
Vol.:(0123456789)1 3

Journal of Nephrology (2022) 35:735–743 
https://doi.org/10.1007/s40620-021-01173-0

ORIGINAL ARTICLE

Activation of STAT3 signaling pathway in the kidney of COVID‑19 
patients

Fadi Salem1 · Xue Zhu Li2 · Judy Hindi3 · Nitzy Munoz Casablanca3 · Fang Zhong3 · Siraj M. El Jamal1 · 
Mohamed Rizwan Haroon Al Rasheed1 · Li Li1,6 · Kyung Lee3 · Lili Chan3,4 · John Cijiang He3,5

Received: 19 April 2021 / Accepted: 17 September 2021 / Published online: 9 October 2021 
© Italian Society of Nephrology 2021

Abstract
Background Acute kidney injury is common in patients with COVID-19, however mechanisms of kidney injury remain 
unclear. Since cytokine storm is likely a cause of AKI and glomerular disease, we investigated the two major transcription 
factors, STAT3 and NF-kB, which are known to be activated by cytokines.
Methods This is an observational study of the postmortem kidneys of 50 patients who died with COVID-19 in the Mount 
Sinai Hospital during the first pandemic surge. All samples were reviewed under light microscopy, electron microscopy, and 
immunofluorescence by trained renal pathologists. In situ hybridization evaluation for SARS-CoV-2 and immunostaining 
of transcription factors STAT3 and NF-kB were performed.
Results Consistent with previous findings, acute tubular injury was the major pathological finding, together with global or 
focal glomerulosclerosis. We were not able to detect SARS-CoV-2 in kidney cells. ACE2 expression was reduced in the tubu-
lar cells of patients who died with COVID-19 and did not co-localize with TMPRSS2. SARS-CoV-2 was identified occasion-
ally in the mononuclear cells in the peritubular capillary and interstitium. STAT3 phosphorylation at Tyr705 was increased 
in 2 cases in the glomeruli and in 3 cases in the tubulointerstitial compartments. Interestingly, STAT3 phosphorylation at 
Ser727 increased in 9 cases but only in the tubulointerstitial compartment. A significant increase in NF-kB phosphorylation 
at Ser276 was also found in the tubulointerstitium of the two patients with increased p-STAT3 (Tyr705).
Conclusions Our findings suggest that, instead of tyrosine phosphorylation, serine phosphorylation of STAT3 is commonly 
activated in the kidney of patients with COVID-19.
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Introduction

The Coronavirus  Disease 2019 (COVID-19) caused 
by severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) has had a devastating impact worldwide. 
Acute kidney injury (AKI) is a common complication of Fadi Salem, Xue Zhu Li and Judy Hindi contributed equally to the 
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hospitalized patients with COVID-19 [1]. Urinary abnor-
malities, such as hematuria, proteinuria, and leukocytu-
ria, are common and affect 90% of patients regardless 
of whether they have AKI or not. Acute tubular injury 
(ATI) has been confirmed in several autopsy reports [2, 
3]. Kidney biopsies of COVID-19 patients with signifi-
cant proteinuria revealed de novo glomerulopathies such 
as collapsing focal segmental glomerulosclerosis (FSGS), 
minimal change disease, and membranous nephropathy [4, 
5]. However, the mechanisms of kidney injury in COVID-
19 patients remain unclear.

Given the systemic response to viral infection, the causes 
of AKI are likely multifactorial, such as cytokine storm, 
organ-organ crosstalk, and drug toxicity, although direct 
viral infection of kidney cells likely also contributes to AKI 
[6]. Initial reports suggested local viral infection of kidney 
cells such as proximal tubular epithelial cells and podocytes 
[2, 3]. However, these findings have been questioned by 
several renal pathologists [7] and a series of renal biopsy 
reports did not reveal virus in the kidney cells [4, 5]. These 
discrepancies could result from sampling issues due to the 
focal nature of the infection, and the timing of sampling due 
to the nature of the transient viral infection. Indeed, a recent 
report established the presence of virus in kidney cells, and 
that viral copy number in kidney cells is associated with 
AKI and overall outcomes [8, 9]. Nevertheless, the role of 
direct viral infection of kidney cells in the development of 
AKI in COVID-19 patients remains unclear. It is possible 
that systemic factors, such as circulating cytokines and local 
infection, contribute to the pathogenesis of AKI in these 
patients in a synergistic manner.

