 promotes AKI. J Am Soc Nephrol
2017; 28 :823–36. https://doi.org/10.1681/ASN.2015080898 

7. Fernandez-Fernandez B, Izquierdo MC, Valiño-Rivas L et al.
Albumin downregulates Klotho in tubular cells. Nephrol 
Dial Transplant 2018; 33 :1712–22. https://doi.org/10.1093/ndt/ 
gfx376 

8. Gil RB, Ortiz A, Sanchez-Niño MD et al. Increased urinary os-
molyte excretion indicates chronic kidney disease severity 
and progression rate. Nephrol Dial Transplant 2018; 33 :2156–
64. https://doi.org/10.1093/ndt/gfy020 
9. Martin-Lorenzo M, Gonzalez-Calero L, Ramos-Barron A et al.
Urine metabolomics insight into acute kidney injury point
to oxidative stress disruptions in energy generation and H2S
availability. J Mol Med ( Berl ) 2017; 95 :1399–409. https://doi.org/
10.1007/s00109- 017- 1594- 5 

0. Valiño-Rivas L, Cuarental L, Ceballos MI et al. Growth dif-
ferentiation factor-15 preserves Klotho expression in acute 
kidney injury and kidney fibrosis. Kidney Int 2022; 101 :1200–
15. https://doi.org/10.1016/j.kint.2022.02.028 

1. Valiño-Rivas L, Cuarental L, Nuñez G et al. Loss of NLRP6
expression increases the severity of acute kidney injury.
Nephrol Dial Transplant 2020; 35 :587–98. https://doi.org/10. 
1093/ndt/gfz169 

2. Nephroseq. http://v5.nephroseq.org/ ( 2 December 2022, date 
last accessed ) .

3. Uhlén M, Fagerberg L, Hallström BM et al. Proteomics.
Tissue-based map of the human proteome. Science 
2015; 347 : 1260419 .

4. The Human Protein Atlas. https://www.proteinatlas.org ( 5 
July 2023 , date last accessed ) .

5. Zhao JV, Schooling CM. Using genetics to understand the
role of kidney function in COVID-19: a mendelian random-
ization study. BMC Nephrol 2021; 22 :381. https://doi.org/10.
1186/s12882- 021- 02586- 6 

6. Spence JS, He R, Hoffmann HH et al. IFITM3 directly
engages and shuttles incoming virus particles to lyso-
somes. Nat Chem Biol 2019; 15 :259–68. https://doi.org/10.
1038/s41589- 018- 0213- 2 

7. Suddala KC, Lee CC, Meraner P et al. Interferon-induced
transmembrane protein 3 blocks fusion of sensitive but
not resistant viruses by partitioning into virus-carrying en-
dosomes. PLoS Pathog 2019; 15 :e1007532. https://doi.org/10. 
1371/journal.ppat.1007532 

8. Bailey CC, Zhong G, Huang IC et al. IFITM-Family
proteins: the cell’s first line of antiviral defense.
Annu Rev Virol 2014; 1 :261–83. https://doi.org/10.1146/ 
annurev-virology-031413-085537 

9. Yánez DC, Ross S, Crompton T. The IFITM protein family
in adaptive immunity. Immunology 2020; 159 :365–72. https:
//doi.org/10.1111/imm.13163 

0. Feeley EM, Sims JS, John SP et al. IFITM3 inhibits in-
fluenza A virus infection by preventing cytosolic entry.
PLoS Pathog 2011; 7 :e1002337. https://doi.org/10.1371/journal. 
ppat.1002337 

1. Lanz C, Schotsaert M, Magnus C et al. IFITM3 incorpora-
tion sensitizes influenza A virus to antibody-mediated neu-
tralization. J Exp Med 2021; 218 :e20200303. https://doi.org/10.
1084/jem.20200303 

2. Li K, Markosyan RM, Zheng YM et al. IFITM proteins restrict
viral membrane hemifusion. PLoS Pathog 2013; 9 :e1003124.
https://doi.org/10.1371/journal.ppat.1003124 

3. Zani A, Yount JS. Antiviral protection by IFITM3 in vivo.
Curr Clin Microbiol Rep 2018; 5 :229–37. https://doi.org/10.1007/ 
s40588- 018- 0103- 0 

4. Sun Q, Lei N, Lu J et al. Interferon-induced transmembrane
protein 3 prevents acute influenza pathogenesis in mice.
Biomed Environ Sci 2020; 33 :295–305.

