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Key Points
� Mortality and incidence of AKI do not differ between coronavirus disease 2019 (COVID-19) patients with or

without glomerular diseases.
� The main predictor of AKI is pre-COVID-19 eGFR, independent of the presence of GN.
� Incomplete kidney function recovery after COVID-19-associated AKI is more common in GN patients than in

controls.

Abstract
Background The acute and long-term effects of severe acute respiratory syndrome coronavirus 2 infection in
individuals with GN are still unclear. To address this relevant issue, we created the International Registry of
COVID-19 infection in GN.

Methods We collected serial information on kidney-related and -unrelated outcomes from 125 GN patients (63
hospitalized and 62 outpatients) and 83 non-GN hospitalized patients with coronavirus disease 2019 (COVID-19)
and a median follow-up period of 6.4 (interquartile range 2.3–9.6) months after diagnosis. We used logistic
regression for the analyses of clinical outcomes and linear mixed models for the longitudinal analyses of eGFR.
All multiple regression models were adjusted for age, sex, ethnicity, and renin-angiotensin-aldosterone system
inhibitor use.

Results After adjustment for pre-COVID-19 eGFR and other confounders, mortality and AKI did not differ
between GN patients and controls (adjusted odds ratio for AKI51.28; 95% confidence interval [CI], 0.46 to 3.60;
P50.64). The main predictor of AKI was pre-COVID-19 eGFR (adjusted odds ratio per 1 SD unit decrease in
eGFR53.04; 95% CI, 1.76 to 5.28; P,0.001). GN patients developing AKI were less likely to recover pre-COVID-
19 eGFR compared with controls (adjusted 6-month post-COVID-19 eGFR50.41; 95% CI, 0.25 to 0.56; times pre-
COVID-19 eGFR). Shorter duration of GN diagnosis, higher pre-COVID-19 proteinuria, and diagnosis of focal
segmental glomerulosclerosis or minimal change disease were associated with a lower post-COVID-19 eGFR.

Conclusions Pre-COVID-19 eGFR is the main risk factor for AKI regardless of GN diagnosis. However, GN
patients are at higher risk of impaired eGFR recovery after COVID-19-associated AKI. These patients (especially
those with high baseline proteinuria or a diagnosis of focal segmental glomerulosclerosis or minimal change
disease) should be closely monitored not only during the acute phases of COVID-19 but also after its resolution.
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Introduction
The International Registry of COVID-19 infection in GN
(IRoc-GN) was created shortly after the spread of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

infection was declared a pandemic in March 2020 by the
World Health Organization. The purpose of the registry
was to examine the short- and long-term effect of
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coronavirus disease 2019 (COVID-19) in patients with
underlying GN and identify risk factors for unfavorable
outcomes.
Our initial report comparing 40 GN patients and 80 con-

trols with SARS-CoV2 infection showed that the GN cohort
had higher overall rates of mortality (15% versus 5%,
respectively) and AKI (39% versus 14%, respectively) (1).
Immunosuppressive therapy at presentation was not asso-
ciated with greater mortality or AKI in the GN cohort, but
more pronounced hypoalbuminemia at presentation and
shorter duration of glomerular disease were associated
with greater risk of AKI and need for kidney replacement
therapy (KRT) in GN patients.
Enrollment of new patients in the IRoc-GN registry and

collection of longitudinal data continued throughout the pan-
demic. Herein, we present the results of our follow-up study
that was aimed to extend the findings of our initial report,
describe the spectrum of COVID-19 in a larger GN cohort,
and explore the interactions of underlying GN, immunosup-
pressive medications, and other determinants on susceptibil-
ity and outcomes of COVID-19 (AKI, need for KRT, or
death). In addition, we aimed to characterize kidney recovery
after COVID-19-associated AKI in GN patients and the
longer-term consequences of COVID-19 on kidney prognosis.

Methods
Study Design and Participants
Details of this registry have been previously described (1).

We used data collected from April 20, 2020, to April 20, 2021,
via a secure public survey (https://redcapsurvey.niddk.nih.
gov/surveys/?s=FPM87NK7T4) on REDCap (Research Elec-
tronic Data Capture) (2).
Briefly, we included patients with biopsy-proven GN

diagnosed with COVID-19 managed as inpatients or outpa-
tients from centers participating in the IRoc-GN registry. For
each GN patient entered in the registry, reporters were asked
to enter at least one age- and sex-matched control patient
who was positive for SARS-CoV-2 but without GN and with
an eGFR of .60 ml/min per 1.73 m2. Controls were hospi-
talized within 62 weeks of the GN patients to account for
changes in treatment strategies over time that may influence
outcomes. Patients on maintenance hemodialysis before
infection and kidney transplant recipients were excluded.

Data Collection
The initial survey collected data on pre-COVID-19 renal

parameters, glomerular disease diagnosis, immuno-
suppressive medications, COVID-19-related symptoms,
COVID-19-directed therapies, management of immuno-
suppression during infection, outcomes, the maximum
level of care, nonrenal complications, AKI, need for KRT,
disposition (i.e., recovery or death), and laboratory param-
eters. Links to follow-up surveys were automatically gen-
erated and sent by REDCap at predefined intervals (8
weeks) to collect longitudinal data on patient status and
kidney outcomes after infection. With this combination of
surveys, renal parameters were collected at various time
points: (1) pre COVID-19 (latest available before infection
onset), (2) at COVID-19 presentation, (3) peak, (4) post
COVID-19 as defined by the absence of or marked

improvement in original COVID-19-related symptoms or
signs, and (5) during extended follow-up after recovery
from acute infection. All data were checked for quality by
three physicians (M.W., P.C., and U.M.).

Statistical Analyses
We compared baseline differences between groups in

continuous variables using the Kruskal–Wallis test for
three-group equality testing and the Mann–Whitney test for
pairwise testing. We compared baseline differences between
groups in categorical variables using Fisher’s exact test. We
used Wilcoxon matched-pairs signed-rank test to compare
crude paired continuous measurements over follow-up.

