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While older males are at the highest risk for poor coronavirus disease 2019 (COVID-19)
outcomes, it is not known if this applies to the immunosuppressed recipient of a solid
organ transplant (SOT), nor how the type of allograft transplanted may impact out-
comes. In a cohort study of adult (>18 years) patients testing positive for COVID-19
(January 1, 2020-June 21, 2021) from 56 sites across the United States identified
using the National COVID Cohort Collaborative (N3C) Enclave, we used multivariable
Cox proportional hazards models to assess time to MARCE after COVID-19 diagnosis
in those with and without SOT. We examined the exposure of age-stratified recipi-
ent sex overall and separately in kidney, liver, lung, and heart transplant recipients.
3996 (36.4%) SOT and 91 646 (4.8%) non-SOT patients developed MARCE. Risk of
post-COVID outcomes differed by transplant allograft type with heart and kidney
recipients at highest risk. Males with SOT were at increased risk of MARCE, but to a
lesser degree than the non-SOT cohort (HR 0.89, 95% CI 0.81-0.98 for SOT and HR
0.61, 95% Cl 0.60-0.62 for non-SOT [females vs. males]). This represents the larg-
est COVID-19 SOT cohort to date and the first-time sex-age-stratified and allograft-
specific COVID-19 outcomes have been explored in those with SOT.
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1 | INTRODUCTION

The critical manifestations of severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) infection have been attributed to cat-
astrophic immune dysregulation and a pathologic cytokine release
syndrome resulting in many downstream complications, includ-
ing acute kidney injury (AKI), major adverse cardiovascular events
(MACE), acute respiratory distress syndrome (ARDS), and death.®
The most important predictor of poor outcomes is older age.4 In
the general population, male sex has been strongly associated with
COVID-19 attributable mortality; with a 1.4-2-fold higher case-
fatality rate in males compared with females.>¢

Solid organ transplant (SOT) patients with COVID-19 appear
to be at an even higher risk than the general population based on
their exposure to chronic maintenance immunosuppression and un-
derlying comorbidities.””? In this population, older individuals with
COVID-19 have a 28-day case fatality rate of ~20%”'° compared
to a 0.8%-2% risk in the general population.!* Likewise, the risk of
AKI in SOT patients with COVID-19 is increased at ~50%,'2 with one
study demonstrating a need for renal replacement therapy in 23%
and graft loss in 6.3% of kidney transplant recipients.13

While several studies have examined outcomes in SOT recip-
ients who develop COVID-19, most have been small scale and
many are single-center analyses.”®4"17 Both organ transplanta-
tion and COVID-19 have been shown to independently increase
the risk of cardiovascular disease, but the risk of MACE or major
adverse renal or cardiac events (MARCE) in transplant patients
who have COVID-19 has not been previously explored, nor the
impact of specific allograft type on this outcome. Additionally,
older age is clearly associated with poor outcomes in SOT patients
with COVID-19,'>® however, male SOT patients with COVID-19
do not appear to be at increased risk.1%1316:18-20 | the |argest
study of SOT patients with COVID-19 to date (a meta-analysis of
74 studies including 5559 kidney transplant recipients from March
2020-January 2021) sex was not associated with an increased risk
of death or AKI.2! Whether this reflects the size of the individ-
ual SOT studies reported, or a true mitigation of the sex-specific
difference in COVID-19 disease observed in the general, non-
immunosuppressed population, is an important question that re-
mains to be seen. A better understanding of potential sex-based
differences in COVID-19 risk may guide insights into mechanisms
of SARS-CoV-2 pathology and result in more specific interven-
tions and management of COVID-19 in both sexes. Likewise, the
relative risk of organ transplant type with adverse outcomes after
COVID-19 diagnosis has been underappreciated.

With these questions in mind, we investigated potential pre-
dictors of MARCE in SOT recipients with COVID-19 disease using
the largest COVID-19 database in the United States, the National
COVID Cohort Collaborative (N3C).22 N3C represents a large, na-
tional repository of 56 academic medical centers contributing data
on more than 1.9 million adult patients with COVID-19 and more
than 4 million COVID-19-negative controls. This centralized, har-
monized, and highly granular repository of electronic health record

(EHR) data represents the most representative and substantive re-
source for studying the U.S. COVID-19 population.?® Capitalizing on
this large database, we aimed to explore if COVID-19 risk in SOT re-
cipients is effected by allograft type, and if male sex remains associ-
ated with worse outcomes in the SOT population. This is the largest
study of SOT recipients with COVID-19 to date.

2 | METHODS

N3C includes a broad category of patients with limited inclusion
criteria for incoming data; specifically COVID-19 positivity or sus-
pected positivity by lab testing or diagnostic codes for both inpa-
tient and outpatient encounters.?* The incoming data comes from
four primary data models—OMOP, PCORnet, TriNetX, and ACT—
harmonized into the OMOP 5.3.1 data model and made available
within a secure enclave for analysis at the patient- and encounter-
level (Figure $1).2 A heat map of the geographical distribution of all
patients contributing data to N3C is shown in Figure S2.

2.1 | Design

We conducted a retrospective cohort study to examine adult SOT
patients (>18 years of age) in the United States with at least one
positive test for COVID-19 between January 1, 2020 and June
21, 2021. SOT patients were defined as having kidney, liver, lung
or heart organ transplantation. The N3C Enclave was developed to
facilitate analysis of patient-level data across the United States for
multiple conditions, consisting of regular refresh cycles with data
contributing organizations providing updated electronic medical
records (EMRs) into a centralized, federally secured platform.?! Our
data were extracted from release 34 (June 21, 2021). As a compara-
tor group, we examined all adult non-SOT patients captured in N3C
with a positive test for COVID-19 over the same period.

2.2 | Exposure

The primary exposure was sex-age strata (female vs. male for each
of age 18-45, 46-65, and >65 years, for a total of six sex-age cat-
egories). Males 18-45 years were considered the reference group.
The exposure for a secondary analysis was transplant allograft type
(kidney, liver, lung, or heart). We excluded patients with multiple al-

lograft types from this secondary analysis.

