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Original Clinical Science—General

Background. The chronic use of immunosuppressive drugs is a key risk factor of death because of coronavirus disease 
2019 (COVID-19) in kidney transplant recipients (KTRs), although no evident association between the class of immunosup-
pressive and outcomes has been observed. Thus, we aimed to compare COVID-19–associated outcomes among KTRs 
receiving 3 different immunosuppressive maintenance regimes. Methods. This study included data from 1833 KTRs with 
COVID-19 diagnosed between March 20 and April 21 extracted from the national registry before immunization. All patients 
were taking calcineurin inhibitor associated with mycophenolate acid (MPA, n = 1258), azathioprine (AZA, n = 389), or mam-
malian targets of rapamycin inhibitors (mTORi, n = 186). Outcomes within 30 and 90 d were assessed. Results. Compared 
with patients receiving MPA, the 30-d (79.9% versus 87.9% versus 89.2%; P < 0.0001) and 90-d (75% versus 83.5% versus 
88.2%; P < 0.0001) unadjusted patient survivals were higher in those receiving AZA or mTORi, respectively. Using adjusted 
multivariable Cox regression, compared with patients receiving AZA, the use of MPA was associated with a higher risk of 
death within 30 d (adjusted hazard ratio [aHR], 1.70; 95% confidence interval [CI], 1.21-2.40; P = 0.003), which was not 
observed in patients using mTORi (aHR, 0.78; 95% CI, 0.45-1.35; P = 0.365). At 90 d, although higher risk of death was 
confirmed in patients receiving MPA (aHR, 1.46; 95% CI, 1.09-1.98; P = 0.013), a reduced risk was observed in patients 
receiving mTORi (aHR, 0.59; 95% CI, 0.35-0.97; P = 0.04) compared with AZA. Conclusions. This national cohort data 
suggest that, in KTRs receiving calcineurin inhibitor and diagnosed with COVID-19, the use of MPA was associated with 
higher risk of death, whereas mTORi use was associated with lower risk of death.

(Transplantation 2022;106: e441–e451).
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INTRODUCTION
Viral infections are associated with morbidity and mor-

tality among kidney transplant recipients (KTRs), with 
the lifelong immunosuppressive drug exposure identi-
fied as the key risk factor.1 Thus, early in the coronavirus 
disease 2019 (COVID-19) pandemic, KTRs were consid-
ered at higher risk for unfavorable outcomes,2 ultimately 
confirmed by several reports demonstrating high hospi-
talization and high fatality rates.3-5 Although the clinical 
outcomes seem to be similar comparing recipients of solid 
organ transplants and nontransplanted patients,6,7 our 
previous analysis showed that KTRs presented a 6% per 
day increased risk of death during the first 30 d after the 
COVID-19 diagnosis, leading to a higher 30-d case fatality 
rate than patients undergoing dialysis.8 Albeit the cumula-
tive number of comorbidities are prevalent in both groups, 
the chronic use of immunosuppressive drugs is a determi-
nant additional risk factor.

The risk of viral infection and the outcome of the disease is 
associated with the drug class and the net immunosuppressive 
effect of the combination regimen. Clinical trials consistently 
showed the lower immunosuppressive efficacy of azathio-
prine (AZA) than mycophenolate acid (MPA) or mammalian 
targets of rapamycin inhibitors (mTORi) for the prevention 
of acute rejection.9-11 Furthermore, compared with AZA, 
the use of MPA is associated with an increased risk of virus-
related events.12,13 On the other hand, the use of mTORi has 
been associated with a reduced risk of virus infections.14-16 
Particularly for cytomegalovirus infection, mTORi interferes 
with critical viral replication pathways, preventing viral reac-
tivation and restoring functional T-cells subsets, consequently 
improving the specific immune responses.17-19

The impact of the maintenance immunosuppressive 
regimen on the outcomes of the respiratory virus infection 
is unclear. For instance, in the previous influenza A H1N1 
outbreak, the use of MPA was not associated with poor 
outcomes compared with other drugs.20 In addition, no evi-
dent association between the class of immunosuppressive 

drug and the risk of inhospital death was observed in a 
large cohort of immunocompromised patients, including 
solid organ transplant recipients.21 Nevertheless, in our 
previous preliminary analysis, although the use of MPA 
was associated with increased risk, the use of mTORi was 
associated with reduced risk of COVID-19–associated 
death.22 Thus far, data on the impact of immunosuppres-
sive regimens on COVID-19–clinical outcomes are lacking. 
Therefore, the present study seeks to compare COVID-
19–associated outcomes among KTRs receiving calcineu-
rin inhibitor (Cni) in combination with AZA, MPA, or 
mTORi.

MATERIALS AND METHODS

Study Design
This is a multicenter retrospective cohort study com-

prising data from 44 transplant centers included in the 
COVID-19-KT Brazil Study. The study was approved by 
the National Ethics Research Committee (approval num-
ber 4.033.525) and by the local ethics committee of each 
participating center, and it was registered at clinical trials.
gov (NCT04494776). Informed consent or its exemption 
followed specific national legislation, local institutional 
review board recommendations, and the guidelines of the 
Declaration of Helsinki.

Inclusion and Exclusion Criteria
Adult KTRs (aged ≥18 y) with symptomatic COVID-19 

diagnosed by reverse-transcription polymerase chain reac-
tion between March 2020 and April 2021, before the 
COVID-19 immunization campaign were eligible. The 
final follow-up date was the date of death or 90 d after 
the COVID-19 diagnosis. For the present analysis, patients 
had to be receiving a maintenance immunosuppressive reg-
imen based on Cni associated with AZA, MPA, or mTORi 
at the time of the COVID-19 diagnosis. Recipients of kid-
ney combined with another solid organ transplant were 
excluded. Patients receiving other immunosuppressive 
drug combinations, with missing immunosuppression and 
primary outcome data, were also excluded.