We used logistic regression to examine the association
between glomerular disease status (indicator variable for
patients with history of glomerular disease) and the clini-
cal outcomes of AKI, KRT, and death (primary end
points). This analysis was limited to hospitalized patients
(i.e., glomerular disease patients versus controls). We
calculated crude odds ratios (OR), OR adjusted for pre-
COVID-19 eGFR, and OR additionally adjusted for demo-
graphic characteristics (age, continuous variable; men,
indicator variable for men; ethnicity, indicator variable for
non-White ethnicity), and renin-angiotensin-aldosterone
system inhibitor (RAASi) use (indicator variable for their
use). We deemed that RAASi use is a potential confounder
because it had different distribution between patients with
glomerular disease and controls (and within glomerular
disease patients, between patients with different disease
severity), and may also be associated with increased risk
of AKI and KRT. Models that additionally adjusted for
diabetes, obesity, and hypertension provided similar
results. However, to avoid having to report several regres-
sion models that included more variables than the data
could support, we did not report them in the final results.

The analysis of recovery of kidney function was based on
the multiple regression models examining the effect of each
variable on post-COVID-19 eGFR analyzed as longitudinal
(repeated measures) continuous variable. Because the longi-
tudinal eGFR measurements were unbalanced between
patients, and because there was inconsistency among subjects
in timing of the eGFR assessment, we examined longitudinal
eGFR using random effects regression models estimated via
restricted maximum likelihood. These models estimated
eGFR as a linear change over time, which provided a good
fit to the data points (Supplemental Figures 1 and 2).

We performed all of the analyses using Stata v17 (Stata-
Corp, College Station, TX). The Stata code for all of the
analyses is freely available at https://github.com/
UMaggiore/iROC-GN.

A two-sided P value of ,0.05 was regarded as statisti-
cally significant. Unless otherwise stated, we reported nom-
inal P values without adjustment for multiple testing.

Further details on statistical analyses are included in the
Supplemental Methods.

Results
Study Population

The study population included 125 patients with a history
of GN diagnosed with COVID-19 (63 requiring hospitalization
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and 62 managed as outpatients) and 83 patients without GN
who developed COVID-19 requiring hospitalization (Ctrl hos-
pitalized). Baseline kidney function (pre-COVID-19 eGFR)
was assessed at a median of 3.7 months (interquartile range
1.8–6.2 months) before infection. After COVID-19, the median
follow-up of kidney function was 6.4 months (interquartile
range 2.3–9.6).
The characteristics of the study population are reported

in Table 1. Compared with Ctrl hospitalized patients, GN
hospitalized patients had lower eGFR, serum albumin, and
hemoglobin pre-COVID-19 and at time of admission (Table
1 and Supplemental Table 1). GN hospitalized patients also
had lower eGFR, lower serum albumin, and higher protein-
uria levels pre-COVID-19 and at COVID-19 diagnosis than
GN outpatients (Table 1).
GN hospitalized patients and GN outpatients had similar

distributions in the type of glomerular disease (Table 2).
However, compared with GN outpatients, GN hospitalized
patients were more likely to have received rituximab before
COVID-19 diagnosis, to be on calcineurin inhibitors at the
time of COVID-19, and to have a shorter duration of GN

disease (,6 months; Table 2), whereas RAASi therapy was
less common (Table 1). The percentage of patients with
active GN disease at COVID-19 onset was similar between
the two groups (Table 2). Tapering or withdrawal of immu-
nosuppression during COVID-19 was uncommon and did
not statistically differ between GN outpatients and GN hos-
pitalized patients, with the exception of mycophenolate
mofetil, which was more frequently reduced or discontin-
ued in GN hospitalized patients (Table 2).
At disease presentation, GN outpatients had less severe

inflammatory indexes compared with GN hospitalized
patients (C-reactive protein, serum ferritin, and D-dimer
levels), whereas the same characteristics were similar
between GN hospitalized patients and Ctrl hospitalized
patients (Table 1). The rates of in-hospital complications
(i.e., need for intubation or inotropes/vasopressors, super-
imposed bacterial infections, or thrombotic and cardiovas-
cular complications) were similar between GN hospitalized
patients and Ctrl hospitalized patients, but the duration of
hospitalization was slightly longer in GN patients (mean
16.3 versus 14.4 days, respectively; P50.03; Supplemental

Table 2. Baseline characteristics of glomerular neuropathy patients: diagnosis, treatment, and disease duration

Admission Status

P ValueOutpatients Hospitalized

SLE GN or vasculitis (systemic GN) 26 42% 26 41% .0.99
Lupus nephritis 19 31% 11 18% 0.1
Vasculitis 7 11% 15 24% 0.1
IgA nephropathy 13 21% 5 8% 0.04
FSGS or MCD 11 18% 9 14% 0.63
Membranous nephropathy 8 13% 5 8% 0.4
Amyloidosis/fibrillary GN 2 3% 2 3% .0.99
Thrombotic microangiopathy 1 2% 0 0% 0.5
Membranoproliferative GN 0 0% 4 6% 0.12
Post-infectious GN 0 0% 2 3% 0.5
Not specified 1 2% 10 16% 0.009
Immunosuppression at time of COVID-19 38 61% 35 56% 0.59
Prednisone 23 37% 23 37% .0.99
Prednisone dose, mg/d 8.6 (7.4) 15.7 (22.0) 0.21
MMF 15 24% 11 18% 0.39
AZA 1 2% 4 6% 0.37
RTX 1 2% 11 18% 0.004
CNI 2 3% 15 24% 0.001

Therapy reduction/withdrawal during COVID-19a

Prednisone 0 0% 1 4% .0.99
MMF 3 20% 8 73% 0.007
AZA 0 0% 3 75% 0.24
CNI 1 50% 1 7% 0.47

Duration of GN disease
1–6 mo 5 8% 13 27% 0.004
6–12 mo 0 0% 6 12%
12–24 mo 9 15% 5 10%
2–5 yr 17 28% 6 12%
.5 yr 29 48% 19 39%