2.3 | Outcomes

The primary outcome was MARCE in the 90 days post COVID-19 di-
agnosis, defined as a composite of AKI with or without dialysis, acute
myocardial infarction, angina, stent occlusion/thrombosis, stroke,
transient ischemic attack, congestive heart failure or death from
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any cause. As secondary outcomes we examined components of
MARCE including (i) MACE, (ii) AKI, and (iii) death from any cause in
the 90 days post-COVID-19 diagnosis, as well as (iv) COVID-19 dis-
ease severity (requiring hospitalization for or death from COVID-19)
as defined by the WHO Ordinal Scale for Clinical Improvement.?®
Finally, in an organ-specific analysis we included the outcome of al-

lograft rejection.

2.4 | Data collection

In addition to the primary exposure, a computable phenotype was cre-
ated to include known predictors of MARCE including race, time since
transplant, type of organ transplant (kidney, liver, heart, lung), comor-
bidities (chronic kidney disease [CKD], hypertension, diabetes, chronic
obstructive pulmonary disease [COPD]/asthma, cancer, coronary ar-
tery disease, congestive heart failure, peripheral vascular disease, liver
disease, and obesity [body mass index, BMI 230 kg/m?]). Concept sets
defining all standardized vocabulary used for medications, labs, proce-
dures, and outcomes, are available on the project Github repository.?’
For the primary analysis, a complete case analysis was performed.
Given large amounts of missingness for BMI (>40%), an indicator was
created for missing BMI and included as an adjustment variable in mul-
tivariate analyses. CKD staging was missing in 51% of patients, thus
CKD status was included as a binary outcome for presence or absence

(not stage).

2.5 | Analysis

Descriptive statistics were used to report baseline characteristics
for all SOT and non-SOT patients included in the study, stratified by
whether they experienced MARCE.

2.6 | Primary analysis

Separately for SOT and non-SOT patients, the association be-
tween each sex-age strata (relative to males 18-45 years) and
MARCE was evaluated using a multivariable Cox proportional haz-
ards model adjusting for the covariates indicated above (with time
since transplant and organ type in the SOT group). For those with
SOT, time to MARCE within 90 days after COVID-19 diagnosis was
displayed graphically using Kaplan Meier survival curves for each

sex-age strata.

2.7 | Secondary analyses
1. Using multivariable Cox proportional hazards models adjusting
for the above covariates, we examined the adjusted hazard

ratio for each sex-age strata separately on MACE, AKI, organ

rejection and mortality. To determine the association between
sex-age strata and COVID-19 severity as a binary outcome
(severity = moderate [hospitalized], severe [hospitalized and
ventilated] or death with COVID-19),%® we used multivariable
logistic regression, again adjusting for the covariates listed
above. Again, these analyses were repeated for non-SOT
patients as a comparator group (except for the outcome of
organ rejection).

2. An overall analysis of the entire cohort (SOT and non-SOT) with
SOT status included in the regression was performed to deter-
mine the independent association of SOT status with (i) MARCE,
(ii) MACE, (iii) AKI, (iv) death from any cause, and (v) COVID-19
disease severity.

3. The primary analysis described above was repeated using organ-
specific cohorts ([i] kidney, [ii] liver, [iii] lung, and [iv] heart trans-
plant recipients separately) instead of all SOT. For the secondary
analysis, patients with combined transplants were excluded from
the organ-specific cohorts.

4. We meta-analyzed the relative risk of each primary (MARCE) and
secondary outcome ([i] MACE, [ii] AKI, [iii] death from any cause,
[iv] COVID-19 disease severity [requiring hospitalization for or
death from COVID-19] and [v] organ rejection) in the 90 days fol-
lowing COVID-19 diagnosis, by allograft type relative to (i) those
without SOT and (ii) those with a kidney transplant (to allow for
comparison of rejection risk). Finally, we explored potential sex-
based differences in each primary and secondary outcome, strati-
fied by allograft type, to determine if allograft type modified the
association of recipient sex on post-COVID outcomes. We used
random-effects meta-regression using aggregate-level data for
each organ type. Heterogeneity in outcome between transplant
allograft types was evaluated by Higgins IZ and the chi-square test

of heterogeneity.

All statistical analyses were performed using R built in the N3C
Enclave.

3 | RESULTS

Over the study period, we identified 10 987 SOT patients and
1 890 246 non-SOT patients with COVID-19 (Figure 1), of whom
3996 (36.4%) and 91 646 (4.8%) developed MARCE in the 90 days
post COVID diagnosis, respectively (p < .0001). There was an ongo-
ing, progressive increase in the number of patients diagnosed with
COVID-19 over the study period, in keeping with the natural history
of the pandemic. Baseline characteristics for SOT and non-SOT pa-
tients are shown in Table 1. Notably, the proportion with MARCE in
both the SOT and non-SOT cohorts increased with increasing age and
more male patients experienced MARCE overall (38.0% of COVID-19
positive males vs. 34.0% of COVID-19 positive females with SOT;
6.2% of COVID-19 positive males vs. 3.7% of COVID-19 females in
non-SOT,; age-sex stratified results are shown in Figure S3).
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FIGURE 1 Consort diagram of solid organ transplant (SOT) and non-SOT patients in the N3C collaborative [Color figure can be viewed at

wileyonlinelibrary.com]

3.1 | MARCEr isk is less impacted by sex in
COVID-19 positive transplant recipients

As expected, there was an increased risk of MARCE in both SOT
and non-SOT populations with advancing age (HR 1.55, 95% ClI
1.35-1.78 for SOT >65 relative to 18-45 years and HR 10.08, 95%
Cl 9.71-10.45 for non-SOT >65 relative to 18-45 years). Females
overall had a lower risk of MARCE compared with males (HR
0.89, 95% Cl 0.81-0.98 for SOT and 0.61, 95% Cl 0.60-0.62 for
non-SOT). Predictors of MARCE in the SOT and non-SOT cohorts
are demonstrated in Table 2 and the adjusted hazard ratios for
MARCE with female versus male sex within each age strata (18-
45, 46-65, and >65 years) in those with and without SOT is dem-
onstrated in Figure 2A. The standardized 90-day MARCE rates

among the four different groups defined by sex and transplant
status were 0.112 for female SOT, 0.152 for male SOT, 0.0347
for female non-SOT, and 0.0559 for male non-SOT. Overall risk
reduction for MARCE in female versus male patients was miti-
gated in those with SOT (Table S1). Kaplan-Meier curves exam-
ining time to MARCE in SOT recipients are shown in Figure 2B.