Variables of Interest and Definitions
Demographic and baseline data comprised recipient age, 

sex, ethnicity, body mass index, chronic kidney disease 
(CKD) cause, comorbidities, time after transplantation, 
baseline renal function, and maintenance immunosuppres-
sive regimen. For baseline renal function, the median value 
of the last 3 available serum creatinine was considered, 
and the estimated glomerular filtration rate (eGFR) was 
estimated by the CKD-epidemiology equation.23 The fol-
lowing comorbidities were reported: hypertension, diabe-
tes, cardiovascular, pulmonary, or liver diseases, current or 
previous neoplasia, and peripherical vascular disease. The 
COVID-19–attributable signs and symptoms were fever, 
cough, dyspnea, myalgia, headache, fatigue, asthenia, diar-
rhea, nausea, and vomiting. The criteria for hospitalization 
and the clinical management for COVID-19 treatments 
of patients who were allocated to home care or admitted 
to the hospital were defined by the investigators accord-
ing to local practices. Similarly, immunosuppression was 
adjusted after diagnosis per local practices.
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Outcome
The primary outcome was death by any cause within 30 

and 90 d after the COVID-19 diagnosis. The intermediate 
outcomes were hospitalization, admission to intensive care 
unit (ICU), and requirement for mechanical ventilation.

Statistical Analyses
Analyses were conducted using the R Statistical lan-

guage (version 3.6.3; R Core Team, 2020).

Groups
The cohort was stratified into 3 groups according to the 

baseline maintenance immunosuppressive regimen at the 
time of COVID-19 diagnosis: Cni associated with AZA 
(Cni-AZA), Cni associated with MPA (Cni-MPA), and Cni 
associated with the mTORi (Cni-mTORi).

Missing Data and Imputation
Details of missing data, mostly <1%, are presented in 

Tables S1 and S2 (SDC, http://links.lww.com/TP/C485). 
The strategy for handling missing values was the multiple 
imputation by chained equations, generating plausible num-
bers derived from distributions of and relationships among 
observed variables in the data set, following 3 steps: (1) gen-
erating replacement values for missing data and repeating 
this procedure 10 times; (2) analyzing the 10 imputed data 
sets; and (3) pooling the results according to Rubin’s rules.

Univariate Comparisons
Demographic data, comorbidities, COVID-19–attrib-

utable signs/symptoms, and intermediate outcomes were 
stratified by groups of baseline immunosuppressive regi-
men, and data were compared by Kruskal-Wallis for con-
tinuous variables and by χ2 or the Fisher exact test for 
categorical variables or outcomes. Post hoc analyses based 
on Pearson’s χ2 test residuals for counting data or Dunn’s 
nonparametric all-pairs comparison test for Kruskal-type 
ranked data were performed to identify significant differ-
ences for each group. The primary outcome was evaluated 
by Kaplan-Meier curves, stratified by groups, and com-
pared by log-rank test, adjusted by a test for trend.

Cox Regression Analysis
The association between variables and the probability of 

death within 30 and 90 d after the COVID-19 diagnosis 
was analyzed by univariable and multivariable Cox regres-
sion. The variables that reached a P value <0.20 in the uni-
variate analyses were included in the multivariate models. 
The proportional hazards assumption was tested with the 
Schoenfeld residuals, and the Cox models reached the pro-
portionality in all analyses. Aiming to account for changes 
in clinical practices throughout the pandemic progression, 
time in months from COVID-19 diagnosis since the index 
case on March 3, 2020, was included as a covariate. In addi-
tion, owing to the potential variation in clinical manage-
ment between the transplant centers, the multivariable Cox 
models were adjusted for centers and added as a random 
intercept. The group of patients receiving AZA was used as 
the reference group for Cox regression modeling because of 
its lower efficacy for the prevention of acute rejection (lower 
net immunosuppressive state) and the opposite effects of 
MPA and mTORi on the risk of viral infections.

Sensitivity Analyses
In a sensitivity analysis, the association between the 

baseline maintenance immunosuppressive regimen and 
death within 30 and 90 d after the COVID-19 diagnosis 
was investigated in the subgroup of patients who were 
hospitalized, admitted to ICU, and required mechanical 
ventilation, using multivariable Cox regression analysis 
adjusted for center effect.

RESULTS

Patient Disposition and Demographic Data
Between March 2020 and April 2021, 2225 patients 

enrolled in the COVID-19-KT Brazil Study were older than 
18 y and had symptomatic COVID-19 diagnosed by reverse-
transcription polymerase chain reaction. Fifty-four patients 
who had undergone a kidney combined with another solid 
organ transplant, 270 receiving any immunosuppressive 
regimen other than those of interest in the current analysis, 
35 with no information about immunosuppression, and 33 
with a missing outcome status were excluded. Thus, 1833 
patients were analyzed: 389 receiving Cni-AZA, 1258 Cni-
MPA, and 186 Cni-mTORi. The detailed patient flowchart 
is shown in Figure 1.

The demographic data, comorbidities, and COVID-19–
attributable signs/symptoms according to the maintenance 
immunosuppressive regimen are shown in Table 1. There 
were no differences in age, sex, body mass index, and base-
line eGFR according to groups, but glomerulonephritis as 
the CKD cause was slightly more frequent in the Cni-MPA 
and less frequent in the Cni-mTOR group. A higher pro-
portion of patients received a transplant from a deceased 
donor in the Cni-MPA group, whereas the lower frequency 
occurred in the Cni-AZA group. Time after transplantation 
was longer among patients using Cni-AZA and shorter 
in the Cni-mTORi group. Although a higher proportion 
of patients were receiving cyclosporin in the Cni-AZA, a 
lower proportion of patients in the Cni-mTORi group were 
receiving steroids. Finally, diabetes was more frequent in 
the Cni-mTORi group. Despite that the combination of Cni 
and MPA has been the predominant regimen, there was a 
difference in the frequency of the maintenance immunosup-
pressive regimen according to the center, which is detailed 
in Figure S1 (SDC, http://links.lww.com/TP/C485).

COVID-19 Clinical Presentation and 
Immunosuppressive Drug Changes

A bimodal distribution of COVID-19 cases during the 
study period was observed in all groups, in line with the 
first and second COVID-19 waves observed in the coun-
try (Figure S2, SDC, http://links.lww.com/TP/C485). 
Most COVID-19–attributable signs/symptoms were simi-
lar among the groups (Table  1), except for fever, which 
was more frequent in the Cni-mTORi group, for fatigue/
asthenia, and for gastrointestinal symptoms, which were 
more frequent in the Cni-MPA and less frequent in the 
Cni-AZA groups.