Active GN disease at COVID-19 onset 5 8% 8 18% 0.23

Continuous data are reported as number of non-missing variables, mean (SD); categorical data are reported as number of
nonmissing variables and percentages. Active GN disease was defined based on reporter assessment of patient’s clinical and
laboratory features. P values refer to Fisher’s exact and to Cochran–Armitage test for trend (with exact P values) for GN disease.
GN, history of glomerular disease; MCD, minimal change disease; SLE, systemic lupus erythematosus; MMF, mycophenolate
mofetil; AZA, azathioprine; CNI, calcineurin inhibitor; RTX, rituximab.
aOut of patients on immunosuppression at time of COVID-19.
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Table 1). As predicted on the basis of lower disease sever-
ity, fewer GN outpatients received any COVID-19 treat-
ment compared with GN hospitalized patients and Ctrl
hospitalized patients (Supplemental Table 2). Within hospi-
talized patients, fewer GN hospitalized patients received
hydroxychloroquine and azithromycin than Ctrl hospital-
ized patients (Supplemental Table 2).

Clinical Outcomes in Patients with Glomerular Disease
We assessed the effect of glomerular disease on COVID-

19 outcomes by comparing GN hospitalized with Ctrl hos-
pitalized patients before and after adjusting for potential
confounders (Table 3). Primary end points were incidence
of AKI, initiation of KRT, and death. Incidence of AKI,
KRT, and death were 46% versus 19%, 13% versus 10%,
and 19% versus 10% in GN hospitalized patients versus
Ctrl hospitalized patients, respectively. In crude analyses,
GN hospitalized patients had increased odds of AKI
(OR53.44; 95% confidence interval [CI], 1.58 to 7.47;
P50.002) but not of KRT or death (Table 3). However, after
adjusting for pre-COVID-19 eGFR and additional con-
founders (age, sex, non-White ethnicity, and RAASi use),
the odds of AKI were similar between groups (OR51.28;
95% CI, 0.43 to 3.60; P50.64; Table 3). The adjusted analy-
ses confirmed that OR for KRT and death were similar
between GN hospitalized patients and Ctrl hospitalized
patients (Table 3).
Pre-COVID-19 eGFR was the major determinant of clini-

cal outcomes in adjusted analyses: for every 1 SD unit
decrease in eGFR (approximately 30 ml/min per 1.73 m2

decrease), the adjusted OR was 3.04 (95% CI, 1.76 to 5.28;
P,0.001) for AKI, 2.39 (95% CI, 1.20 to 4.78; P50.014) for
KRT, and 1.76 (95% CI, 0.91 to 3.37; P50.09; Table 3) for
death.
The multivariable adjusted relationship between pre-

COVID-19 eGFR and the probability of AKI is reported in
Figure 1: patients with pre-COVID-19 eGFR ,30 ml/min
per 1.73 m2 had a probability of developing AKI during
their hospital stay of .50%. In the adjusted analyses, the
rate of death increased with age (OR per 1 SD unit increase,
which is approximately 15 years52.33; 95% CI, 1.10 to 4.94;
P50.03) and in patients with non-White ethnicity
(OR54.62; 95% CI, 1.30 to 16.44; P50.02; Table 3).

Determinants of Clinical Outcomes in Patients with
Glomerular Disease
We assessed the effect of determinants of clinical out-

comes (AKI, KRT, or death) in patients with glomerular
disease by performing analyses on GN hospitalized
patients and GN outpatients pooled, after adjusting for
potential confounders, including hospitalization status.
Similar to the results above, pre-COVID-19 eGFR was the
only significant determinant of AKI, KRT, and death (OR
for death associated with 1 SD unit decrease in eGFR53.00;
95% CI, 1.15 to 7.85; P50.03), the latter being also associ-
ated with older age (OR for death associated with 1 SD
increase in age53.97; 95% CI, 1.47 to 10.74; P50.007). In the
crude analysis, only serum albumin was associated with
AKI, and the presence of SLE was associated with the need
for KRT (Supplemental Table 3). However, in the adjusted
analyses, serum albumin, urinary protein excretion, and
immunosuppressive drugs (azathioprine, calcineurin inhib-
itors, mycophenolate, rituximab, or steroids) were not sig-
nificantly associated with the main clinical outcomes
(Supplemental Table 3). In addition, the duration of glo-
merular disease diagnosis and type of GN (including a
comparison of systemic GN versus renal limited GN) were
not significantly associated with the main clinical outcomes
(Supplemental Table 3).

Effect of Presence of Glomerular Disease on Recovery of
Kidney Function Post-COVID-19
We assessed the effect of presence of glomerular disease

on post-COVID-19 kidney function by comparing GN hos-
pitalized patients with Ctrl hospitalized patients after
adjusting for potential confounders. Kidney function recov-
ery was assessed as a categorical outcome (i.e., any post-
COVID-19 eGFR within –10% of pre-COVID-19 eGFR
[baseline]). Overall, the rate of kidney function recovery
was similar in GN hospitalized patients and Ctrl hospital-
ized patients (OR51.47; 95% CI, 0.57 to 3.77; P50.43; Table
4). In adjusted models, the only borderline statistically sig-
nificant determinant of kidney function recovery was pre-
COVID-19 eGFR (OR of kidney function recovery per 1 SD
unit eGFR decrease50.55; 95% CI, 0.33 to 0.90; P50.02;
Table 4).
We next analyzed data using kidney function as a contin-