The risk for MARCE was highest within the first 6 months
after transplantation. The association between age-sex strata
and MARCE was relatively preserved in those with a diagnosis of
COVID-19 in the first 24 months posttransplant and in those diag-
nosed with COVID-19 >24 months posttransplant. Irrespective of
the timing posttransplant, the relative risk of age-sex strata with
MARCE in SOT recipients differed from that in the non-SOT pop-
ulation (Table S2).
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TABLE 1 Baseline characteristics for COVID-19 positive solid organ transplant recipients and non-solid organ transplant recipients with
and without a major adverse renal or cardiac event

Exposure variable

Sex-age strata
Male 18-45 (reference)
Female 18-45
Male 46-65
Female 46-65
Male >65
Female >65
Sex
Male (reference)
Female
Age
18-45 (reference)
46-65
>65
Race/Ethnicity
White (reference)
Black
Hispanic
Other
Organ transplant
Kidney
Liver
Lung
Heart

SOT with COVID

Non-SOT with COVID

N=10987 N =1890246
N (%) with N (%) without N (%) with N (%) without
MARCE MARCE MARCE MARCE

N =3996 (36.4)

392(9.8)
337(8.4)
1219 (30.5)
685 (17.1)
855(21.4)
508 (12.7)

2466 (61.7)
1530 (34.0)

729 (18.2)
1904 (47.6)
1363 (34.1)

1766 (44.2)
1191 (29.8)
580 (14.5)
459 (11.5)

2799 (70.0)
631 (15.8)
395(9.9)
580 (14.5)

Time between transplant and COVID infection

>24 months (reference)
6-24 months
<6 months

Comorbidities
Chronic kidney disease
Hypertension
Diabetes
COPD/asthma (combined)
Cancer
Coronary artery disease
Congestive heart failure
Peripheral vascular disease
Liver disease
Obesity (BMI>30)
Obesity missing

2048 (51.3)
1047 (26.2)
901 (22.5)

3263 (81.7)
3672(91.9)
2695 (67.4)
881 (22.0)
667 (16.7)
1480 (37.0)
1678 (42.0)
1131(28.3)
637 (15.9)
980 (24.5)
1543 (38.6)

N=6991 (63.1)

946 (13.5)

917 (13.1)
2078 (29.7)
1387 (19.8)
1003 (14.3)

660 (9.4)

4027 (57.6)
2964 (42.4)

1863 (26.6)
3465 (49.6)
1663 (23.8)

3623 (51.8)
1440 (20.6)
1045 (14.9)

883 (12.6)

4463 (63.8)
1509 (21.6)

663 (9.5)
937 (13.4)

3438 (49.2)
2228 (31.9)
1325 (19.0)

4364 (62.4)
5611 (80.3)
3579 (51.2)
1123 (16.1)
1047 (15.0)
1614 (23.1)
1567 (22.4)
1278 (18.3)
1147 (16.4)
1628 (23.3

(

)
2678 (38.3)

p-value

<.001
<.001
402
.001
<.001
<.001

<.001
<.001

<.001
<.001
.056

<.001
<.001
.557
.083

<.001
<.001
.514
110

.038
<.001
<.001

<.001
<.001
<.001
<.001
.018
<.001
<.001
<.001
.542
.078
766

N =91646(4.8)

5073 (5.5)
3131 (3.4)
18 525(20.2)
11458 (12.5)
29 543(26.1)
23916 (26.1)

53 141 (58.0)
38 505 (42.0)

8204 (9.0)
29 983(58.3)
53459 (32.7)

46 642 (50.9)
22452 (24.5)
10 254 (11.2)
12 298 (13.4)

29212 (31.9)
61764 (67.4)
42226 (46.1)
21 640 (23.6)
12729 (13.9)
23914 (26.1)
30357(33.1)
15893 (17.3)

4877 (5.3)
22101 (24.1)
45 361 (49.5)

N =798 600 (95.2)

397 239 (22.1)
528 609 (29.4)
277 141 (15.4)
324 837(18.1)
123835 (6.9)
146 939 (8.2)

798 215 (44.4)
1000,385 (55.6)

925848 (51.5)
601 978 (15.1)
270774 (33.5)

883 668 (49.1)
206 392 (11.5)
224 186 (12.5)
484 354 (26.9)

44792 (2.5)
334331 (18.6)
185054 (10.3)
134540 (7.5)

64218 (3.6)

57454 (3.2)

37836 (2.1)

49064 (2.7)

15294 (0.9)
216007 (12.0)

1303152 (72.5)

p-value

<.001
<.001
<.001
<.001
<.001
<.001

<.001
<.001

<.001
<.001
<.001

<.001
<.001
<.001
<.001

<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
<.001
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SOT with COVID