Here, we report a kidney autopsy series of cases infected 
with SARS-CoV-2 at the Mount Sinai Hospital. We describe 
the clinical data and kidney histologic findings in these 
patients. In addition, we explored potential downstream 
signaling pathways activated in the kidney of these patients.

Methods

Autopsy and tissue collection

Autopsies were performed at the Mount Sinai Hospital in a 
negative pressure room, utilizing appropriate personal pro-
tective equipment (PPE) and techniques as recommended 
by the Centers for Disease Control and Prevention (CDC). 
Pre-mortem clinician-collected nasopharyngeal swab speci-
mens were placed in universal transport media and tested 
by real-time reverse transcription polymerase chain reaction 
(RT-PCR) amplification using the Cobas 6800 SARS-CoV-2 
(Roche Molecular Systems, Branchburg, NJ). Entire kidneys 
were procured as part of a full autopsy.

Clinical data

We included any kidney pathology results from autopsies 
of patients who died with COVID-19 between 3/20/2020 
and 6/23/2020. Consent for autopsy was obtained from the 
patients’ healthcare proxies. Clinical and laboratory data 
were manually extracted from the electronic health record 
(EHR). Clinical data included demographics and comor-
bidities as identified from the problem list. Chronic kidney 
disease (CKD) was defined as an estimated glomerular fil-
tration rate < 60 mL/min/1.73  m2 on two separate occasions 
or a documented history of CKD. AKI was defined as per 
KDIGO creatinine criteria. Patients were excluded if they 
had kidney failure on maintenance dialysis or had a kidney 
transplant. This study was approved by the Mount Sinai IRB 
(IRB-20-00523).

Histology and additional studies

One tissue section was collected from each kidney and 
stained with hematoxylin and eosin in addition to periodic 
acid–Schiff, Masson trichrome, and Jones methenamine sil-
ver stain. Kidney tissue sections were evaluated by renal 
pathologists. Autolysis occurs when there is a long post-
mortem interval or during elevated temperatures. Cases with 
severe autolytic changes observed in 75% of kidney paren-
chyma precluded an accurate assessment of tubular injury, 
hence were excluded from this study.

RNA in‑situ hybridization (IN‑SITU)

RNA IN-SITU was manually performed using the 
 RNAscope® HPV kit (Advanced Cell Diagnostics, Inc., 
Hayward, CA) according to the manufacturer’s instruc-
tions. Briefly, 4 µm formalin-fixed and paraffin-embedded 
tissue sections were pretreated with heat and protease prior 
to hybridization. Tissue sections were hybridized separately 
with both sense (catalogue# 848561) and anti-sense (cata-
logue# 845701) probes to the SARS-CoV-2 S gene encoding 
the spike protein. The preamplifier, amplifier, and horsera-
din-situ peroxidase (HRP)-labeled probes were then hybrid-
ized sequentially, followed by color development with DAB. 
Specific staining signals were identified as brown, punctate 
dots present in the cytoplasm and/or nucleus. A general 
RNA probe was used to assess the overall RNA integrity in 
the viral infected cell line.

Immunofluorescence

Immunofluorescence studies were performed on 4 µm thick 
formalin-fixed paraffin-embedded tissue slides following 



737Journal of Nephrology (2022) 35:735–743 

1 3

antigen retrieval in boiling citrate buffer pH6 (Vector labs), 
blocking for 1 h at room temperature [10% normal donkey 
serum (NDS)/0.5% triton-X (TX)], primary antibody incu-
bation overnight at 4 °C with anti-SARS-Cov-2 nucleocap-
sid antibody (ProSci, 35-579, 1:100) and species-appropriate 
Cy3-conjugated secondary antibody incubation for 4 h at 
room temperature (1% NDS/0.25% TX). Nuclear coun-
terstain was with 4′,6-diamidino-2-phenylindole (DAPI). 
Images were visualized on a Zeiss LSM710 confocal 
microscope.