uous outcome (by comparing pre- and post-COVID-19
eGFR). Overall, there was no significant difference in the
correlation between pre- and post-COVID-19 eGFR
between GN hospitalized patients and Ctrl hospitalized
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Figure 1. | Probability of developing AKI as a function of eGFR
before coronavirus disease 2019 (COVID-19). The probability is
based on a regression model, which is adjusted for age, sex, non-
White ethnicity, and use of renin-angiotensin-aldosterone system
inhibitors. The model is estimated only in hospitalized patients
with glomerular disease. The shadowed area represents the 95%
confidence interval (CI). The adjusted odds ratio of AKI per 1 SD
unit decreases in eGFR (approximately 15 ml/min per 1.73 m2) was
2.88 (95% CI, 1.38 to 6.02; P50.005).
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patients. However, when we stratified patients on the basis
of development of AKI, the correlation between pre- and
post-COVID-19 eGFR significantly differed between GN
hospitalized patients and Ctrl hospitalized patients. In par-
ticular, we found that Ctrl hospitalized patients who devel-
oped AKI had a full recovery of eGFR (to pre-COVID-19
levels) by 6 months after COVID-19. In contrast, kidney
recovery was only partial in GN hospitalized patients who
developed AKI during hospitalization. This is demon-
strated by the four-way interaction term between GN ver-
sus Ctrl, time, AKI, and pre-COVID-19 eGFR, which was
statistically significant (P50.03). To have a visual appraisal
of the interaction term, we estimated the adjusted coeffi-
cient of the relationship between pre-COVID-19 eGFR and
6-month post-COVID-19 eGFR according to the history of
glomerular disease and AKI, and plotted the results pre-
dicted by the multiple regression model (Supplemental
Table 4 and Figure 2). For all of the groups, except GN hos-
pitalized patients who had AKI, the coefficient between
pre-COVID-19 and 6-month post-COVID-19 was close to
one (Supplemental Table 4) and the line close to the line of
identity (the line of identity between pre-COVID-19 and
6-month post-COVID-19 eGFR is the dotted line in Figure

2): Ctrl hospitalized patients without AKI: 0.90 (95% CI,
0.75 to 1.04); GN hospitalized patients without AKI: 0.87
(95% CI, 0.70 to 1.04); Ctrl hospitalized patients with AKI:
0.98 (95% CI, 0.82 to 1.14); and GN hospitalized patients
with AKI: 0.41 (95% CI, 0.25 to 0.56). The intercept was not
statistically significantly different from zero in all four
groups (data not shown). The visual representation of how
the four-way interaction in terms of changes in eGFR over
time is shown in Supplemental Figure 3.

In the multivariable regression models, determinants
that were significantly associated with lower post-COVID-
19 eGFR were older age (–3.5 ml/min per 1.73 m2 per 1 SD
unit increase) and non-White ethnicity (–5.4 ml/min per
1.73 m2).

Determinants of Kidney Function Recovery in Patients
with Glomerular Disease

Among infected GN patients, pre-COVID-19 eGFR and
serum albumin decreased only in those who were hospital-
ized (Supplemental Table 5). The only borderline signifi-
cant determinant of kidney function recovery was pre-
COVID-19 eGFR (OR of kidney function recovery per 1 SD
unit decrease of eGFR50.62 (95% CI, 0.38 to 1.01; P50.06;

Table 4. Association between history of glomerular disease with kidney function recovery, and determinants of kidney function
recovery in patients with history of glomerular disease

Glomerular Neuropathy
Hospitalized versus
Control Hospitalized

Glomerular Neuropathy
Hospitalized and Glomerular Neuropathy

Outpatients Pooled

Crude eGFR Adjusted Fully Adjusted eGFR Full Model

Preexisting GN 1.23 1.60 1.47
(0.62 to 2.43) (0.66 to 3.86) (0.57 to 3.77)

0.55 0.3 0.43
Prior eGFR (per 1 SD unit decrease) 0.57b 0.55b 0.55a 0.59b

(0.36 to 0.90) (0.33 to 0.90) (0.35 to 0.86) (0.36 to 0.95)
0.02 0.02 0.009 0.03

Age (per 1 SD unit increase) 1.10 1.02
(0.66 to 1.82) (0.61 to 1.73)

0.73 0.93
Sex 0.93 1.25

(0.40 to 2.15) (0.49 to 3.18)
0.86 0.64

Non-White ethnicity 1.78 2.73b

(0.69 to 4.60) (1.03 to 7.28)
0.24 0.04

RAASi use 1.07 1.24
(0.31 to 3.67) (0.44 to 3.46)

0.92 0.69

Data shown are odds ratios from logistic regression models examining the association between history of glomerular disease and
recovery of kidney disease (i.e., at least one eGFR values with –10% of pre-COVID-19 eGFR [baseline]), comparing GN
hospitalized patients with Ctrl hospitalized patients. For each outcome, three regression models are reported: crude model (no
adjustment), eGFR adj. (adjusted for pre-COVID-19 eGFR), and fully adj. (additionally adjusted for age, sex, non-White ethnicity,
and RAASi use). On the right, the same logistic model is fitted in GN hospitalized patients and GN outpatients (pooled) for
examining prior eGFR (i.e., pre-COVID-19). The model is fitted before (eGFR model), and after (full model) adjusting for the other
covariates. Odds ratios associated with eGFR are expressed per 1 SD unit (approximately 30 ml/min per 1.73 m2) decrease.
Therefore, an odds ratio associated with a prior eGFR of 0.55 means that the odds of recovery decreases by 0.55 times every 30 ml/
min per 1.73 m2 decrease of pre-COVID-19 eGFR; the odds ratio for age is expressed per 1 SD (approximately 15 years) increase in
age. Numbers in brackets represent 95% confidence intervals; the numbers below the brackets are the associated P values. Crtl,
control; GN, history of glomerular disease; RAASi, renin–angiotensin–aldosterone system inhibitors.
aP,0.01.
bP,0.05.
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Table 4). In the adjusted analyses, serum albumin, urinary
protein, type of immunosuppressive drugs (azathioprine,
mycophenolate, calcineurin inhibitors, rituximab, or ste-
roids), and duration and type of glomerular disease were
not significantly associated with the rate of kidney function
recovery (categorical variable; Supplemental Table 6). At
variance, when we examined the effect of the same deter-
minants of post-COVID-19 eGFR (continuous variable), we
found that higher baseline proteinuria (–2.1 ml/min per
1.73 m2 per 1 SD unit increase) and, more importantly, pre-
existing FSGS or minimal change disease (MCD) diagnosis
(–7.7 ml/min per 1.73 m2) were associated with signifi-
cantly lower post-COVID-19 eGFR (Supplemental Table 7).