5. Bailey CC, Huang IC, Kam C et al. Ifitm3 limits the severity of
acute influenza in mice. PLoS Pathog 2012; 8 :e1002909. https:
//doi.org/10.1371/journal.ppat.1002909 

6. Everitt AR, Clare S, Pertel T et al. IFITM3 restricts
the morbidity and mortality associated with in- 
fluenza. Nature 2012; 484 :519–23. https://doi.org/10.1038/ 
nature10921 

https://doi.org/10.1038/s41586-020-2521-4
https://doi.org/10.1016/j.it.2021.12.001
https://doi.org/10.1093/ndt/gfac234
https://doi.org/10.1093/ckj/sfab248
https://doi.org/10.1016/j.xkme.2020.11.008
https://doi.org/10.1016/S0140-6736\relax \setbox \z@ \hbox {\color@begingroup (\endgraf \endgroup }\ht \z@ \z@ \dp \z@ \z@ \box \z@ 14\relax \setbox \z@ \hbox {\color@begingroup )\endgraf \endgroup }\ht \z@ \z@ \dp \z@ \z@ \box \z@ 60384-6
https://doi.org/10.1038/nrneph.2017.52
https://doi.org/10.1016/j.celrep.2020.108175
https://doi.org/10.1016/j.cell.2021.02.053
https://doi.org/10.1371/journal.ppat.1009153
https://doi.org/10.1093/ndt/gfy367
https://doi.org/10.1681/ASN.2015080898
https://doi.org/10.1093/ndt/gfx376
https://doi.org/10.1093/ndt/gfy020
https://doi.org/10.1007/s00109-017-1594-5
https://doi.org/10.1016/j.kint.2022.02.028
https://doi.org/10.1093/ndt/gfz169
http://v5.nephroseq.org/
https://www.proteinatlas.org
https://doi.org/10.1186/s12882-021-02586-6
https://doi.org/10.1038/s41589-018-0213-2
https://doi.org/10.1371/journal.ppat.1007532
https://doi.org/10.1146/annurev-virology-031413-085537
https://doi.org/10.1111/imm.13163
https://doi.org/10.1371/journal.ppat.1002337
https://doi.org/10.1084/jem.20200303
https://doi.org/10.1371/journal.ppat.1003124
https://doi.org/10.1007/s40588-018-0103-0
https://doi.org/10.1371/journal.ppat.1002909
https://doi.org/10.1038/nature10921


2682 S. Carriazo et al .

3

3

3

4

 

4

4

4

4

4
 

4  

4

4

 

4

5

5

R

©
C
a

7. Gómez J, Albaiceta GM, Cuesta-Llavona E et al. The 
interferon-induced transmembrane protein 3 gene ( IFITM3 ) 
rs12252 C variant is associated with COVID-19. Cytokine 
2021; 137 :155354. https://doi.org/10.1016/j.cyto.2020.155354 

8. Zhang Y, Zhang Y, Qin L et al. Interferon-induced trans- 
membrane protein 3 genetic variant rs12252-C associated 
with disease severity in coronavirus disease 2019. J Infect Dis 
2020; 222 :34–7. https://doi.org/10.1093/infdis/jiaa224 

9. Alghamdi J, Alaamery M, Barhoumi T et al. Interferon- 
induced transmembrane protein-3 genetic variant 
rs12252 is associated with COVID-19 mortality. Genomics 
2021; 113 :1733–41. https://doi.org/10.1016/j.ygeno.2021.04. 
002 

0. Ahmadi I, Afifipour A, Sakhaee F et al. Impact of interferon- 
induced transmembrane protein 3 gene rs12252 polymor- 
phism on COVID-19 mortality. Cytokine 2022; 157 :155957.
https://doi.org/10.1016/j.cyto.2022.155957 

1. Nikoloudis D, Kountouras D, Hiona A. The frequency of com- 
bined IFITM3 haplotype involving the reference alleles of 
both rs12252 and rs34481144 is in line with COVID-19 stan- 
dardized mortality ratio of ethnic groups in England. PeerJ 
2020; 8 :e10402. https://doi.org/10.7717/peerj.10402 

2. Hachim MY, Al Heialy S, Hachim IY et al. Interferon-induced 
transmembrane protein ( IFITM3 ) is upregulated explicitly 
in SARS-CoV-2 infected lung epithelial cells. Front Immunol 
2020; 11 :1372. https://doi.org/10.3389/fimmu.2020.01372 

3. Zani A, Kenney AD, Kawahara J et al. Interferon-induced 
transmembrane protein 3 ( IFITM3 ) limits lethality of SARS- 
CoV-2 in mice. bioRxiv 2021; 208 :51.17; not peer reviewed.