Transmission electron microscopy (TEM)

Tissue samples for electron microscopy were first received 
in neutral buffered formalin, then transferred to 3% buff-
ered glutaraldehyde. Following post-fixation in 1% osmium 
tetroxide, tissues were serially dehydrated and embedded in 
epoxy resin in standard fashion. One micron of toluidine-
stained scout sections was prepared for light microscopic 
orientation and 80  nm ultrathin sections for EM were 
stained with uranyl acetate and lead citrate and examined in 
a Hitachi 7650 transmission electron microscope at 80 kV.

Immunohistochemistry (IHC)

Renal tissues were fixed in 10% formalin, dehydrated in 
ethanol, and embedded in paraffin. 3 μm thick sections were 
used for IHC. Paraffin-embedded sections were incubated 
with primary antibodies and then with biotinylated second-
ary antibodies, followed by incubation with an avidin–bio-
tin–peroxidase complex and were developed using DAB 
substrate. (Biotinylated secondary antibody, avidin–bio-
tin–peroxidase complex and DAB substrate were provided 
by Vector Laboratories Inc.). The following antibodies were 
used in this study: phospho-STAT3 (Tyr705) (ab76315, 
Abcam, 1:200), phospho-STAT3 (Ser727) (ab30647, 
Abcam, 1:200), phospho-NF-kB p65 (Ser276) (ab194726, 
Abcam, 1:200), NF-kB p65 (ab16502, Abcam, 1:500), 
ACE2 (ab15348, Abcam, 1:500), and TMPRSS2 (ab92323, 
Abcam, 1:500). Eleven cases of COVID-19-associated 
AKI were immunostained for p-STAT3 (Tyr705), p-STAT3 
(Ser727), p-NF-KB p65 (Ser276), NF-kB p65, ACE2, and 
TMPRSS2. Three cases of normal kidney tissue from the 
uninvolved pole of carcinoma nephrectomy samples, five 
cases of kidney tissue from non-COVID-19 autopsy cases, 
and five cases from pre-transplant donor biopsies were used 
as control.

Quantification of p‑STAT3 staining

The number of p-STAT3 (Tyr705) and p-STAT3 (Ser727) 
positive cells in glomeruli were counted in at least 20 glo-
meruli that did not exhibit sclerosis, and data are presented 

as the mean cell number ± SD per glomerular cross-section. 
The number of p-STAT3 (Tyr705) and p-STAT3 (Ser727) 
positive cells in the tubules and the interstitium were counted 
in 20 high-power (× 400) fields (avoiding glomeruli and 
large vessels) and data are presented as the mean cell num-
ber ± SD per  mm2. All counting was performed by observers 
who were blinded to this study.

Results

Clinical findings

Of 94 autopsy cases, 50 met our inclusion and exclusion 
criteria (Supplemental Figure S1). The mean age was 
67 ± 14  years old. Twenty-five percent were black and 
20% were white. Twenty-eight percent had diabetes, 58% 
had hypertension, 22% had CKD and 12% had coronary 
artery disease (Table 1). AKI occurred in 70% of patients. 
The mean days from hospital admission to death was 
21 ± 23 days.

Histological findings under light microscopy

The most common finding in the glomeruli was  arte-
rionephrosclerosis with a range of globally sclerosed glo-
meruli from 10 to ≥ 90% in advanced cases (Supplemen-
tal Table S1). Three cases showed segmentally sclerosed 
glomeruli (Fig. 1A) secondary to ischemia or associated 
with diabetic changes. Ischemic changes such as ischemic 
collapse of capillary tufts and wrinkling capillaries were 
readily seen; however, the collapsing variant of FSGS was 
not observed. Thirteen cases showed glomerular mesangial 
expansion and six cases had mesangial nodular sclerosis 
(Fig. 1B), reflecting the prevalence of hypertension and 
diabetes among this group. Changes suggestive of immune 
complex deposition in the glomeruli were not seen by light 
microscopy. There was frequent congestion of glomerular 
and peritubular capillaries with focal aggregation of platelets 
without evidence of thrombotic microangiopathy.