Non-SOT with COVID

HRfor  95% Cl for HR for
Exposure variable MARCE MARCE p-value MARCE
Sex-age strata
Female 18-45 0.84 0.68-1.05 120 0.40
Male 18-45 (reference) Ref — — Ref
Female 46-65 0.96 0.80-1.15 .632 1.74
Male 46-65 1.01 0.95-1.20 .898 3.34
Female >65 1.31 1.07-1.59 .008 5.45
Male >65 1.54 1.28-1.84 <.001 7.72
Race/Ethnicity
White (reference) Ref — — Ref
Black 1.25 1.12-141 <.001 1.67
Hispanic 1.02 0.88-1.19 749 1.23
Other 1.09 0.94-1.27 272 1.17
Organ transplant
Kidney 1.21 1.03-1.43 .023
Liver 1.01 0.85-1.20 .909
Lung 1.41 1.17-1.71  <.001
Heart 0.94 0.78-1.14 .553
Time between transplant and COVID infection
>24 months (reference) 0.79 0.70-0.89 <.001
6-24 months 0.67 0.59-0.76 <.001
<6 months Ref = =
Comorbidities
Chronic kidney disease  1.53 1.35-1.72 <.001 2.08
Hypertension 1.33 1.13-1.58 .001 1.16
Diabetes 1.22 1.10-1.36 <.001 1.30
COPD/asthma 1.15 1.03-1.30 .017 1.15
(combined)
Cancer 1.08 0.96-1.22 212 1.15
Coronary artery 1.10 0.99 -1.23 .073 1.19
disease
Congestive heart 1.50 1.34-1.67 <.001 2.22
failure
Peripheral vascular 1.16 1.04-1.29 .009 1.15
disease
Liver disease 0.97 0.83-1.13 676 1.46
Obesity (BMI230) 1.05 0.93-1.19 427 1.00
Obesity missing 1.18 1.06-1.32 .003 0.82

TABLE 2 Adjusted hazard ratios for the
outcome of major adverse renal or cardiac

Pre-existing CKD, hypertension, diabetes, COPD/asthma,
congestive heart failure and peripheral vascular disease were all
associated with an increased risk of MARCE in the SOT cohort
(Table 2). All comorbidities examined except obesity were asso-
ciated with MARCE after COVID-19 diagnosis in the non-SOT co-
hort. Those of black race were more likely to experience MARCE
in both the SOT and non-SOT cohort compared with white race
(HR 1.25, 95% Cl 1.12-1.41 and HR 1.67, 95% CI 1.63-1.71,
respectively).

95% Cl for events in COVID-19 positive patients with
MARCE p-value and without solid organ transplant
0.37-0.42 <.001

1.65-1.83 <.001

3.18-3.50 <.001

5.20-5.72 <.001

7.36-8.09 <.001

1.63-1.71 <.001

1.19-1.27 <.001

1.13-1.20 <.001

2.03-2.13 <.001

1.13-1.19 <.001

1.27-1.33  <.001

1.12-1.18 <.001

1.12-1.18 <.001

1.16-1.22 <.001

2.16-2.27 <.001

1.12-1.18 <.001

1.40-1.53 <.001

0.97-1.02 .750

0.81-0.84 <.001

3.2 | Secondary analyses
3.21 | COVID-19 risk is independently associated

with SOT status

In the combined SOT and non-SOT cohorts, SOT was independently
associated with the risk of MARCE (HR 1.56, 95% CIl 1.48-1.64).
SOT was also associated with an increased risk of AKI (HR 1.73, 95%
Cl 1.64-1.82), mortality (HR 1.15, 95% Cl 1.07-1.24), and slightly
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FIGURE 2 (A)Hazard ratios for major adverse renal or cardiac events (MARCE) in COVID-19 positive patients, comparing female to
male patients with and without solid organ transplants, stratified by age. Analysis is adjusted for race, organ transplant type, time since
transplant, comorbidities (chronic kidney disease, hypertension, diabetes, COPD/asthma, cancer, coronary artery disease, congestive
heart failure, peripheral vascular disease, liver disease, obesity). (B) Kaplan-Meier curves for the time to MARCE events in SOT recipients,

stratified by sex and age

worse COVID-19 severity (need for hospitalization) (OR 1.03, 95%
Cl 1.02-1.03); median time from COVID-19 diagnosis to hospitali-
zation was 1 day (IQR 0-8) and 1 day (0-5) in SOT and non-SOT
patients, respectively. SOT status was not associated with MACE
(HR 1.03, 95% Cl1 0.95-1.12) when accounting for the effects of pre-
existing CHF and CKD, however, when not adjusting for these fac-
tors, the association of SOT with MACE after COVID-19 diagnosis
was significant (HR 1.52, 95% Cl 1.40-1.65) (Table S3).

3.2.2 | Individual MARCE endpoints are
differentially affected by sex in SOT and non-SOT

The adjusted hazard ratios for individual endpoints (MARCE, mor-
tality, MACE, AKI, and severe COVID-19) for female versus male
sex in SOT and non-SOT cohorts are shown in Figure 3. Overall,
female SOT patients had a small reduction in risk of MARCE and
mortality (but not MACE, AKI, or COVID-19 severity) compared
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FIGURE 3 Hazard ratios for individual outcomes (MARCE, mortality, MACE, AKI) and odds ratio for hospitalization in COVID-19 positive
patients comparing females to males with and without SOT. Analysis was adjusted for age group, race, organ transplant type, time since
transplant, comorbidities (chronic kidney disease, hypertension, diabetes, COPD/asthma, cancer, coronary artery disease, congestive heart
failure, peripheral vascular disease, liver disease, obesity)
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FIGURE 4 Adjusted hazard ratios for the 90-day outcomes of MARCE, death, MACE, and AKI and the adjusted odds ratio for
hospitalization in COVID-19 positive patients (A) with solid organ transplants and (B) without solid organ transplant, based on sex-age
stratification. Adjusted for race, organ transplant type, time since transplant, comorbidities (chronic kidney disease, hypertension, diabetes,
COPD/asthma, cancer, coronary artery disease, congestive heart failure, peripheral vascular disease, liver disease, obesity)
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with male SOT patients, whereas females without SOT were
significantly lower risk for all endpoints compared with males.
When we evaluated the adjusted impact of sex and age on each

endpoint, SOT males and females had similar age-stratified risk

against all outcomes (Figure 4B).

profiles with overlapping confidence intervals in most cases for
each of the five endpoints (Figure 4A). Conversely, in the non-

SOT cohort, within each age strata, female sex was protective
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FIGURE 5 Meta-analysis of relative risk (95% Cl) for the outcomes of MARCE, MACE, death, hospitalization, AKI, and rejection after
COVID-19 diagnosis by (A) transplant organ type relative to kidney transplant (B) female versus male sex stratified by organ type [Color

figure can be viewed at wileyonlinelibrary.com]
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3.2.3 | Organ-specific analyses