Clinical management and supportive treatment were car-
ried out according to local practices. A higher proportion 
of patients receiving Cni-MPA required immunosuppres-
sive drug dose changes (36.0%, AZA versus 61.6%, MPA 
versus 38.2%,  mTORi; P < 0.001). Although a lower 
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proportion of patients in the Cni-mTORi had all drugs com-
pletely withdrawn (19.3%, AZA versus 21.5%, MPA versus 
12.9%, mTORi; P = 0.02), MPA dose reduction/discontinu-
ation was higher than AZA or mTORi (13.9%, AZA ver-
sus 35.4%, MPA versus 22.0%, mTORi; P < 0.001). These 
results are detailed in Table S3 (SDC, http://links.lww.com/
TP/C485). In addition, Table S4 (SDC, http://links.lww.com/
TP/C485) shows the frequency of the immunosuppression 
changes after the COVID-19 diagnosis stratified by centers.

Outcomes
We observed a lower 30-d (79.9% versus 87.9% versus 

89.2%; P < 0.0001, log-rank test for trend) and 90-d (75% 
versus 83.5% versus 88.2%; P < 0.0001, log-rank test for 
trend) patient survival in the Cni-MPA group than in the 
Cni-AZA and Cni-mTORi groups, respectively (Figure 2). 
The distribution of death within 30 d after COVID-19 
diagnosis over time and stratified by groups are shown in 
Figure S3 (SDC, http://links.lww.com/TP/C485). Following 
the number of cases, the number of deaths also presented 
a bimodal distribution.

The overall hospitalization rate was 65.5% and lower 
among patients in the Cni-AZA group than in the Cni-
MPA (45.6% versus 66.7%; P < 0.001) and Cni-mTORi 
groups  (45.6% versus 61.1%; P = 0.001; Figure  3). The 
overall admission rate to the ICU was 32.3%, higher in the 

Cni-MPA group than in the Cni-AZA (35.7% versus 25.8%; 
P < 0.001) and Cni-mTORi groups (35.7% versus 22.6%; P 
< 0.001). Finally, 23.5% of the patients required mechanical 
ventilation, a higher proportion in the Cni-MPA group than 
in the Cni-AZA (26.8% versus 17.8%; P < 0.001) and Cni-
mTORi groups (26.8% versus 13.4%; P < 0.001).

After the COVID-19 diagnosis, 369 patients had the 
immunosuppression completely withdrawn. They repre-
sented 33% of patients who needed hospitalization (n = 
367), 53% who were admitted to the ICU (n = 312), and 
64% who  required mechanical ventilation. Among them, 
the death rate was 50.1% (n = 185), which represented 
57% of total deaths.

Because 35.4% of patients in the MPA group had the 
MPA dose reduced or discontinued, the patient survival 
stratified by the immunosuppression change after COVID-
19 diagnosis was investigated in this group (Figure 4). The 
30- and 90-d survival was lower in patients who continued 
the MPA on their usual dose (versus MPA dose reduced 
or discontinued): 78% and 72% versus 83% and 81%, 
respectively (P < 0.001).

Risk Factors Associated With Death Within 30 and 
90 d After COVID-19 Diagnosis

Using multivariable Cox regression analysis adjusted 
for center effect, the use of Cni-MPA was associated 

FIGURE 1.  Detailed patient flowchart. AZA, azathioprine; CNi, calcineurin inhibitor; COVID-19, coronavirus disease 2019; KT, kidney 
transplant; MPA, mycophenolic acid; MPAA, MPA analogs; mTORi, mammalian target of rapamycin inhibitor; RT-PCR, reverse-
transcription polymerase chain reaction.
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with a 70% increased risk of death within 30 d (adjusted 
hazard ratio [aHR], 1.70; 95% confidence interval [CI], 
1.21-2.40; P = 0.003) compared with Cni-AZA. In addi-
tion, increasing age and body index mass and history of 
diabetes and cardiovascular disease were associated with 
increased risk of 30-d mortality, whereas higher baseline 
eGFR and time since the index case were associated with 
reduced risk of 30-d mortality (Table  2). Similarly, the 
use of MPA was associated with 46% increased risk of 

death within 90 d (aHR, 1.46; 95% CI, 1.09-1.98; P = 
0.013), whereas the use of Cni-mTORi was associated 
with 41% reduced risk (aHR, 0.59; 95% CI, 0.35-0.97; P 
= 0.04) compared with Cni-AZA. Additional risk factors 
included increasing age and body index mass, deceased 
donor type, and history of diabetes and cardiovascular 
disease, whereas baseline eGFR and time since the index 
case were associated with reduced risk of 90-d mortality 
(Table 3).

TABLE 1.

Demographic data, comorbidities, and COVID-19–attributable symptoms stratified by the baseline maintenance immu-
nosuppressive regimens

Characteristic

CNi-AZA CNi-MPA CNi-mTORi

PN = 389 N = 1258 N = 186

Demographic data
  Age, y 51 (41–60) 52 (42–60) 52 (42–61) 0.92
  Ethnicity, n (%)
    White 265 (68) 775 (63) 108 (58) 0.01
    Afro-Brazilian 116 (30) 457 (37) 74 (40)
    Other 7 (1.8) 7 (0.6) 4 (2.2)
  Male sex, n (%) 229 (59) 770 (61) 120 (65) 0.42
  BMI, kg/m2 27.0 (24.2–30.0) 26.6 (23.7–30.2) 26.2 (23.8–29.0) 0.23
  Donor source, n (%)
    Living 202 (52) 326 (26) 65 (35) <0.001
    Deceased 187 (48)a 932 (74)a 121 (65)
  CKD cause, n (%)
    Diabetes 53 (18) 210 (19) 36 (22) 0.012
    Glomerulonephritis 54 (18) 239 (22)b 17 (10)b

    Hypertension 41 (14) 176 (16) 32 (19)
    Other 147 (50) 467 (43) 82 (49)
  Time after transplantation, y 7.5 (3.8–12.6) 5.0 (1.9–9.4)c 3.4 (1.2–5.7)c <0.001
  eGFR, mL/min/1.73 m2 50 (38–64) 48 (33–65) 50 (36–64) 0.53
  Type of CNi, n (%)
    Cyclosporin 94 (24)a 89 (7.1)a 0 (0)a <0.001
    Tacrolimus 295 (76)a 1,169 (93)a 186 (100)a