The most common finding of the tubules was ATI char-
acterized by attenuation of tubular epithelial cells and loss 
of brush borders, which was seen diffusely in sixteen cases 
(Fig. 1C). Furthermore, diffuse clear vacuolization (isomet-
ric) of epithelial cells of proximal tubules was observed in 
seven cases (Fig. 1D). There was no evidence of viral cyto-
pathic effects found in the tubules. Calcium phosphate crys-
tals were seen in the distal tubules of 10 patients, of which 
three were diffuse (Fig. 1E). A few cases showed brown 
discoloration including wear and tear of epithelial cells in 
addition to tubular casts.

Arteriosclerosis was seen in 43/50 cases and showed a 
spectrum of mild to severe intimal fibrosis which correlated 
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to the severity of hypertension and the age of this cohort. 
Arteriolar hyalinosis was a constant finding in cases with 
diabetes. Two of five patients with postmortem findings of a 
pulmonary embolism showed thromboemboli in small arcu-
ate arteries (Fig. 1F).

Transmission electron microscopy findings

Cases with diabetes showed variable mesangial scleroses 
and thickening of glomerular basement membranes in pro-
portion to the severity of diabetic nephropathy. One case 
showed subepithelial immune type electron dense deposits 
in the glomeruli. No deposits are seen in the tubular base-
ment membranes or interstitium (Fig. 1G).

Viral or “viral-like particles” were not present in proximal 
tubules or glomerular endothelial cells [10, 11]. Tubulore-
ticular inclusions were not observed [12].

Immunohistochemistry, immunofluorescence 
and In‑situ hybridization (RNAscope) for SARS‑CoV‑2

Immunohistochemistry and immunofluorescence studies 
showed expression of SARS-CoV-2 in mononuclear white 
blood cells within the peritubular capillaries and the inter-
stitium. However, no evidence of SARS-CoV-2 was seen in 
tubular epithelial cells or glomeruli (Fig. 1H).

In-situ hybridization (RNAscope) of several cases was 
negative, however, one case showed scattered rare staining 
which was indefinite for direct viral infection (Fig. 1I).

ACE2 and TMPRSS2 expression

ACE2, the receptor of SARS-CoV-2, was expressed strongly 
in the apical aspect of proximal tubules and parietal epithe-
lial cells, but podocytes showed only occasional weak posi-
tive staining. TMPRSS2, the cleavage enzyme of the viral 
Spike protein, was robustly expressed in the distal tubules, 
but not in the proximal tubules (Supplemental Figure S2). 
Additionally, staining of consecutive kidney sections did not 
find co-localization of ACE2 or TMPRSS2 in the glomeruli 
or tubules; which is consistent with previous single-cell tran-
scriptomic data [13] and with the low viral infection rate in 
the kidney. Compared with normal kidneys, the expression 
of ACE2 in the tubules of cases of COVID-19-associated 
AKI was decreased but there was not a significant increase 
in TMPRSS2 (Supplemental Figure S3). These data suggest 
that ACE2 protein levels are downregulated in COVID-19 
patients, similar to previous findings in the lung [14].

STAT3 activation in COVID‑19‑associated AKI

Since it is known that IL-6 is highly upregulated in patients 
with COVID-19, we sought to determine whether its down-
stream signaling molecule, STAT3, was activated in the kid-
ney of patients with COVID-19. The JAK-STAT3 pathway is 
well-known to be involved in the pathogenesis of both acute 
and chronic kidney injury [15]. We selected 11 cases for fur-
ther study of signaling molecules activated in the COVID-19 
kidney (Supplemental Table S2).