Discussion
To our knowledge, this is the first analysis of both the

short- and long-term outcomes of COVID-19 infection
among GN patients. On the basis of a meta-analysis from
2020, the pooled incidence of COVID-19-associated AKI
among hospitalized patients was 29% (95% CI, 19.8 to 39.5)

in the United States and Europe, although the reported
ranges are quite broad (3). In our study, nearly half of the
hospitalized GN patients experienced AKI, suggesting that
the incidence of COVID-19-associated AKI in GN patients
is at the higher range of estimates of AKI reported among
hospitalized patients (4–8). However, our data indicate that
the presence of underlying GN does not confer an indepen-
dent risk for COVID-19-associated AKI. In line with the
well-established association between preexisting CKD and
risk of in-hospital AKI in general (9–11), and in the setting
of COVID-19 (4,12–14), we showed that pre-COVID-19
eGFR is the main determinant of AKI and of need for KRT.
There was no difference in mortality between GN and con-

trol patients. Both in-hospital AKI and the presence of CKD
have been consistently associated with higher COVID-19-
associated mortality (5,15–20). The similar adjusted rates of
AKI between the GN and control cohorts may partly explain
the observed lack of difference in mortality in this study. AKI
and death were almost entirely confined to hospitalized
patients. Although we do not have information on COVID-19
severity scores, these data suggest that milder cases of
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Figure 2. | Visual representation of the results of the four-way interaction term from the longitudinal mixed model on eGFR between
GN and Ctrl hospitalized patients, time, AKI, and pre-COVID-19 eGFR (P50.02). The figure represents the predicted relationship
between pre- and post-COVID-19 eGFR after stratification of hospitalized patients according to the absence (left panel) and presence (right
panel) of a history of glomerular disease (Ctrl hospitalized and GN hospitalized, respectively, throughout the text). Patients are additionally
stratified on the basis of those who did not develop (blue) or who developed (red) AKI during their hospital stay. The dotted gray line rep-
resents the line of identity between pre- and post-COVID-19 eGFR (i.e., full recovery of kidney function). Although Ctrl hospitalized
patients had a full recovery of eGFR at 6 months after COVID-19, the recovery was only partial in GN hospitalized patients who devel-
oped AKI during their hospital stay. For all of the groups, except GN hospitalized patients who had AKI, the coefficient between pre-
COVID-19 and 6-month post-COVID-19 was close to one and the line close to the line of identity: Ctrl hospitalized patients without AKI:
0.90 (95% CI, 0.75 to 1.04); GN hospitalized patients without AKI: 0.87 (95% CI, 0.70 to 1.04); Ctrl hospitalized patients with AKI: 0.98
(95% CI, 0.82 to 1.14); GN hospitalized patients with AKI: 0.41 (95% CI, 0.25 to 0.56; see Supplemental Table 4). The visual representa-
tion of the four-way interaction term as eGFR change over time is reported in Supplemental Figure 3.
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COVID-19 in GN patients managed in the outpatient setting
have a more benign outcome than hospitalized patients.
Importantly, our results indicate that whereas controls

with COVID-19-associated AKI tend to show recovery of
kidney function by 6 months, GN patients with AKI have
slower, incomplete kidney recovery and persistently lower
eGFR at longer-term follow-up. Longitudinal outcome
and recovery data on patients with COVID-19-associated
AKI are still limited (4,21,22). One recent cohort study
reported accelerated eGFR decline and lower rates of kid-
ney recovery after hospitalization in patients with COVID-
19-associated AKI compared with AKI for other reasons,
independent of comorbidities or AKI severity (21). The eti-
ology of the observed slower and incomplete kidney
recovery in GN patients compared with control patients
after COVID-19-associated AKI is likely multifactorial
(20). It is noteworthy that a shorter duration of GN diag-
nosis was associated with both a greater risk of AKI and
slower kidney recovery. In addition, a higher degree of
pre-COVID-19 proteinuria and a history of FSGS/MCD
were associated with decreased kidney recovery and
lower eGFR post-COVID-19 at follow-up. These interest-
ing observations set the basis for future studies aimed to
better define GN subgroups that are particularly vulnera-
ble to CKD progression after COVID-19-associated AKI.
Several pathophysiological pathways are believed to be

activated in the context of SARS-CoV-2 infection leading to
kidney injury, and a spectrum of histologic changes in the
glomerular, tubulointerstitial, and vascular compartments
of the kidney have been described. The extent to which
baseline patient characteristics (i.e., type, duration, or
immunologic activity of underlying GN, proteinuria, and
kidney gene expression profiles) contribute to the type of
AKI or subsequent recovery warrants further study. The
lack of kidney biopsies in the GN and control cohorts with
COVID-19-associated AKI precludes comparisons. How-
ever, it is conceivable that GN patients with underlying
immune dysregulation, kidney immune cell infiltration,
and prothrombotic tendencies are more prone to endothe-
lial dysfunction, coagulopathy, and complement activation
or have greater sensitivity of podocytes and tubules to the
effects of SARS-CoV-2, which may affect renal prognosis
compared with those without GN. Superimposed on lim-
ited renal reserve, persistence of proteinuria, hematuria,
and maladaptive repair mechanisms in GN patients after
AKI may also promote renal fibrosis, leading to incomplete
kidney recovery (23,24). Limited serial proteinuria values
and relevant serological data in our study preclude mean-
ingful conclusions regarding the contribution of changes in
GN activity or GN relapses (possibly related to reduction
of immunosuppression during infection or to the infection
itself) in delayed kidney recovery.
Our data do not indicate an association between immu-

nosuppressive treatment before COVID-19, level of pre-
COVID-19 proteinuria, or the type of GN (systemic versus
kidney limited) on the primary outcomes of mortality and
AKI. However, hospitalized GN patients had higher pre-
COVID-19 proteinuria and lower serum albumin than
those managed as outpatients. In addition, a greater pro-
portion of hospitalized patients were on calcineurin inhibi-
tors at the time of COVID-19 or received rituximab within
6 months preceding infection. The published data