  Use of steroids, n (%) 385 (99)a 1.195 (95) 162 (87)a <0.001
Comorbidities, n (%)
 Hypertension 296 (76) 984 (78) 143 (77) 0.66
 Diabetes 114 (29) 426 (34) 84 (45)b <0.001
 Cardiovascular disease 27 (6.9) 148 (12) 18 (9.7) 0.024
 Liver disease 4 (1.0) 34 (2.7) 4 (2.2) 0.13
 Lung disease 4 (1.0) 37 (2.9) 2 (1.1) 0.055
 Peripherical vascular disease 0 (0) 4 (0.3) 0 (0) 0.73
 Neoplasia 11 (2.8) 45 (3.6) 11 (5.9) 0.18
 Use of ACEi or ARB 133 (35) 362 (29) 59 (32) 0.065
COVID-19–attributable symptoms, n (%)
 Fever 196 (50) 703 (56) 128 (69)b <0.001
 Cough 211 (54) 678 (54) 90 (48) 0.35
 Dyspnea 123 (32) 413 (33) 48 (26) 0.16
 Fatigue and or asthenia 57 (15)a 341 (27)a 35 (19)a <0.001
 Myalgia 176 (45) 526 (42) 81 (44) 0.48
 Gastrointestinal 96 (25)a 487 (39)a 60 (32) <0.001
 Mental confusion 4 (1.0) 12 (1.0) 2 (1.1) 0.93

The values for continuous variables are presented as median (first and third interquartile range).
aP < 0.001: post hoc analyses based on Pearson’s χ2 test residuals for counting data.
bP > 0.01 and <0.05: post hoc analyses based on Pearson’s χ2 test residuals for counting data.
cP < 0.001: post hoc analysis based on Dunn’s nonparametric all-pairs comparison test for Kruskal-type ranked data.
ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; AZA, azathioprine; BMI, body mass index; CKD, chronic kidney disease; CNi, calcineurin inhibitor; COVID-19, 
coronavirus disease 2019; eGFR, estimated glomerular filtration rate; MPA, mycophenolate acid; mTORi, mammalian target of rapamycin inhibitor.
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Sensitivity Analyses
Using an indirect measure of disease severity and 

progression, we compared 30-d mortality stratified by 
immunosuppressive regimen among patients admitted to 
the hospital and to the ICU and those requiring mechani-
cal ventilation (Figure 5 and Table S5, SDC, http://links.
lww.com/TP/C485). The use of Cni-MPA was associated 
with a 44% higher risk of death within 30 d (aHR, 1.44; 
95% CI, 1.02-2.04; P = 0.039) among patients requiring 
hospitalization than the use of Cni-AZA. Among those 
who required ICU admission, the use of Cni-MPA was 
associated with a 43% higher risk of death within 30 d 
(aHR, 1.43; 95% CI, 1.06-1.92; P = 0.020), whereas the 
use of Cni-mTORi was associated with a 44% reduced 
risk (aHR, 0.56; 95% CI, 0.34-0.93; P = 0.026) compared 
with Cni-AZA. No associations between maintenance 
immunosuppressive regimens and 30-d mortality were 
observed in those who required mechanical ventilation.

The lower risk of death in patients receiving Cni-
mTORi was more evident in the sensitivity multivariable 
analysis for death within 90 d after the COVID-19 diag-
nosis. The use of Cni-mTORi was associated with a 50% 
reduced risk for patients admitted to the hospital (aHR, 
0.50; 95% CI, 0.30-0.84; P = 0.008) and a 41% reduced 
risk of death for patients who required ICU admission 
(aHR, 0.59; 95% CI, 0.35-0.98; P = 0.042) compared 
with Cni-AZA.

DISCUSSION
In this study, we describe the association between the 

baseline maintenance immunosuppressive regimens and 
clinical outcomes among KTRs developing COVID-19. In 
addition to the traditional predictors of COVID-19–related 

death, such as comorbidities, obesity, and poor kidney 
function, also confirmed in this current analysis, the risk 
of death was increased among patients receiving MPA and 
decreased in patients receiving mTORi, compared with 
patients receiving AZA.

Immunosuppression in KTRs has been considered one 
predictor of unfavorable COVID-19–related outcomes, 
justified by the high hospitalization rate, critical illness 
progression, and risk of death among those patients22; 
however, some evidence has questioned the role of immu-
nosuppression per se, considering that KTRs usually have 
a cumulative number of comorbidities, whereas few obser-
vational studies found similar outcomes for transplanted 
patients, compared with nontransplanted, when age and 
comorbidities were strictly matched.6,7

In a recent large American cohort, the immunosup-
pression did not increase the risk of mechanical venti-
lation or death for COVID-19 patients.21 Of note, that 
study enrolled >220 000 individuals, 7% of them long-
term immunosuppressed for different reasons (3423 due 
to solid organ transplantation), and the analyses were 
provided after a propensity score matching with robust 
adjustment. In addition, no independent impact of one 
immunosuppressive specific class on the risk of COVID-
19 death was observed, excepting rituximab for rheuma-
tological disease and cancer.21 Transplant patients usually 
require a lifelong combination of 3 immunosuppressive 
agents to prevent renal allograft rejection with different 
mechanisms of action, and investigating the impact of 
different combinations on COVID-19 outcomes is valua-
ble and has not previously been extensively investigated.

The available evidence on the effect of immunosuppres-
sive drugs on coronaviruses replication is preliminary. In 
vitro studies demonstrated that thiopurine analogs and 

FIGURE 2.  Patients’ survival after the coronavirus disease 2019 diagnosis stratified by groups. AZA, azathioprine; CNi, calcineurin 
inhibitor; MPA, mycophenolate acid; mTORi, mammalian target of rapamycin inhibitor.
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mycophenolic acid inhibit the proteolytic activity of Middle 
East Respiratory Syndrome Coronavirus and Severe Acute 
Respiratory Syndrome Coronavirus,24,25 potentially miti-
gating clinical complications. Nonetheless, MPA has potent 
cytostatic effects on T and B lymphocytes, contributing 
to lymphopenia and compromising the humoral immune 
response to the virus, which could explain the worst out-
comes. In turn, mTORi inhibits the PI3K-AKT-mTOR 
pathway, required for intracellular virus replication, and 
increases the quality and functionality of memory T cells, 
ultimately modulating human innate response and mitigat-
ing immunosenescence.24,26,27 An additional mechanism 
associated with modulation of COVID-19 severity and 

progression is the potential attenuation of the cytokine 
storm.26,28 In a prospective randomized clinical trial in 
H1N1-infected patients, sirolimus was associated with less 
severe hypoxemia, reduced length on mechanical ventila-
tion, and faster virus clearance.29 In the context of coro-
naviruses, in vitro study demonstrated that sirolimus and 
everolimus reduce Middle East Respiratory Syndrome 
Coronavirus infection in a hepatocyte-derived cell live.25 
Of note, the mTORi is not typically used as a first-line regi-
men for de novo maintenance immunosuppression in kid-
ney transplants, and the reasons why some patients were 
under a regimen based on this class were not explored in 
the present study. In addition, only in 3 centers was mTORi 