Control human kidney tissue from non-neoplastic renal 
parenchyma and non-COVID-19 autopsy kidney samples 
exhibited small basal numbers of STAT3 phosphorylation 
(p-STAT3) at either tyrosine (Tyr705) or serine (Ser727) 
sites in both glomerular and tubulointerstitial cells (Fig. 2 
and Supplemental Figure S4). Compared with normal con-
trol kidney and non-COVID-19 autopsy kidney, two cases 
with COVID-19-associated AKI showed a significant 

Table 1  Patient characteristics

Patient characteristic Patients who 
underwent autopsy 
(N = 50)

Age, years (mean ± SD) 67 ± 14
Female 24 (48)
Race (%)
 White 10 (20)
 Black 12 (25)
 Asian 2 (4)
 Other/unknown 25 (51)

Comorbidities (%)
 Hypertension 29 (58)
 Diabetes mellitus 14 (28)
 Chronic kidney disease 11 (22)
 Coronary artery disease 6 (12)
 Chronic obstructive pulmonary disease 1 (2)
 Asthma 7 (14)

Hospital events (%)
 AKI 35 (75)
 ICU admission 26 (47)
 Dialysis 7 (47)
 Mechanical ventilation 28 (60)

Laboratory Results (mean ± SD)
 WBC  (103/μL) 12.1 ± 6.4
 Hemoglobin (g/dL) 11.0 ± 2.5
 Lymphocyte Percent (%) 10 ± 7
 Creatinine (mg/dL) 2.2 ± 1.6
 Phosphorus (mg/dL) 4.2 ± 1.2
 Creatine phosphokinase (units/L) 354 ± 386
 Uric Acid (mg/dL) 8.6 ± 3
 D-dimer (ng/mL) 5.5 ± 5.3
 Fibrinogen (mg/dL) 631 ± 202
 Ferritin (ng/mL) 1670 ± 2626
 Interleukin 6 (pg/mL) 797 ± 3155
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increase in the number of p-STAT3 (Tyr705)-positive cells 
in glomeruli and three cases showed a significant increase 
in tubulointerstitial cells (Fig. 2 and Supplemental Figure 
S4 a, b). While there was no increase in p-STAT3 (Ser727) 
positive glomerular cells in COVID-19-associated AKI, 
9 of 11 cases exhibited a significant increase in the num-
ber of p-STAT3 (Ser727)-positive cells in the tubuloint-
erstitium (Fig. 2 and Supplemental Figure S4c, d), and 
p-STAT3 (Ser727) activation was seen in all tubular seg-
ments. These data suggest that tyrosine phosphorylation 
of STAT3 occurs in both glomerular and tubular compart-
ments of only a few cases while serine phosphorylation 
of STAT3 is observed in most cases, but only in the tubu-
lointerstitial compartments.

STAT3 activation in COVID‑19 lung tissue

To confirm whether a similar pattern of STAT3 phospho-
rylation occurs in the lung of COVID-19 patients, we eval-
uated the expression of p-STAT3 (Tyr705) and p-STAT3 
(Ser727) in 2 cases of COVID-19 positive lung tissue. 
There was a significant increase of p-STAT3 (Tyr705)-pos-
itive pneumocytes and inflammatory cells in the lung. In 
particular, numerous macrophages showed robustly posi-
tive staining for p-STAT3 (Tyr705). However, the stain-
ing pattern of p-STAT3 (Ser727) was localized mostly in 
pneumocytes and endothelial cells of small vessels (Sup-
plemental Figure S5).