We examined the risk of each primary and secondary outcome
stratified by organ type relative to those without SOT (Figure S4),
and relative to those with a kidney transplant only (Figure 5A).
Kidney transplant recipients (n = 6460) accounted for the largest
population in the SOT cohort, followed by liver (n = 1550), lung
(n = 815), and heart (n = 1226). Each organ-specific transplant
population had a significantly higher risk of MARCE (RR 5.44-7.87),
MACE (RR 3.69-10.53), death (RR 4.69-5.73), hospitalization (RR
2.61-3.25), and AKI (RR 7.38-10.43) with COVID-19 compared to
those without a transplant (Figure S4). Heterogeneity between
organ types was high for all outcomes except death (1> > 80%). In
most cases, kidney transplant patients were at the highest relative
risk; however, there were no organ-specific differences in death
risk, and heart transplant recipients experienced significantly more
MACE (Figure 5A). Importantly, organ rejection was significantly
higher in those with a lung (RR 2.60, 95% CI 2.06-3.29) and heart
(RR 3.48, 95% Cl 2.90-4.18) transplant compared to those with a
kidney transplant.

Finally, we assessed the potential impact of the specific type of
organ transplanted for the association of age and sex with MARCE
(Tables S4A-D), examining the overall risk in females versus males
for each primary and secondary outcome (including organ rejection)
by organ type (Figure 5B). Females with a kidney transplant were
at lower risk than males for all outcomes except hospitalization and
rejection. There were no sex-based differences noted in any of the
other organ systems and no sex-based heterogeneity for any out-
come (p-value >.05 for all analyses). When stratifying by age, there
were no significant age-sex associations with MARCE in any of the
individual organ types (Table S5).

4 | DISCUSSION

Our analysis of COVID-19 in SOT patients is the largest to date,
including nearly 11 000 SOT recipients and over 1.8 million non-
SOT patients. Our study demonstrates an increased risk of MARCE,
MACE, AKI, COVID-19 severity, and all-cause mortality in SOT pa-
tients with COVID-19 compared with the general population. Being
the largest and most granular database of SOT COVID-19 patients
thus far, our work examined two novel questions; (i) the COVID-19
risk associated with specific transplant allograft type (i.e., kidney,
liver, lung, and heart), and (ii) the role of SOT recipient sex in predict-
ing COVID-19 outcomes.

Earlier studies have shown kidney,”'%?! lung,?¢%’

and heart?®

transplant recipients to be at high COVID-19 risk compared to non-
SOT patients, and liver transplant recipients to be at the same or
lower risk than the general non-SOT population for reasons un-
known.?”3° However, this is the first large-scale analysis to compare
COVID-19 outcomes directly between different allograft types. A
recent meta-analysis of 2772 unique SOT recipients with COVID-19
included kidney, liver, lung, and heart transplant recipients, but did

not compare results by organ type.2* A much smaller cohort study
of Spanish SOT recipients failed to demonstrate any organ-specific
differences in COVID-19 outcomes; however, included less than 100
liver, lung, and heart recipients combined and was thus underpow-
ered for this comparison.*?

In the absence of SARS-CoV-2 infection, lung transplant re-
cipients have the highest posttransplant mortality rate, followed
by heart, liver, and kidney recipients.17 However, the cumulative
probability of cardiovascular disease has been shown to be signifi-
cantly higher in heart and kidney transplant recipients (excess ab-
solute risk [EAR] 458.3/10 000 person-years for heart recipients
and 86.2/10 000 person-years for kidney recipients), compared to
26.6/10 000 person-years in liver transplant recipients.” This may
explain the higher risk of MARCE, MACE and hospitalization we
demonstrate in kidney and heart transplant recipients compared
to liver and lung recipients, especially given the known compound
effects of COVID-19 on the cardiovascular system.>® However, we
show that all organ transplant types (including liver) have worse
COVID-19 outcomes than the non-SOT comparator population,
contrary to earlier studies demonstrating liver transplant to be pro-
tective.?”30 Finally, in our study, lung and heart transplant recipi-
ents were at highest risk for organ rejection in the 90 days after
COVID-19 diagnosis. This may relate to systemic differences in im-
munosuppression and immunogenicity between organ types; lung
and heart allografts evoke a stronger immune response than kidney,
and especially, liver allografts.3*

Interestingly, females were at lower risk than males for MARCE,
MACE, death and AKI if they had a kidney transplant; however,
there were no sex-based differences for any other organ type.
Furthermore, in the 90 days after COVID diagnosis, there was
no sex bias in hospitalization or rejection rates for any transplant
type, despite females without COVID-19 being higher risk for SOT
rejection.35

Our study investigates the impact of sex and age in a complex
patient population at high risk for infections and resulting infec-
tious complications.?¢3 In the general population, males have a
significantly higher COVID-19-related mortality than females do.®?
Estradiol is generally immune enhancing and testosterone immune
suppressing40 thus in the immunocompetent state, females have a
more robust anti-viralimmune response than males.*! As endogenous
steroids decrease with advancing age (rapidly in post-menopausal
females and more gradually in males) there is a parallel functional
decline in the immune system,*? which may explain the attenuated
benefit we demonstrate for the first time in aging non-SOT females
versus males in response to COVID-19 (Figure 2). “Inflam-aging” re-
fers to a decline in adaptive immunity and a dysregulated activation
of the innate immune system with advancing age.*® This is more
prominent in older males than females (though effects both sexes)
and is associated with an increased risk of cytokine storm follow-
ing SARS-CoV-2 infection and thereby, COVID-19 related death.’
Hyperinflammation following SARS-CoV-2 infection has also been
proposed to contribute to vascular inflammation and plaque instabil-
ity, with resulting myocardial infarction, cardiomyopathy and heart
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failure***; further contributing to the increased risk of COVID-19
related cardiovascular morbidity in older immunocompetent males
compared with females.