FIGURE 3.  Intermediate outcomes stratified by groups. Overall differences among the 3 groups for hospitalization, admission to the 
ICU, and MV requirement: P < 0.001. For hospitalization: CNi-AZA vs CNi-MPA, P < 0.001; CNi-AZA vs CNi-mTORi, P = 0.001; CNi-
MPA vs CNi-mTORi, P = 0.13. For admission to the ICU: CNi-AZA vs CNi-MPA, P < 0.001; CNi-AZA vs CNi-mTORi, P = 0.40; CNi-MPA 
vs CNi-mTORi, P < 0.001. For mechanical ventilation requirement: CNi-AZA vs CNi-MPA, P < 0.001; CNi-AZA vs CNi-mTORi, P = 0.19; 
CNi-MPA vs CNi-mTORi, P < 0.001. AZA, azathioprine; CNi, calcineurin inhibitor; ICU, intensive care unit; MPA, mycophenolate acid; 
mTORi, mammalian target of rapamycin inhibitor; MV, mechanical ventilation.

FIGURE 4.  Patients’ survival stratified by immunosuppression change after the coronavirus disease 2019 diagnosis in the MPA group. 
Thirty- and ninety-day survival in patients who continued the MPA on their usual dose: 78% and 72%, respectively; 30- and 90-d survival 
in patients with MPA dose reduced or discontinued: 83% and 81%, respectively (P < 0.001). MPA, mycophenolate acid.
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more frequent than MPA, representing a possible local pol-
icy for selected patients. Yet, MPA use is associated with 
lower rejection rates, and patients on second-line regimens 
may have had morbidity related to the immunological low 
risk that was not captured in this analysis.

In total, 400 events of death were reported in the pre-
sent study (21.8%), 77 of them between 30 and 90 d after 
the COVID-19 diagnosis. Although the death within 30 
d has been defined as the primary outcome, we extended 
the follow-up because we observed this residual but 

TABLE 2.

Univariable and multivariable analysis for death within 30 d after COVID-19 diagnosis

Variables

Univariable Multivariable

HR 95% CI P aHR 95% CI P

Group
  CNi-AZA (reference)
  CNi-MPA 1.74 1.28-2.38 <0.001 1.70 1.21-2.40 0.003
  CNi-mTORi 0.86 0.51-1.45 0.578 0.78 0.45-1.35 0.365
Age (each 10 y) 1.75 1.59-1.93 <0.001 1.58 1.42-1.76 <0.001
Ethnicity
  White (reference)
  Afro-Brazilian 0.99 0.79-1.25 0.945 – – –
  Other 1.69 0.70-4.11 0.246 – – –
Sex (male vs female) 1.10 0.87-1.37 0.429 – – –
BMI (for each kg/m2) 1.03 1.01-1.05 0.003 1.03 1.01-1.05 0.015
ACE/ARB (yes vs no) 1.07 0.85-1.35 0.569 – – –
Deceased donor (vs living) 1.75 1.34-2.27 0.001 1.23 0.91-1.66 0.184
Hypertension (yes vs no) 2.22 1.59-3.11 <0.001 1.38 0.97-1.95 0.072
Diabetes (yes vs no) 2.15 1.73-2.68 <0.001 1.39 1.09-1.76 0.007
Cardiovascular disease (yes vs no) 2.84 2.19-3.69 <0.001 1.58 1.18-2.11 0.002
Time of transplant (for each year) 1.01 0.99-1.03 0.225 1.01 0.99-1.04 0.194
eGFR (for each 10 mL/min/1.73 m2) 0.83 0.79-0.88 <0.001 0.85 0.80-0.90 <0.001
Time since index case (for each month) 0.94 0.91-0.97 0.001 0.95 0.92-0.99 0.014

For the multivariable analysis, the variables were included after the multiple imputation. The results for multivariable Cox regression are adjusted for center.
ACE, angiotensin-converting enzyme inhibitor; aHR, adjusted hazard ratio; ARB, angiotensin II receptor blocker; AZA, azathioprine; BMI, body mass index; CI, confidence interval; CNi, calcineurin inhibi-
tor; COVID-19, coronavirus disease 2019; eGFR, estimated glomerular filtration rate; HR, hazard ratio; MPA, mycophenolate acid; mTORi, mammalian target of rapamycin inhibitor; –, not applicable.

TABLE 3.

Univariable and multivariable analysis for death within 90 d after COVID-19 diagnosis

Variable

Univariable Multivariable

HR 95% CI P aHR 95% CI P

Group
  CNi-AZª (reference)
  CNi-MPA 1.59 1.21-2.08 0.001 1.46 1.09-1.98 0.013
  CNi-mTORi 0.70 0.43-1.13 0.143 0.59 0.35-0.97 0.040
Age (each 10 y) 1.73 1.59-1.88 <0.001 1.58 1.43-1.74 <0.001
Ethnicity
  White (reference)
  Afro-Brazilian 0.96 0.78-1.18 0.706 – – –
  Other 2.56 1.32-4.98 0.006 – – –
Sex (male vs female) 1.14 0.93-1.40 0.204 – – –
BMI (for each kg/m2) 1.03 1.01-1.05 0.001 1.03 1.01-1.05 0.010
ACE/ARB (yes vs no) 1.05 0.85-1.30 0.672 – – –
Deceased donor (vs living) 1.85 1.46-2.35 <0.001 1.34 1.02-1.76 0.036
Hypertension (yes vs no) 2.03 1.52-2.71 <0.001 1.26 0.93-1.71 0.130
Diabetes (yes vs no) 2.13 1.75-2.59 <0.001 1.40 1.13-1.73 0.002
Cardiovascular disease (yes vs no) 2.85 2.25-3.61 <0.001 1.53 1.17-1.99 0.002
Time of transplant (for each year) 1.01 0.99-1.03 0.337 1.01 0.99-1.03 0.220
eGFR (for each 10 mL/min/1.73 m2) 0.84 0.80-0.89 <0.001 0.87 0.82-0.91 <0.001
Time since index case (for each month) 0.93 0.90-0.96 <0.001 0.94 0.91-0.97 0.001