Fig. 1  Histologic findings in kidney from postmortem patients with 
COVID-19. A Segmental obliteration of capillary tufts and promi-
nence of epithelial cells consistent with focal segmental glomerulo-
sclerosis (FSGS) (PAS × 200). B Diffuse mesangial nodular sclerosis 
in a case of diabetic nephropathy (PAS × 100). C Proximal tubules 
show diffuse attenuation of epithelial cells consistent  with acute 
tubular injury (H&E × 100). D Acute tubular injury associated with 
vacuolization of proximal tubules (H&E × 200). E Calcium phosphate 

crystals identified within tubules (H&E × 100). F An arcuate artery 
shows bright red intraluminal thrombus (Gomori Trichrome × 200). G 
Electron microscopy shows subepithelial immune-type electron dense 
deposits (Transmission electron microscopy × 7000). H IHC stain for 
SARS-COV-2 spike protein showing granular staining of mononu-
clear cells in peritubular capillaries (× 200). I Rare positive staining 
of SARS-CoV-2 by RNAscope (× 100)
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NF‑κB activation and translocation

TNF-α is also highly upregulated in COVID-19 patients and 
TNF-α/NF-kB also plays a major role in the pathogenesis 
of kidney disease [16]. NF-kB has been considered as a 
therapeutic target for COVID-19 patients [17]. Therefore, 
we evaluated whether the NF-kB pathway was activated in 
the kidney of COVID-19 patients. p-NF-κB (Ser276) and 
total NF-κB immunostaining were negative in the normal 
control kidney. However, there was a significant increase in 
the number of p-NF-κB (Ser276)-positive cells in the tubu-
lointerstitium in the two COVID-19 cases which also had 
increased p-STAT3 (Tyr705) staining. Consistent with this, 
the total NF-κB staining also showed the translocation from 
cytoplasm to nuclei (Fig. 3). These data suggest that NF-kB 
and tyrosine phosphorylation of STAT3 are activated in the 
same patients, indicating they might be activating each other 
through a positive feedback mechanism.

Discussion

In one of the largest series of kidney autopsy cases, we 
found ATI was the predominant pathology and that these 
patients also had significant glomerular injuries related to 
comorbidities or ischemic changes, which is consistent with 
other autopsy series [3, 18, 19]. Thrombotic injury was not 
common in the kidney. STAT3 and NF- kB pathways were 
both activated in the kidney of COVID-19 samples. While 
not found here, prior autopsy and kidney biopsy series in 

COVID-19 patients with AKI who had severe proteinuria 
identified multiple glomerular diseases such as collapsing 
FSGS in patients with APOL1 risk alleles, minimal change 
disease, and lupus nephritis [4, 20–22]. Therefore, there is 
a broad spectrum of COVID-19-associated kidney disease.

The mechanism of kidney injury in COVID-19 patients 
appears complicated and remains unclear. Our current find-
ings suggest a potential mechanism of kidney cell injury 
induced by SARS-CoV-2 through activation of STAT3 and 
NF-kB. Cytokine storm is a characteristic feature of severe 
COVID-19 disease with significant elevations of multiple 
cytokines including IL-6, TNF-α, and interferons (α, β, γ). 
It is known that these cytokines play an important role in 
the pathogenesis of both AKI and glomerular injury [15, 
16, 23–26]. Additionally, activation of STAT3 and NF-kB 
has been implicated in sepsis and ischemia–reperfusion-
associated AKI models [27–29]. NF-kB and STAT3 are key 
downstream transcription factors induced by these cytokines 
and known to be involved in the pathogenesis of kidney dis-
ease [16, 30–33].

Whether local infection of kidney cells by SARS-CoV-2 
contributes to the development of AKI and glomerular dis-
ease remains controversial. Like others, we did not identify 
characteristic findings of viral infection in the kidney [4, 
5, 19]. While we demonstrated infection of SARS-CoV-2 
in the mononuclear white blood cells within peritubular 
capillaries and the interstitium, it remains unclear whether 
these positive cells could explain the positive PCR findings 
in the COVID-19 kidney [4], or if these infiltrated cells may 
infect kidney cells indirectly. Current findings suggest that 
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Fig. 2  Glomerular and tubulointerstitial phosphorylated signal 
transducer and activator of transcription 3 (p-STAT3) expression in 
normal and COVID-19-associated AKI kidney. Normal and non-
COVID-19 autopsy kidney shows a small amount of p-STAT3 (both 
Tyr705 and Ser727) positive staining in glomeruli, tubules and inter-

stitium. Compared with normal kidney and non-COVID-19 autopsy 
kidney, there was an increase in glomerular and tubulointerstitial 
p-STAT3 (Tyr705) and p-STAT3 (Ser727) staining in kidney from 
cases with COVID-19-associated AKI kidney



741Journal of Nephrology (2022) 35:735–743 

1 3

a transient or low rate of infection may occur in the kidney 
cells of some patients. Therefore, SARS-CoV-2 viral pro-
teins or its accessory proteins may also induce activation of 
STAT3 and NF-kB in the kidney cells after infection.