These sex disparate outcomes have not been previously ob-
served in the SOT population.”19:13:16:18-20

In our study, we demonstrate for the first time that SOT males
with COVID-19 also have an increased risk of MARCE compared
with females, albeit to a lesser degree than in the general population
(11% vs. 39% reduction in the hazard of MARCE with female vs. male
sex in SOT and non-SOT cohorts, respectively). In SOT recipients,
maintenance immunosuppression may have a differential impact on
COVID-19 risk in males and females. While maintenance immuno-
suppression is a risk for infection in all SOT patients, it may dispro-
portionately impact females, mitigating their relative benefit versus
males when infected with SARS-CoV-2. Additionally, there may in
fact be a paradoxical benefit with immunosuppression reducing the
exaggerated and often fatal immune reaction to COVID-19 that dis-
proportionately impacts older males. In keeping with this hypothesis,
it is interesting to note that critically ill male patients with COVID-19
appeared to benefit most from dexamethasone immunosuppres-
sive therapy in the Randomized Evaluation of COVID-19 Therapy
(RECOVERY) trial.*** Likewise, in hypoxic hospitalized patients
with COVID-19, the RECOVERY Collaborative group demonstrated
reduced mortality with the interleukin (IL)-6 inhibitor, Tocilizumab*®;
this result was again only significant in male patients.

In the non-SOT population, differences by sex were most pro-
nounced in the youngest (reproductive) age strata, followed by mid-
age (peri-menopause/andropause), and finally by the oldest group
(post-menopause/andropause). On the contrary, age did not impact
observed sex differences in those with SOT. These findings are im-
portant as they provide a better understanding of the pathophysiol-
ogy driving COVID-19 risk (indicating a potential role of sex hormones
in the COVID-19 response). Furthermore, it risk stratifies individuals
with COVID-19 disease; highlighting the critical importance of con-
sidering sex (and age)-stratified analyses when examining outcomes
related to COVID-19. As demonstrated here, differences in males and
females may result in a sex-based risk profile that varies by age in
immunocompetent, but not immunosuppressed populations.

A strength of this study is that it includes both inpatient and
outpatient SOT recipients with a positive COVID-19 test, unlike
most other studies of COVID-19 in SOT where the cohort is in-
cepted at the time of hospitalization.'**>*’ These reports provide
a false impression of disease severity as the population included is
biased towards those sick enough to require admission. Earlier stud-
ies of hospitalized SOT and non-SOT patients have shown similar
outcomes after adjusting for comorbidity burden, however as we
show, SOT is associated with a higher likelihood of hospitalization
(although this may reflect a lower threshold to hospitalize less sick
SOT recipients). For the first time, we compare outcomes in SOT
patients to the general non-SOT population to determine if there are
predictors of MARCE that differ between these two groups. Finally,
we directly examine and meta-analyze organ-specific COVID-19
risk; a novel comparison.

This study has limitations, however. Given the retrospective na-
ture of our analysis, it is subject to bias related to miscoding and
misclassification of patient covariates or outcomes. Patients with
missing records for comorbidities may have been misclassified as
not having them which might attenuate the true signal; however,
collection data was complete for those with mandatory inputs (i.e.,
age, sex, race, etc.) and thus we expect missingness of comorbidity
data to be small and randomly distributed. Furthermore, although
we had comprehensive encounter information from contributing
data partners, primarily representing tertiary care centers, we did
not have access to community-based health records. This data set
is unable to provide consistent access to biomarker testing, such as
IL-6 and TNFa levels, which varied from center to center and over
time of the pandemic. Likewise, we did not have access to measured
sex hormones. Finally, there is considerable heterogeneity across
studies in the definition for MARCE, including the criteria used to
identify cardiovascular and renal events. Lacking granular eGFR
data, we did not include this in our criteria for MARCE. Some stud-
ies restrict cardiac events to only those experiencing ischemic end-
points, whereas like our present study, others include non-ischemic
cardiovascular events such as arrhythmia, heart failure and stroke as
outcomes. This heterogeneity may lead to a lack of generalizability
between studies, but our definition for MARCE is consistent with
earlier literature.

In conclusion, SOT patients with COVID-19 are at an increased
risk of MARCE (and other adverse outcomes) relative to their non-
SOT counterparts. Similar to the general population, the risk of
MARCE was increased with male sex, albeit to a lesser degree than
in the immunocompetent non-SOT cohort. Finally, we demonstrate
significant heterogeneity in the risk of adverse outcomes post
COVID-19 diagnosis by transplant allograft type, with the greatest
risk in heart and kidney recipients. This is the largest COVID-19 SOT
cohort to date and the first-time sex-age-stratified COVID-19 out-
comes have been explored in those with (and without) SOT. Finally,
we provide a novel analysis of differential COVID-19 outcomes in
SOT recipients by allograft type.

ACKNOWLEDGMENTS

National Institute of Health’s (NIH) National COVID Cohort
Collaborative (N3C) Data Utilization Request Approval committee
approved the data utilization request of this project (RP-CA3365).
Each author’s home institution executed Data Use Agreements
for participation in N3C. All research team members relied upon
Data Use Agreements executed between their home institutions
and National Center for Advancing Translational Sciences (NCATS)
for access to N3C. Our study protocol was approved by the N3C
Data Access Committee prior to analysis. NACTS reviewed all data
elements prior to extraction. The N3C data transfer to NCATS is
performed under a Johns Hopkins University Reliance Protocol
# IRB00249128 or individual site agreements with NIH. The N3C
Data Enclave is managed under the authority of the NIH; informa-
tion can be found at https://ncats.nih.gov/n3c/resources. AO and
EF were supported by CTSA award No. UL1TR002649 from the


https://ncats.nih.gov/n3c/resources

2 |

VINSON ET AL.

National Center for Advancing Translational Sciences. The analyses
described in this publication were conducted with data or tools ac-
cessed through the NCATS N3C Data Enclave https://covid.cd2h.
org and N3C Attribution and Publication Policy v 1.2-2020-08-25b
supported by NCATS U24 TR002306 and by the National Institute
of General Medical Sciences, U54 GM115458, which funds the
Great Plains IDeA-CTR Network. RBM is supported by BMX003272
and the Dr. Dennis Ross Research Fund in Nephrology, University
of Nebraska.