regarding the influence of longitudinal immunosuppres-
sion on COVID-19 susceptibility and outcomes has been
changing and contradictory. Although our data regarding
calcineurin inhibitors and rituximab are too limited to
draw firm conclusions, these observations deserve further
study, particularly in light of the importance of B cell
depleting therapy for GN. Some early reports suggested no
effect of rituximab or a slightly increased risk of hospitali-
zation from COVID-19 (25–29). More recently studies have
reported unfavorable prognosis particularly in those with
shorter duration between last rituximab infusion and infec-
tion (30–33). These conflicting results may reflect heteroge-
neity in the diseases treated with rituximab, intensity of B
cell depletion and IgG levels at infection onset, and number
of previous treatments. Similarly, the data regarding calci-
neurin inhibitors has been mixed. In a large Danish cohort
study, treatment with cyclosporine or tacrolimus was asso-
ciated with a significantly increased risk of hospitalization
(34). In contrast, a retrospective study from Spain indicated
beneficial effects of cyclosporine in COVID-19 (76% reduc-
tion in mortality) (35). This preliminary evidence has
boosted interest in these drugs for treatment of COVID-19,
and there are several ongoing clinical trials (36). Results of
such trials may influence treatment decisions of underlying
GN during the ongoing pandemic (37).

Among GN patients, those of non-White ethnicity had a
higher adjusted mortality risk—a finding consistent with
many published reports that have highlighted race/ethnic-
ity-related differences in COVID-19 rates and outcomes.
Research to disentangle the various complex factors that
contribute to ethnic variability is ongoing, although socio-
economic and sociodemographic factors appear to play
important roles (19,33,38–40).

Our study has many strengths. There is global represen-
tation with a diverse population. It focuses on a subpopula-
tion of CKD patients with unique (and potentially
dynamic) baseline clinical characteristics and treatment
challenges for which little data is currently available. The
study is reflective of the various presentations of COVID-
19 in GN patients managed as inpatients and outpatients.
We also analyzed longitudinal laboratory data extending
from pre-COVID-19 through recovery. This is particularly
relevant because the 25th Consensus Conference of the
Acute Disease Quality Initiative highlighted the natural his-
tory of kidney sequelae after COVID-19-associated AKI as
major research recommendations (41,42). Importantly,
inclusion of a control group of non-GN patients strength-
ened the validity of the findings. However, there are some
caveats that should be considered. The sample size remains
relatively small despite our large network. There were
missing data at various time points, particularly for GN
patients managed as outpatients. Serial laboratory tests (i.e.,
proteinuria) that would provide a better understanding of
GN relapses or changes in disease activity post-COVID-19
were not consistently performed. Also, the control and GN
groups were not perfectly matched, and we chose to
include only hospitalized controls due to limitations in
data collection in outpatients. Adjustments for confounders
allowed us to minimize the bias of the unbalanced control
characteristics, but it is possible that differences between
the two groups persist that cannot be fully accounted for.
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In conclusion, in a diverse international cohort of
patients with COVID-19, mortality and AKI did not differ
between GN patients and controls. The main predictor of
AKI was pre-COVID-19 eGFR. Incomplete kidney recovery
after COVID-19-associated AKI was more common in GN
patients compared with controls. Shorter duration of GN
diagnosis, higher grade proteinuria, and FSGS/MCD diag-
nosis were associated with impaired kidney recovery dur-
ing longer-term follow-up. These findings remain highly
relevant despite the availability of COVID-19 vaccines in
light of the rising rates of COVID-19 spread of the delta
variant and other variants of concern, impaired vaccine
response among immunocompromised patients (43–47),
breakthrough infections among vaccinated (48,49), and
waning vaccine immunity over time.
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34. Nørgård BM, Nielsen J, Knudsen T, Nielsen RG, Larsen MD,
Jølving LR, Kjeldsen J: Hospitalization for COVID-19 in patients
treated with selected immunosuppressant and immunomodulat-
ing agents, compared to the general population: A Danish
cohort study. Br J Clin Pharmacol 87: 2111–2120, 2021 https://
doi.org/10.1111/bcp.14622

35. Guisado-Vasco P, Valderas-Ortega S, Carral�on-Gonz�alez MM,
Roda-Santacruz A, Gonz�alez-Cortijo L, Sotres-Fern�andez G,
Mart�ı-Ballesteros EM, Luque-Pinilla JM, Almagro-Casado E, La
Coma-Lanuza FJ, Barrena-Puertas R, Malo-Benages EJ,
Monforte-G�omez MJ, Diez-Munar R, Merino-Lanza E,
Comeche-Casanova L, Remirez-de-Esparza-Otero M, Cor-
reyero-Plaza M, Recio-Rodr�ıguez M, Rodr�ıguez-L�opez M,
S�anchez-Manzano MD, Andreu-V�azquez C, Thuissard-Vasallo
IJ, Mar�ıa-Tom�e JME, Carnevali-Ruiz D: Clinical characteristics
and outcomes among hospitalized adults with severe
COVID-19 admitted to a tertiary medical center and receiving
antiviral, antimalarials, glucocorticoids, or immunomodulation
with tocilizumab or cyclosporine: A retrospective observational
study (COQUIMA cohort). EClinicalMedicine 28: 100591,
2020 https://doi.org/10.1016/j.eclinm.2020.100591

36. ClinicalTrials.gov: Cyclosporidine, COVID-10. Available at: https://
www.clinicaltrials.gov/ct2/results?cond5Covid19&term5cyclospo-
rine&cntry5&state5&city5&dist5. Accessed September 17,
2021.