For the multivariable analysis the variables were included after the multiple imputation. The results for multivariable Cox regression are adjusted for center.
ACE, angiotensin-converting enzyme inhibitor; aHR, adjusted hazard ratio; ARB, angiotensin II receptor blocker; AZA, azathioprine; BMI, body mass index; CI, confidence interval; CNi, calcineurin inhibi-
tor; COVID-19, coronavirus disease 2019; eGFR, estimated glomerular filtration rate; HR, hazard ratio; MPA, mycophenolate acid; mTORi, mammalian target of rapamycin inhibitor. –, not applicable.
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significant death rate after 30 d. Furthermore, the asso-
ciation between death and the use of MPA was consist-
ently observed when the follow-up was extended, as well 
as in a sensitivity analysis considering only the more severe 
patients. Contrariwise, some results suggested that the 
maintenance regimen based on mTORi may be associ-
ated with a reduced risk of death, mainly in the extended 
follow-up and in the sensitivity analyses considering severe 
patients, that is, those who were hospitalized and those 
requiring ICU admission, suggesting that its effects are 
beyond viral replication and mitigation of initial clinical 
signs and symptoms.

To date, no clinical trial evaluating immunosup-
pressive drugs in Severe Acute Respiratory Syndrome 
Coronavirus-2–infected KRTs are available, and evidence 
is restricted to observational studies. In a cohort study, the 
risk of death among liver transplant recipients was 4-fold 
higher in those using mycophenolate.30 Another cohort 
recently published by our group showed that mTORi 
(versus MPA or AZA) was protective for death within 30 
d.22 Some clinical trials evaluating the effect of mTORi 
on COVID-19 are ongoing. Interestingly, other mTOR 
inhibitors beyond sirolimus and everolimus have been 
considered promising for inhibiting COVID-19 infection. 

As an example, metformin, which activates 5-adenosine 
monophosphate–activated protein kinase via liver kinase 
B1 and also indirectly attenuates Akt activity through 
phosphorylation of insulin receptor substrate, was associ-
ated with a reduction in COVID-19–associated death in 
observational studies.31,32,33

The decision for reducing, changing, or withdrawing 
immunosuppression in the course of infection probably is 
an important confounding factor in our study. We could 
not capture the moment and the main reason for drug 
change, precluding to analyze the impact of this inter-
vention on clinical outcomes. Despite that no robust evi-
dence for a guide on managing the immunosuppression in 
COVID-19 is available, a recently published meta-analysis 
suggested that maintaining the baseline immunosuppres-
sive regimen seemed to be safe, and changes would have 
potentially harmful effects.34 Compared with mTORi, 
patients on MPA had more immunosuppression discon-
tinuation following diagnosis in the present cohort. On 
the other hand, for patients in the MPA group, the 30- 
and 90-d survivals were lower in patients who continued 
the MPA on their usual dose than in those with the MPA 
dose reduced or discontinued. The discontinuation could 
lead to increased cytokine storm, which is an interesting 

FIGURE 5.  Sensitivity analyses for death within 30 and 90 d after coronavirus disease 2019 diagnosis stratified by hospitalization, ICU, 
and mechanical ventilation requirement status. AZA, azathioprine; CI, confidence interval; CNi, calcineurin inhibitor; ICU, intensive care 
unit; MPA, mycophenolate acid; mTORi, mammalian target of rapamycin inhibitor.
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hypothesis. Yet, another point that should be considered 
is the clinical decision for immunosuppression withdrawal 
for patients who have more severe COVID-19. In this con-
text, the whole immunosuppression discontinuation might 
be influenced by the clinical severity.

Our study has several limitations, some of them related 
to the retrospective and observational design. Despite our 
efforts in enrolling a representative number of Brazilian 
transplant centers, a potential bias of selection should be 
carefully considered. Furthermore, in the COVID-19 clini-
cal management, the criteria for hospitalization and ICU 
admission were not standardized between centers and 
have varied over time since the pandemic was declared. 
Nevertheless, beyond the differences in the immunosup-
pression changes after the COVID-19 diagnosis previously 
pointed out, other possible differences in COVID-19 treat-
ment between groups were not captured, which is a sig-
nificant potential confounder that could have impacted 
differences in mortality. To reduce these limitations on the 
final results, the center was included as a random effect, 
and the time since the index case was included as a covari-
ate in the Cox regression analyses.

Of note, our study was carried out before the COVID-
19 immunization for KTRs in Brazil. Although the real-life 
evidence is demonstrating no or modest reduction in the 
risk of death for transplanted patients after vaccination,35 
the present results may not be similar for vaccinated 
patients. Despite these limitations, as far as we know, 
this is the first study to explore the association between 
the baseline immunosuppressive regimens in COVID-19–
related outcomes in KTRs in a large, multicenter cohort.

In conclusion, in this large, multicenter registry cohort 
analysis, the risk of COVID-19–associated death among 
KTRs receiving Cni is increased in patients receiving MPA 
and decreased in patients receiving mTORi, compared 
with those receiving AZA.

ACKNOWLEDGMENTS
The authors would like to thank the Associação 

Brasileira de Transplantes de Órgãos (ABTO) for the 
support and the Gerência de Ensino e Pesquisa (GEP)/
Complexo Hospitalar da Universidade Federal do Ceará 
(CH-UFC).

*Beyond the authors, the COVID-19-KT Brazil Study 
Group includes the following participants: Claudia Maria 
Costa de Oliveira, MD, PhD (Hospital Universitário 
Walter Cantídio, Fortaleza, CE, Brazil); Ronaldo de 
Matos Esmeraldo, MD, MsC (Hospital Geral de Fortaleza, 
Fortaleza, CE, Brazil); Maria Alice Sperto Ferreira  Baptista, 
MD, PhD (Hospital de Base de SJRP, São José do Rio Preto, 
SP, Brazil), Marcos Vinícius de Sousa, MD, PhD (Hospital 
de Clínicas da Universidade de Campinas, Campinas, SP, 
Brazil); Viviane Brandão Bandeira  de Mello Santana, 
MD (Hospital de Base de Brasília, Brasília, DF, Brazil); 
Elen Almeida Romão, MD, PhD (Division of Nephrology, 
School of Medicine of Ribeirão Preto, University of Sao 
Paulo, Ribeirão Preto, SP, Brazil); Juliana Aparecida  
Zanocco, MD, MsC (Hospital Santa Marcelina, São Paulo, 
SP, Brazil); Alexandre Tortoza  Bignelli, MD, MsC (Hospital 
Universitário Cajuru, Curitiba, PR, Brazil); Deise De Boni 
Monteiro  de Carvalho, MD (Hospital São Francisco na 
Providência de Deus, Rio de Janeiro, RJ, Brazil); Irene 