This research was possible because of the patients whose infor-
mation is included within the data and the organizations (see covid.
cd2h.org) and scientists who have contributed to the ongoing devel-
opment of this community resource. The contents are solely the re-
sponsibility of the authors and do not necessarily represent official
views of the National Center for Advancing Translational Sciences or
the National Institutes of Health.

The authors thank the following N3C core teams for their contri-
butions: (1) Principal Investigators: Melissa A. Haendel, Christopher
G. Chute, Kenneth R. Gersing, Anita Walden. (2) Workstream, sub-
group and administrative leaders: Melissa A. Haendel, Tellen D.
Bennett, Christopher G. Chute, David A. Eichmann, Justin Guinney,
Warren A. Kibbe, Hongfang Liu, Philip R.O. Payne, Emily R. Pfaff,
Peter N.Robinson, Joel H. Saltz, Heidi Spratt, Justin Starren, Christine
Suver, Adam B. Wilcox, Andrew E. Williams, Chunlei Wu. (3) Key liai-
sons at data partner sites. (4) Regulatory staff at data partner sites.
(5) Individuals at the sites who are responsible for creating the data-
sets and submitting data to N3C. (6) Data Ingest and Harmonization
Team: Christopher G. Chute, Emily R. Pfaff, Davera Gabriel, Stephanie
S. Hong, Kristin Kostka, Harold P. Lehmann, Richard A. Moffitt,
Michele Morris, Matvey B. Palchuk, Xiaohan Tanner Zhang, Richard
L. Zhu. (7) Phenotype Team (Individuals who create the scripts that
the sites use to submit their data, based on the COVID and Long
COVID definitions): Emily R. Pfaff, Benjamin Amor, Mark M. Bissell,
Marshall Clark, Andrew T. Girvin, Stephanie S. Hong, Kristin Kostka,
Adam M. Lee, Robert T. Miller, Michele Morris, Matvey B. Palchuk,
Kellie M. Walters. (8) Project Management and Operations Team:
Anita Walden, Yooree Chae, Connor Cook, Alexandra Dest, Racquel
R. Dietz, Thomas Dillon, Patricia A. Francis, Rafael Fuentes, Alexis
Graves, Julie A. McMurry, Andrew J. Neumann, Shawn T. O'Neil,
Usman Sheikh, Andréa M. Volz, Elizabeth Zampino. (9) Partners from
NIH and other federal agencies: Christopher P. Austin, Kenneth
R. Gersing, Samuel Bozzette, Mariam Deacy, Nicole Garbarini,
Michael G. Kurilla, Sam G. Michael, Joni L. Rutter, Meredith Temple-
O'Connor. (10) Analytics Team (Individuals who build the Enclave
infrastructure, help create codesets, variables, and help Domain
Teams and project teams with their datasets): Benjamin Amor, Mark
M. Bissell, Katie Rebecca Bradwell, Andrew T. Girvin, Amin Manna,
Nabeel Qureshi. (11) Publication Committee Management Team:
Mary Morrison Saltz, Christine Suver, Christopher G. Chute, Melissa
A. Haendel, Julie A. McMurry, Andréa M. Volz, Anita Walden. (12)
Publication Committee Review Team: Carolyn Bramante, Jeremy
Richard Harper, Wenndy Hernandez, Farrukh M Koraishy, Federico
Mariona, Amit Saha, Satyanarayana Vedula.

Data partners with released data: Stony Brook University—
U24TR002306. University of Oklahoma Health Sciences Center—
U54GM104938:OklahomaClinicaland Translational Science Institute
(OCTSI). West Virginia University—U54GM104942: West Virginia
Clinical and Translational Science Institute (WVCTSI). University of
Mississippi Medical Center—U54GM115428: Mississippi Center for
Clinical and Translational Research (CCTR). University of Nebraska
Medical Center—U54GM115458: Great Plains IDeA-Clinical &
Translational Research. Maine Medical Center—U54GM115516:
Northern New England Clinical & Translational Research (NNE-
CTR) Network. Wake Forest University Health Sciences—
UL1TR001420: Wake Forest Clinical and Translational Science
Institute. Northwestern University at Chicago—UL1TR001422:
Northwestern University Clinical and Translational Science Institute
(NUCATS). University of Cincinnati—UL1TR001425: Center for
Clinical and Translational Science and Training. The University
of Texas Medical Branch at Galveston—UL1TR001439: The
Institute for Translational Sciences. Medical University of South
Carolina—UL1TR001450: South Carolina Clinical & Translational
Research Institute (SCTR). University of Massachusetts Medical
School Worcester—UL1TR001453: The UMass Center for Clinical
and Translational Science (UMCCTS). University of Southern
California—UL1TR001855: The Southern California Clinical and
Translational Science Institute (SC CTSI). Columbia University Irving
Medical Center—UL1TR001873: Irving Institute for Clinical and
Translational Research. George Washington Children's Research
Institute—UL1TR001876: and Translational
Institute at Children's National (CTSA-CN). University of Kentucky—
UL1TR001998: UK Center for Clinical and Translational Science.
University of Rochester—UL1TR002001: UR Clinical & Translational
Science Institute. University of lllinois at Chicago—UL1TR002003:
UIC Center for Clinical and Translational Science. Penn State
Health Milton S. Hershey Medical Center—UL1TR002014: Penn
State Clinical and Translational Science Institute. The University
of Michigan at Ann Arbor—UL1TR002240: Michigan Institute for
Clinical and Health Research. Vanderbilt University Medical Center—
UL1TR002243: Vanderbilt Institute for Clinical and Translational
Research. University of Washington—UL1TR002319: Institute of
Translational Health Sciences. Washington University in St. Louis—
UL1TRO02345: Institute of Clinical and Translational Sciences.
Oregon Health & Science University—UL1TR002369: Oregon Clinical
and Translational Research Institute. University of Wisconsin-
Madison—UL1TR002373: UW Institute for Clinical and Translational
Research. Rush University Medical Center—UL1TR002389: The
Institute for Translational Medicine (ITM). The University of
Chicago—UL1TR002389: The Institute for Translational Medicine
(ITM). University of North Carolina at Chapel Hill-UL1TR002489:
North Carolina Translational and Clinical Science Institute. University
of Minnesota—UL1TR002494: Clinical and Translational Science
Institute. Children's Hospital Colorado—UL1TR002535: Colorado
Clinical and Translational Sciences Institute. The University of lowa—
UL1TRO02537: Institute for Clinical and Translational Science. The
University of Utah—UL1TR002538: Uhealth Center for Clinical

Clinical Science


https://covid.cd2h.org
https://covid.cd2h.org

VINSON ET AL.