37. Willicombe M, Thomas D, McAdoo S: COVID-19 and calci-
neurin inhibitors: Should they get left out in the storm? J Am
Soc Nephrol 31: 1145–1146, 2020 https://doi.org/10.1681/
ASN.2020030348

38. Yehia BR, Winegar A, Fogel R, Fakih M, Ottenbacher A, Jesser
C, Bufalino A, Huang R-H, Cacchione J: Association of race
with mortality among patients hospitalized with coronavirus
disease 2019 (COVID-19) at 92 US hospitals. JAMA Netw
Open 3: e2018039, 2020 https://doi.org/10.1001/
jamanetworkopen.2020.18039

39. Rosenthal N, Cao Z, Gundrum J, Sianis J, Safo S: Risk factors
associated with in-hospital mortality in a US national sample of
patients with COVID-19. JAMA Netw Open 3: e2029058,
2020 https://doi.org/10.1001/jamanetworkopen.2020.29058

40. Jin J, Agarwala N, Kundu P, Harvey B, Zhang Y, Wallace E,
Chatterjee N: Individual and community-level risk for COVID-19

KIDNEY360 3: 293–306, February, 2022 COVID-19 in Glomerular Disease, Waldman et al. 305

https://doi.org/10.1111/joim.13239
https://doi.org/10.1681/ASN.2020060897
https://doi.org/10.1038/s41586-020-2521-4
https://doi.org/10.2215/CJN.13820820
https://doi.org/10.2215/CJN.13820820
https://doi.org/10.1001/jamanetworkopen.2021.1095
https://doi.org/10.1001/jamanetworkopen.2021.1095
https://doi.org/10.1681/ASN.2021060734
https://doi.org/10.1681/ASN.2021060734
https://doi.org/10.1681/ASN.2015030309
https://doi.org/10.1097/MCC.0000000000000675
https://doi.org/10.1097/MCC.0000000000000675
https://doi.org/10.1136/annrheumdis-2020-217871
https://doi.org/10.1136/annrheumdis-2020-217871
https://doi.org/10.2215/CJN.06400420
https://doi.org/10.1001/jamaneurol.2021.0688
https://doi.org/10.1001/jamaneurol.2021.0688
https://doi.org/10.1136/annrheumdis-2020-218246
https://doi.org/10.1136/annrheumdis-2020-218246
https://doi.org/10.1016/j.msard.2020.102472
https://doi.org/10.1016/j.msard.2020.102472
https://doi.org/10.1007/s00296-020-04699-x
https://doi.org/10.1136/annrheumdis-2020-218310
https://doi.org/10.1136/annrheumdis-2020-218310
https://doi.org/10.20411/pai.v6i1.435
https://doi.org/10.20411/pai.v6i1.435
https://doi.org/10.1136/annrheumdis-2020-219498
https://doi.org/10.1136/annrheumdis-2020-219498
https://doi.org/10.1111/bcp.14622
https://doi.org/10.1111/bcp.14622
https://doi.org/10.1016/j.eclinm.2020.100591
https://doi.org/10.1681/ASN.2020030348
https://doi.org/10.1681/ASN.2020030348
https://doi.org/10.1001/jamanetworkopen.2020.18039
https://doi.org/10.1001/jamanetworkopen.2020.18039
https://doi.org/10.1001/jamanetworkopen.2020.29058


mortality in the United States. Nat Med 27: 264–269, 2021
https://doi.org/10.1038/s41591-020-01191-8

41. Nadim MK, Forni LG, Mehta RL, Connor MJ Jr, Liu KD, Ostermann
M, Rimmel�e T, Zarbock A, Bell S, Bihorac A, Cantaluppi V, Hoste
E, Husain-Syed F, Germain MJ, Goldstein SL, Gupta S, Joannidis
M, Kashani K, Koyner JL, Legrand M, Lumlertgul N, Mohan S,
Pannu N, Peng Z, Perez-Fernandez XL, Pickkers P, Prowle J, Reis
T, Srisawat N, Tolwani A, Vijayan A, Villa G, Yang L, Ronco C,
Kellum JA: COVID-19-associated acute kidney injury: Consensus
report of the 25th Acute Disease Quality Initiative (ADQI) work-
group [published correction appears in Nat Rev Nephrol 16: 765,
2020 10.1038/s41581-020-00372-5]. Nat Rev Nephrol 16:
747–764, 2020 https://doi.org/10.1038/s41581-020-00356-5

42. Vijayan, A, Abdel-Rahman, EM, Liu, KD, Goldstein, SL,
Agarwal, A, Okusa, MD, Cerda, J; AKI!NOW Steering Commit-
tee: Recovery after critical illness and acute kidney injury. Clin
J Am Soc Nephrol 16: 1601–1609, 2021 https://doi.org/10.
2215/CJN.19601220

43. Kamar N, Abravanel F, Marion O, Couat C, Izopet J, Del Bello
A: Three doses of an mRNA COVID-19 vaccine in solid-organ
transplant recipients. N Engl J Med 385: 661–662, 2021 https://
doi.org/10.1056/NEJMc2108861

44. Boyarsky BJ, Werbel WA, Avery RK, Tobian AAR, Massie AB,
Segev DL, Garonzik-Wang JM: Antibody response to 2-dose
SARS-CoV-2 mRNA vaccine series in solid organ transplant
recipients. JAMA 325: 2204–2206, 2021 https://doi.org/10.
1001/jama.2021.7489

45. Marinaki S, Adamopoulos S, Degiannis D, Roussos S, Pavlopoulou
ID, Hatzakis A, Boletis IN: Immunogenicity of SARS-CoV-2
BNT162b2 vaccine in solid organ transplant recipients. Am J
Transplant 21: 2913–2915, 2021 https://doi.org/10.1111/ajt.16607

46. Geisen UM, Berner DK, Tran F, S€umb€ul M, Vullriede L, Ciripoi
M, Reid HM, Schaffarzyk A, Longardt AC, Franzenburg J, Hoff
P, Schirmer JH, Zeuner R, Friedrichs A, Steinbach A, Knies C,
Markewitz RD, Morrison PJ, Gerdes S, Schreiber S, Hoyer BF:
Immunogenicity and safety of anti-SARS-CoV-2 mRNA vac-
cines in patients with chronic inflammatory conditions and
immunosuppressive therapy in a monocentric cohort. Ann
Rheum Dis 80: 1306–1311, 2021 https://doi.org/10.1136/
annrheumdis-2021-220272