de Lourdes  Noronha, MD, PhD (Hospital Beneficência 
Portuguesa de São Paulo (BP), São Paulo, SP, Brazil); Anita 
Leme da Rocha  Saldanha, MD (Hospital Beneficência 
Portuguesa, São Paulo, SP, Brazil); Joao Egídio  Romao 
Junior, MD, PhD (Hospital Beneficência Portuguesa de 
São Paulo (BP), São Paulo, SP, Brazil); Gustavo Guilherme 
Queiroz  Arimatea, MD, MsC (Hospital Universitário da 
UnB, Brasília, DF, Brazil); Marcus Faria  Lasmar, MD, 
PhD (Hospital Universitário Ciências Médicas, Belo hori-
zonte, MG, Brazil); Suzimar da Silveira  Rioja, MD, PhD 
(Hospital Universitário Pedro Ernesto, Rio de Janeiro, RJ, 
Brazil); Leonardo Viliano  Kroth, MD, PhD (Hospital São 
Lucas, Porto Alegre, RS, Brazil); Rafael Lage  Madeira, 
MD (Hospital Felicio Rocho, Belo Horizonte, MG, 
Brazil); Luiz Antônio  Miorin, MD, PhD (Santa Casa de 
Misericórdia de São Paulo, São Paulo, SP, Brazil); Patrícia  
Malafronte, MD, PhD (Santa Casa de Misericórdia de São 
Paulo, São Paulo, SP, Brazil); Carolina Maria  Pozzi, MD 
(Hospital Universitário Evangélico de Curitiba, Curitiba, 
PR, Brazil); Helady Sanders  Pinheiro, MD, PhD (Hospital 
Universitário da Universidade Federal de Juiz de Fora, 
Juiz de Fora, MG, Brazil); Rafael Fabio  Maciel, MD, 
MSc (Hospital Nossa Senhora das Neves, João Pessoa, 
PB, Brazil); Larissa Guedes da Fonte  Andrade, MD, 
MSc (Universidade Federal de Pernambuco, Recife, PE, 
Brazil); Lauro Monteiro Vasconcellos  Filho, MD, PhD 
(Hospital Meridional, Cariacica, ES, Brazil); Fabiana Loss 
de Carvalho Contieri, MD (Hospital do Rocio, Curitiba, 
PR, Brazil); Carolina Lara Neves (Hospital São Rafael, 
Salvador, BA, Brazil); André Barreto Pereira, MD, PhD 
(Hospital Marieta Konder Bornhausen, Itajai, SC, Brazil); 
Amanda Maíra Damasceno Silva, MD (Hospital Antônio 
Targino, Campina Grande, PB, Brazil); Lilian Monteiro 
Pereira Palma, MD, PhD (Centro Médico de Campinas, 
Campinas, SP, Brazil); Pedro Augusto Macedo de Souza, 
MD (Santa Casa de Belo Horizonte, Belo Horizonte, MG, 
Brazil); David José Barros Machado, MD, PhD (Hospital 
Alemão Oswaldo Cruz, São Paulo, SP, Brazil); and Luciana 
Tanajura Santamaria Saber, MD, PhD (Santa Casa de 
Ribeirão Preto, Ribeirão Preto, SP, Brazil.

REFERENCES
	 1.	 Weikert BC, Blumberg EA. Viral infection after renal transplantation: 

surveillance and management. Clin J Am Soc Nephrol. 2008;3(Suppl 
2):S76–S86.

	 2.	 Azzi Y, Bartash R, Scalea J, et al. COVID-19 and solid organ trans-
plantation: a review article. Transplantation. 2021;105:37–55.

	 3.	 Akalin E, Azzi Y, Bartash R, et al. COVID-19 and kidney transplanta-
tion. N Engl J Med. 2020;382:2475–2477.

	 4.	 Cravedi P, Mothi SS, Azzi Y, et al. COVID-19 and kidney transplanta-
tion: results from the TANGO International Transplant Consortium. Am 
J Transplant. 2020;20:3140–3148.

	 5.	 Requião-Moura LR, Sandes-Freitas TV, Viana LA, et al; COVID-19-KT 
Brazil. High mortality among kidney transplant recipients diagnosed 
with coronavirus disease 2019: results from the Brazilian multicenter 
cohort study. PLoS One. 2021;16:e0254822.

	 6.	 Chavarot N, Gueguen J, Bonnet G, et al; Critical COVID-19 France 
Investigators. COVID-19 severity in kidney transplant recipients is 
similar to nontransplant patients with similar comorbidities. Am J 
Transplant. 2021;21:1285–1294.

	 7.	 Molnar MZ, Bhalla A, Azhar A, et al; STOP-COVID Investigators. 
Outcomes of critically ill solid organ transplant patients with COVID-
19 in the United States. Am J Transplant. 2020;20:3061–3071.

	 8.	 de Sandes-Freitas TV, de Andrade LGM, Moura LRR, et al; Brazilian 
Covid-19 Dialysis Investigators and the Covid-19-KT Brazilian Study 

Copyright © 2022 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



© 2022 Wolters Kluwer	 	 e451Requião-Moura et al

Group. Comparison of 30-day case-fatality rate between dialysis and 
transplant COVID-19 patients: a propensity score matched cohort 
study. J Nephrol. 2022;35:131–141.

	 9.	 Knight SR, Russell NK, Barcena L, et al. Mycophenolate mofetil 
decreases acute rejection and may improve graft survival in renal 
transplant recipients when compared with azathioprine: a systematic 
review. Transplantation. 2009;87:785–794.

	10.	 Pascual J, Berger SP, Witzke O, et al; TRANSFORM Investigators. 
Everolimus with reduced calcineurin inhibitor exposure in renal trans-
plantation. J Am Soc Nephrol. 2018;29:1979–1991.

	11.	 Remuzzi G, Lesti M, Gotti E, et al. Mycophenolate mofetil versus 
azathioprine for prevention of acute rejection in renal transplantation 
(MYSS): a randomised trial. Lancet. 2004;364:503–512.