AT 27

and Translational Science. Tufts Medical Center—UL1TR002544:
Tufts Clinical and Translational Science Institute. Duke University—
UL1TR0O02553: Duke Clinical and Translational Science Institute.
Virginia Commonwealth University—UL1TR002649: C. Kenneth
and Dianne Wright Center for Clinical and Translational Research.
The Ohio State University—UL1TR002733: Center for Clinical and
Translational Science. The University of Miami Leonard M. Miller
School of Medicine—UL1TR002736: University of Miami Clinical and
Translational Sciencelnstitute. University of Virginia—UL1TR0O03015:
iTHRIV Integrated Translational health Research Institute of Virginia.
Carilion Clinic—UL1TR003015: iTHRIV Integrated Translational
health Research Institute of Virginia. University of Alabama at
Birmingham—UL1TR003096: Center for Clinical and Translational
Science. Johns Hopkins University—UL1TR003098: Johns Hopkins
Institute for Clinical and Translational Research. University of
Arkansas for Medical Sciences—UL1TR003107: UAMS Translational
Research Institute. Nemours—U54GM104941: Delaware CTR
ACCEL Program. University Medical Center New Orleans—
U54GM104940: Louisiana Clinical and Translational Science (LA
CaTS) Center. University of Colorado Denver, Anschutz Medical
Campus—UL1TR002535:
Sciences Institute. Mayo Clinic Rochester—UL1TR002377: Mayo
Clinic Center for Clinical and Translational Science (CCaTS). Tulane
University—UL1TR003096: Center for Clinical and Translational
Science. Loyola University Medical Center—UL1TR002389: The
Institute for Translational Medicine (ITM). Advocate Health Care
Network—UL1TR002389: The Institute for Translational Medicine
(ITM). OCHIN—INV-018455: Bill and Melinda Gates Foundation
grant to Sage Bionetworks.

Colorado Clinical and Translational

Additional data partners who have signed DTA and data release
pending: The Rockefeller University—UL1TR001866: Center for
Clinical and Translational Science. The Scripps Research Institute—
UL1TRO02550: Scripps Research Translational Institute. University
of Texas Health Science Center at San Antonio—UL1TR002645:
Institute for Integration of Medicine and Science. The University of
Texas Health Science Center at Houston—UL1TR003167: Center for
Clinical and Translational Sciences (CCTS). NorthShore University
HealthSystem—UL1TR002389: The Institute for Translational
Medicine (ITM). Yale New Haven Hospital-UL1TR001863:
Yale Center for Clinical Investigation. Emory University—
UL1TR002378: Georgia Clinical and Translational Science Alliance.
Weill Medical College of Cornell University—UL1TR002384:
Weill Cornell Medicine Clinical and Translational Science Center.
Montefiore Medical Center—UL1TR002556: Institute for Clinical
and Translational Research at Einstein and Montefiore. Medical
College of Wisconsin—UL1TR001436: Clinical and Translational
Science Institute of Southeast Wisconsin. University of New
Mexico Health Sciences Center—UL1TR001449: University of
New Mexico Clinical and Translational Science Center. George
Washington University—UL1TR001876: Clinical and Translational
Science Institute at Children's National (CTSA-CN). Stanford
University—UL1TR003142: Spectrum: The Stanford Center for
Clinical and Translational Research and Education. Regenstrief

Institute—UL1TR002529:
Science Institute. Cincinnati Children's Hospital Medical Center—
UL1TRO01425: Center for Clinical and Translational Science and
Training. Boston University Medical Campus—UL1TR001430:
Boston University Clinical and Translational Science Institute.
The State University of New York at Buffalo—UL1TR001412:
Clinical and Translational Science Institute. Aurora Health Care—
UL1TR002373: Wisconsin Network For Health Research. Brown
University—U54GM115677:
Research (Advance-CTR). Rutgers, The State University of New
Jersey—UL1TRO03017: New Jersey Alliance for Clinical and
Translational Science. Loyola University Chicago—UL1TR002389:
The Institute for (ITM).  #N/A—
UL1TR001445: Langone Health's Clinical and Translational Science
Institute. Children's Hospital of Philadelphia—UL1TR001878:
Institute for Translational Medicine and Therapeutics. University
of Kansas Medical Center—UL1TR002366: Frontiers: University of
Kansas Clinical and Translational Science Institute. Massachusetts
General Brigham—UL1TR002541: Harvard Catalyst. Icahn School
of Medicine at Mount Sinai—UL1TR001433: CondulTS Institute for
Translational Sciences. Ochsner Medical Center—U54GM104940:
Louisiana Clinical and Translational Science (LA CaTS) Center.

Indiana Clinical and Translational

Advance Clinical Translational

Translational Medicine

HonorHealth—None (Voluntary). University of California, Irvine—
UL1TRO01414: The UC Irvine Institute for Clinical and Translational
Science (ICTS). University of California, San Diego—UL1TR001442:
Altman Clinical and Translational Research Institute. University
of California, Davis—UL1TR001860: UCDavis Health Clinical
and Translational Science Center. University of California, San
Francisco—UL1TR001872: UCSF Clinical and Translational Science
Institute. University of California, Los Angeles—UL1TR001881:
UCLA Clinical Translational Science Institute. University of
Vermont—U54GM115516: Northern New England Clinical &
Translational Research (NNE-CTR) Network. Arkansas Children's
Hospital-UL1TR0O03107: UAMS Translational Research Institute.
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