47. Deepak P, Kim W, Paley MA, Yang M, Carvidi AB, Demissie
EG, El-Qunni AA, Haile A, Huang K, Kinnett B, Liebeskind MJ,
Liu Z, McMorrow LE, Paez D, Pawar N, Perantie DC, Schriefer
RE, Sides SE, Thapa M, Gergely M, Abushamma S, Akuse S,
Klebert M, Mitchell L, Nix D, Graf J, Taylor KE, Chahin S,
Ciorba MA, Katz P, Matloubian M, O’Halloran JA, Presti RM,
Wu GF, Whelan SPJ, Buchser WJ, Gensler LS, Nakamura MC,
Ellebedy AH, Kim AHJ: Effect of immunosuppression on the
immunogenicity of mRNA vaccines to SARS-CoV-2: A prospec-
tive cohort study. Ann Intern Med 174: 1572–1585, 2021
https://doi.org/10.7326/M21-1757

48. Tsapepas D, Paget K, Mohan S, Cohen DJ, Husain SA: Clini-
cally significant COVID-19 following SARS-CoV-2 vaccination
in kidney transplant recipients. Am J Kidney Dis 78: 314–317,
2021 https://doi.org/10.1053/j.ajkd.2021.05.004

49. Ali NM, Alnazari N, Mehta SA, Boyarsky B, Avery RK, Segev
DL, Montgomery RA, Stewart ZA: Development of COVID-19
infection in transplant recipients after SARS-CoV-2 vaccination.
Transplantation 105: e104–e106, 2021 https://doi.org/10.1097/
TP.0000000000003836

Received: October 11, 2021 Accepted: December 3, 2021

AFFILIATIONS

1Kidney Disease Branch, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, Maryland
2Servei Nefrologia, Hospital Universitari Vall d’Hebron, Vall d’Hebron Barcelona Hospital Campus, Barcelona, Spain
3Grup de Recerca de Nefrolog�ıa, Vall d’Hebron Institut de Recerca (VHIR), Vall d’Hebron Hospital Universitari, Vall d’Hebron Barcelona Hospital
Campus, Barcelona, Spain
4Centre for Inflammatory Disease, Department of Immunology and Inflammation, Faculty of Medicine, Imperial College London, United Kingdom
5Imperial College Healthcare NHS Trust Renal and Transplant Centre, Hammersmith Hospital, London, United Kingdom
6Nephrology Department, Bellvitge University Hospital, Clinical Science Department, Barcelona University, IDIBELL, L’Hospitalet de Llobregat,
Barcelona, Spain
7Glasgow Renal and Transplant Unit, Queen Elizabeth University Hospital, Glasgow, United Kingdom
8Department of Nephrology, Royal Berkshire Hospital, Reading, United Kingdom
9Department of Medicine, Renal Division, Icahn School of Medicine at Mount Sinai, New York, New York
10Dipartimento di Medicina e Chirurgia, Universit�a di Parma, UONefrologia, Azienda Ospedaliero-Universitaria di Parma, Parma, Italy
11Departamento de Nefrolog�ıa, Hospital Universitario 12 de Octubre/Instituto de Investigaci�on Sanitaria Hospital 12 de Octubre (imas12), Madrid,
Spain
12Departamento de Nefrolog�ıa y Metabolismo Mineral Instituto Nacional de Ciencias M�edicas y Nutrici�on Salvador Zubir�an, Mexico City, Mexico
13Department of Experimental Diagnostic and Specialty Medicine (DIMES), Nephrology, Dialysis and Renal Transplant Unit, IRCCS-Azienda
Ospedaliero-Universitaria de Bologna, AlmaMater Studiorum University of Bologna, Italy, Bologna, Italy
14Hospital Universitario de Navarra, Pamplona, Spain
15Red de Investigaci�on Renal (REDINREN), Instituto de Salud Carlos III, Madrid, Spain
16Nephrology and Hypertension, Fundaci�on Instituto de Investigaci�on Sanitaria-Fundaci�on Jim�enez D�ıaz-Universidad Aut�onomaMadrid, Madrid, Spain
17Clinic of Nephrology and Renal Transplantation, NKUA, Medical School, Laiko General Hospital, Athens, Greece
18Servicio de Nefrolog�ıa, Hospital General de Segovia, Segovia, Spain
19Hospital Universitario Reina Sof�ıa, Cordoba, Spain
20Hospital San Pedro, Logro~no La Rioja, Spain
21Nephrology Department La Mancha-Centro Hospital, Alc�azar de San Juan, Ciudad Real, Spain
22Nephrology Department, Hospital Universitario Fundaci�on Alcorc�on, Madrid, Spain
23Renal Unit, Royal Devon and Exeter NHS Foundation Trust, United Kingdom
24Department of Health, Medicine and Caring Sciences, Link€oping University, Link€oping, Sweden
25Department of Renal Medicine, Karolinska University Hospital and CLINTEC Karolinska Institutet, Stockholm, Sweden
26Faculty of Biology, Medicine and Health, University of Manchester, Manchester, United Kingdom
27Department of Renal Medicine, Salford Royal NHS Foundation Trust, Salford, United Kingdom
28Portsmouth Hospitals NHS Trust, Portsmouth, United Kingdom

306 KIDNEY360

https://doi.org/10.1038/s41591-020-01191-8
https://doi.org/10.1038/s41581-020-00356-5
https://doi.org/10.2215/CJN.19601220
https://doi.org/10.2215/CJN.19601220
https://doi.org/10.1056/NEJMc2108861
https://doi.org/10.1056/NEJMc2108861
https://doi.org/10.1001/jama.2021.7489
https://doi.org/10.1001/jama.2021.7489
https://doi.org/10.1111/ajt.16607
https://doi.org/10.1136/annrheumdis-2021-220272
https://doi.org/10.1136/annrheumdis-2021-220272
https://doi.org/10.7326/M21-1757
https://doi.org/10.1053/j.ajkd.2021.05.004
https://doi.org/10.1097/TP.0000000000003836
https://doi.org/10.1097/TP.0000000000003836

	TF1
	TF2
	TF3
	TF4
	TF5
	TF6
	TF7
	TF8
	TF9
	TF10
	TF11
	TF12
	TF13
	TF14