	12.	 A blinded, randomized clinical trial of mycophenolate mofetil for the 
prevention of acute rejection in cadaveric renal transplantation. The 
Tricontinental Mycophenolate Mofetil Renal Transplantation Study 
Group. Transplantation. 1996;61:1029–1037.

	13.	 Sarmiento JM, Dockrell DH, Schwab TR, et al. Mycophenolate mofetil 
increases cytomegalovirus invasive organ disease in renal transplant 
patients. Clin Transplant. 2000;14:136–138.

	14.	 Tedesco-Silva H, Felipe C, Ferreira A, et al. Reduced incidence of 
cytomegalovirus infection in kidney transplant recipients receiv-
ing everolimus and reduced tacrolimus doses. Am J Transplant. 
2015;15:2655–2664.

	15.	 Tedesco-Silva H, Pascual J, Viklicky O, et al; TRANSFORM 
Investigators. Safety of everolimus with reduced calcineurin inhibitor 
exposure in de novo kidney transplants: an analysis from the rand-
omized TRANSFORM study. Transplantation. 2019;103:1953–1963.

	16.	 Wolf S, Lauseker M, Schiergens T, et al. Infections after kidney trans-
plantation: a comparison of mTOR-Is and CNIs as basic immunosup-
pressants. A systematic review and meta-analysis. Transpl Infect Dis. 
2020;22:e13267.

	17.	 Andrassy J, Hoffmann VS, Rentsch M, et al. Is cytomegalovirus 
prophylaxis dispensable in patients receiving an mTOR inhibitor-
based immunosuppression? A systematic review and meta-analysis. 
Transplantation. 2012;94:1208–1217.

	18.	 Havenith SH, Yong SL, van Donselaar-van der Pant KA, et al. 
Everolimus-treated renal transplant recipients have a more robust 
CMV-specific CD8+ T-cell response compared with cyclosporine- or 
mycophenolate-treated patients. Transplantation. 2013;95:184–191.

	19.	 Kaminski H, Marseres G, Yared N, et al. mTOR inhibitors prevent CMV 
infection through the restoration of functional αβ and γδ T cells in 
kidney transplantation. J Am Soc Nephrol. 2022;33:121–137.

	20.	 Smud A, Nagel CB, Madsen E, et al. Pandemic influenza A/H1N1 
virus infection in solid organ transplant recipients: a multicenter study. 
Transplantation. 2010;90:1458–1462.

	21.	 Andersen KM, Bates BA, Rashidi ES, et al; National COVID Cohort 
Collaborative Consortium. Long-term use of immunosuppressive 
medicines and in-hospital COVID-19 outcomes: a retrospective cohort 
study using data from the National COVID Cohort Collaborative. 
Lancet Rheumatol. 2022;4:e33–e41.

	22.	 Modelli de Andrade LG, de Sandes-Freitas TV, Requiao-Moura LR, 
et al; COVID-19-KT Brazil. Development and validation of a simple 
web-based tool for early prediction of COVID-19-associated death in 
kidney transplant recipients. Am J Transplant. 2022;22:610–625.

	23.	 Levey AS, Stevens LA, Schmid CH, et al; CKD-EPI (Chronic Kidney 
Disease Epidemiology Collaboration). A new equation to estimate glo-
merular filtration rate. Ann Intern Med. 2009;150:604–612.

	24.	 Appelberg S, Gupta S, Svensson Akusjärvi S, et al. Dysregulation in Akt/
mTOR/HIF-1 signaling identified by proteo-transcriptomics of SARS-
CoV-2 infected cells. Emerg Microbes Infect. 2020;9:1748–1760.

	25.	 Kindrachuk J, Ork B, Hart BJ, et al. Antiviral potential of ERK/MAPK 
and PI3K/AKT/mTOR signaling modulation for Middle East respira-
tory syndrome coronavirus infection as identified by temporal kinome 
analysis. Antimicrob Agents Chemother. 2015;59:1088–1099.

	26.	 Zheng Y, Li R, Liu S. Immunoregulation with mTOR inhibitors to pre-
vent COVID-19 severity: a novel intervention strategy beyond vaccines 
and specific antiviral medicines. J Med Virol. 2020;92:1495–1500.

	27.	 Bischof E, Siow RC, Zhavoronkov A, et al. The potential of rapa-
logs to enhance resilience against SARS-CoV-2 infection and 
reduce the severity of COVID-19. Lancet Healthy Longev. 
2021;2:e105–e111.

	28.	 Omarjee L, Janin A, Perrot F, et al. Targeting T-cell senescence and 
cytokine storm with rapamycin to prevent severe progression in 
COVID-19. Clin Immunol. 2020;216:108464.

	29.	 Wang CH, Chung FT, Lin SM, et al. Adjuvant treatment with a mam-
malian target of rapamycin inhibitor, sirolimus, and steroids improves 
outcomes in patients with severe H1N1 pneumonia and acute res-
piratory failure. Crit Care Med. 2014;42:313–321.

	30.	 Colmenero J, Rodríguez-Perálvarez M, Salcedo M, et al. 
Epidemiological pattern, incidence, and outcomes of COVID-19 in 
liver transplant patients. J Hepatol. 2021;74:148–155.

	31.	 Cariou B, Hadjadj S, Wargny M, et al; CORONADO Investigators. 
Phenotypic characteristics and prognosis of inpatients with 
COVID-19 and diabetes: the CORONADO study. Diabetologia. 
2020;63:1500–1515.

	32.	 Luo P, Qiu L, Liu Y, et al. Metformin treatment was associated with 
decreased mortality in COVID-19 patients with diabetes in a retro-
spective analysis. Am J Trop Med Hyg. 2020;103:69–72.

	33.	 Kow CS, Hasan SS. Mortality risk with preadmission metformin use in 
patients with COVID-19 and diabetes: a meta-analysis. J Med Virol. 
2021;93:695–697.

	34.	 Karruli A, Spiezia S, Boccia F, et al. Effect of immunosuppres-
sion maintenance in solid organ transplant recipients with COVID-
19: systematic review and meta-analysis. Transpl Infect Dis. 
2021;23:e13595.

	35.	 Callaghan CJ, Mumford L, Curtis RMK, et al; NHSBT Organ and 
Tissue Donation and Transplantation Clinical Team. Real-world 
effectiveness of the Pfizer-BioNTech BNT162b2 and Oxford-
AstraZeneca ChAdOx1-S vaccines against SARS-CoV-2 in 
solid organ and islet transplant recipients. Transplantation. 
2022;106:436–446.

Copyright © 2022 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.