eceived: 9.5.2023; Editorial decision: 25.7.2023 
The Author ( s ) 2023. Published by Oxford University Press on behalf of the ERA.
ommons Attribution-NonCommercial License ( https://creativecommons.org/l
nd reproduction in any medium, provided the original work is properly cited. F
4. Kenney AD, McMichael TM, Imas A et al. IFITM3 protects the 
heart during influenza virus infection. Proc Natl Acad Sci USA 

2019; 116 :18607–12. https://doi.org/10.1073/pnas.1900784116 
5. Samuel CE. Interferon at the crossroads of SARS-CoV-2 in- 

fection and COVID-19 disease. J Biol Chem 2023; 299 :104960.
https://doi.org/10.1016/j.jbc.2023.104960 

6. Yu J, Liu SL. Emerging role of LY6E in virus-host interactions.
Viruses 2019; 11 :1020. https://doi.org/10.3390/v11111020 

7. Pfaender S, Mar KB, Michailidis E et al. LY6E impairs coro- 
navirus fusion and confers immune control of viral dis- 
ease. Nat Microbiol 2020; 5 :1330–9. https://doi.org/10.1038/ 
s41564- 020- 0769- y 

8. Zhang C, Verma A, Feng Y et al. Impact of natural selec- 
tion on global patterns of genetic variation and association 
with clinical phenotypes at genes involved in SARS-CoV- 
2 infection. Proc Natl Acad Sci USA 2022; 119 :e2123000119.
https://doi.org/10.1073/pnas.2123000119 

9. Jansen J, Reimer KC, Nagai JS et al. SARS-CoV-2 infects the 
human kidney and drives fibrosis in kidney organoids. Cell 
Stem Cell 2022; 29 :217–31.e8. https://doi.org/10.1016/j.stem. 
2021.12.010 

0. Marino G, Zhang B, Schmitz A et al. STING is redundant 
for host defense and pathology of COVID-19-like disease in 
mice. Life Sci Alliance 2023; 6 :e202301997. https://doi.org/10. 
26508/lsa.202301997 

1. Memish ZA, Perlman S, Van Kerkhove MD et al. Middle East 
respiratory syndrome. Lancet 2020; 395 :1063–77. https://doi. 
org/10.1016/S0140-6736 ( 19 ) 33221-0 
 This is an Open Access article distributed under the terms of the Creative 
icenses/by-nc/4.0/ ) , which permits non-commercial re-use, distribution, 
or commercial re-use, please contact journals.permissions@oup.com 

https://doi.org/10.1016/j.cyto.2020.155354
https://doi.org/10.1093/infdis/jiaa224
https://doi.org/10.1016/j.ygeno.2021.04.002
https://doi.org/10.1016/j.cyto.2022.155957
https://doi.org/10.7717/peerj.10402
https://doi.org/10.3389/fimmu.2020.01372
https://doi.org/10.1073/pnas.1900784116
https://doi.org/10.1016/j.jbc.2023.104960
https://doi.org/10.3390/v11111020
https://doi.org/10.1038/s41564-020-0769-y
https://doi.org/10.1073/pnas.2123000119
https://doi.org/10.1016/j.stem.2021.12.010
https://doi.org/10.26508/lsa.202301997
https://doi.org/10.1016/S0140-6736\relax \setbox \z@ \hbox {\color@begingroup (\endgraf \endgroup }\ht \z@ \z@ \dp \z@ \z@ \box \z@ 19\relax \setbox \z@ \hbox {\color@begingroup )\endgraf \endgroup }\ht \z@ \z@ \dp \z@ \z@ \box \z@ 33221-0
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

	INTRODUCTION
	MATERIALS AND METHODS
	SCARF genes
	Adenine-induced CKD
	RNA extraction and RT-PCR
	Histology and immunohistochemistry
	Western blot
	Data mining
	Statistics
	Ethics approval and consent to participate
	RESULTS
	SCARF gene expression in mice with CKD
	Multiple differentially expressed SCARF genes may contribute to increased severity of kidney injury in CKD
	SCARF gene expression in other COVID-19 target organs from mice with CKD
	Decreased lung IFITM3 expression may predispose persons with CKD to severe COVID-19
	Decreased aorta LY6E expression may predispose persons with CKD to vascular involvement in COVID-19
	DISCUSSION
	SUPPLEMENTARY DATA
	ACKNOWLEDGEMENTS
	FUNDING
	AUTHORS’ CONTRIBUTIONS
	DATA AVAILABILITY STATEMENT
	CONFLICT OF INTEREST STATEMENT
	REFERENCES