Interestingly, we found that serine phosphorylation of 
STAT3 increased in the interstitium of 9/11 AKI cases, while 
tyrosine phosphorylation of STAT3 and NF-kB phospho-
rylation occurred in only a few patients. This suggests that 
the mechanisms mediating the activation of these signaling 
pathways are likely different. It is known that tyrosine phos-
phorylation of STAT3 is induced mostly by cytokine-medi-
ated activation of the JAK pathway, while serine phospho-
rylation of STAT3 is mediated by the MAPK pathway [34]. 
In addition to the obligatory requirement for tyrosine phos-
phorylation to activate STAT3, a single serine phosphoryla-
tion at residue 727 in the transcriptional activation domain 
is required for full transcriptional activation of STAT3 [35, 
36]. In a previous study, mice with mutations of serine 727 
had 50% reduced STAT3 activity as compared to the wild-
type mice and developed less severe diabetic nephropathy 
[37]. Therefore, we believe that induction of serine 727 
phosphorylation is critical for the full activation of STAT3 
to induce kidney cell injury in COVID-19 patients. Addi-
tionally, STAT3 phosphorylation is also increased in lung 
tissue, suggesting that this might be a common pathological 
pathway activated by SARS-CoV-2 in different organs.

Our data suggest that activation of both STAT3 and 
NF-kB pathways may contribute to kidney injury in 
some patients with COVID-19. It has been shown that 
the STAT3 pathway has close crosstalk with the NF-kB 

pathway to activate downstream gene activation via a posi-
tive feedback loop [38, 39]. Therefore, activation of both 
pathways may lead to more severe kidney cell injury in 
these patients.

There are several limitations of the current study. We 
could not observe a direct relationship between the intensity 
of staining and the severity of AKI in this autopsy series. 
This is likely due to the small sample size and semi-quanti-
tative nature of the immunostaining. Also, we do not know 
if the increased STAT3 phosphorylation was due to cytokine 
storm or to both cytokine storm and local viral infection. 
Another limitation was that we did not have full cytokine 
profiles in these patients.

In summary, in one of the largest kidney autopsy series 
from patients with COVID-19, we identified both glomerular 
and tubular injury in these patients. We did not find obvi-
ous viral infection in the kidney cells by immunofluores-
cence, electron microscopy, and in-situ hybridization. We 
demonstrated a distinct activation pattern of STAT3 phos-
phorylation at tyrosine and serine sites as well as NF-kB 
phosphorylation in the kidney of these patients. Our study 
suggests that inhibition of JAK-STAT3 and NF-kB pathways 
could be potential therapies for AKI in COVID-19 patients. 
Recently, the FDA authorized the use of baricitinib (Olumi-
ant), an oral Janus kinase (JAK) inhibitor, in combination 
with intravenous remdesivir (Veklury) to treat hospitalized 
patients with severe COVID-19 [40]. It would be interest-
ing to see whether this combined therapy will also reduce 
the incidence and severity of AKI in these patients with 
severe COVID-19 complications.

Fig. 3  Immunostaining of 
phosphorylated nuclear factor 
kappa-light-chain-enhancer of 
activated B cells (p-NF-κB) 
(Ser276) expression in kidney 
donor and COVID-19-associ-
ated AKI kidney. The expres-
sion of p-NF-κB(Ser276) also 
significantly increased, and total 
NF-κB showed translocation 
from cytoplasm to nuclei in 
STAT3 activation cases
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Supplementary Information The online version contains supplemen-
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