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Clinical outcomes in solid organ transplant (SOT) recipients with breakthrough 
COVID (BTCo) after two doses of mRNA vaccination compared to the non- 
immunocompromised/immunosuppressed (ISC) general population, are not well 
described. In a cohort of adult patients testing positive for COVID- 19 between 
December 10, 2020 and April 4, 2022, we compared the cumulative incidence of 
BTCo in a non- ISC population to SOT recipients (overall and by organ type) using the 
National COVID Cohort Collaborative (N3C) including data from 36 sites across the 
United States. We assessed the risk of complications post- BTCo in vaccinated SOT 
recipients versus SOT with unconfirmed vaccination status (UVS) using multivariable 
Cox proportional hazards and logistic regression. BTCo occurred in 4776 vaccinated 
SOT recipients over a median of 149 days (IQR 99– 233), with the highest cumulative 
incidence in heart recipients. The relative risk of BTCo was greatest in SOT recipients 
(relative to non- ISC) during the pre- Delta period (HR 2.35, 95% CI 1.80– 3.08). The 
greatest relative benefit with vaccination for both non- ISC and SOT cohorts was in 
BTCo mortality (HR 0.37, 95% CI 0.36– 0.39 for non- ISC; HR 0.67, 95% 0.57– 0.78 for 
SOT relative to UVS). While the relative benefit of vaccine was less in SOT than non- 
ISC, SOT patients still exhibited significant benefit with vaccination.
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1  |  INTRODUC TION

The coronavirus disease 2019 (COVID- 19) pandemic caused by the 
severe acute respiratory syndrome coronavirus 2 (SARS- CoV- 2) has 
resulted in an unprecedented strain on social, economic, and health 
care systems, with solid organ transplant (SOT) recipients being 
among the most vulnerable. The incidence of COVID- 19 in SOT re-
cipients is ~15- fold higher than in the general immunocompetent 
population1 and SOT patients appear to be at higher risk of severe 
outcomes.1– 3 In the pre- vaccine COVID era, SOT recipients were 
noted to have a case fatality rate of ~20%,3– 5 versus 0.8%– 2% risk 
in the general population6 and in the 90 days following COVID- 19 
diagnosis, >40% of SOT recipients experience a major adverse renal 
or cardiac event (MARCE).7 The risk of post- COVID outcomes differs 
by organ type, with heart and kidney recipients at the highest risk of 
MARCE, and lung and heart recipients at the highest risk of organ 
rejection.8,9

COVID- 19 vaccines, which developed rapidly over the first year 
of the pandemic, have proved remarkably effective in the general 
population, including the elderly and those with comborbidities10– 12; 
however, the benefit of vaccination in immunosuppressed SOT has 
been questioned. Although SOT recipients appear to mount an ad-
equate humoral response to natural SARS- CoV- 2 infection, poor 
anti- spike antibody responses to mRNA vaccination in SOT recip-
ients have been reported (e.g., 46%– 97.4% non- response after the 
second dose).13– 23 While some studies have demonstrated evidence 
of increased cellular immunity post- vaccination,13,24,25 others have 
shown significant impairment of both humoral and cellular immune 
responses in SOT recipients.15,18 This has led to significant changes 
in CDC guidance for immunosuppressed patients.26

Because no threshold has been established for the minimum 
neutralizing antibody titer required for protective immunity, studies 
examining clinical outcomes post- vaccination in immunosuppressed 
populations are paramount. Yet, most studies of vaccine efficacy 
in SOT recipients to date have examined the immune response to 
vaccination, with a much smaller proportion examining clinical out-
comes occurring with breakthrough COVID (BTCo) infection. In 
a recent study of 226 kidney transplant recipients who received 
BNT162b2 mRNA vaccination, 16% (n = 37) experienced BTCo 

infections (vs. 22% of unvaccinated controls). There was no differ-
ence in COVID- 19 severity in the vaccinated patients versus unvac-
cinated controls in terms of hospitalization or mortality rates; this 
did not differ in those who had received two mRNA vaccine doses 
or one Johnson & Johnson dose (VAX2) versus those with only a 
single dose.13 Another study of >18 000 VAX2 SOT recipients from 
17 centers across the United States demonstrated a mortality rate 
of 9.3% in 151 BTCo infections; an 82- fold increased risk of BTCo 
infection and a 485- fold higher risk of mortality in VAX2 SOT recip-
ients than in the VAX2 general US population.27 Finally, recent work 
by Ravanan in the United Kingdom Health System noted a higher 
mortality rate (12%) after SARS- CoV- 2 infection in unvaccinated 
SOT versus those vaccinated with either Pfizer (two doses) or Astra 
Zeneca (n = 143, mortality in 7.7%).9 A more in depth analysis of 
complications following BTCo has yet to be performed.

While the protective benefits of vaccination are attenuated in 
immunocompromised populations, other studies have demonstrated 
significant benefit in vaccinated versus unvaccinated individuals 
(e.g., 77% reduction in COVID- 19- associated hospitalization rates 
[vs. a 90% reduction in the vaccinated immunocompetent popula-
tion]),28 and a reduction in severe COVID- 19 when BTCo occurred.29 
However, vaccine effectiveness varies among immunocompromised 
subgroups with SOT being the highest risk for BTCo.28,29 Specific 
outcomes in SOT patients with BTCo have not been explored in 
detail.

The National COVID Cohort Collaborative (N3C) is the largest 
database on COVID- 19 in the United States. As of May 6, 2022 (re-
lease 76), N3C contains longitudinal Electronic Health Record data 
on >4.9 million SARS- CoV- 2 infected patients and >8.1 million un-
infected controls from 72 data providers. A recent study using data 
from the N3C demonstrated a high risk of BTCo infection in patients 
with immune dysfunction (including, but not limited to SOT recipi-
ents) with an incidence rate of 15.7 per 1000 person months among 
VAX2 SOT recipients over a median of ~3 months.29 However, ad-
verse outcomes after BTCo infection were not examined in detail, 
nor stratified by immunocompromised subgroup. Therefore, in a 
N3C follow- up study, we aim to examine the risk of developing BTCo 
and the rate and severity of adverse outcomes occurring in SOT re-
cipients with BTCo after VAX2 versus COVID disease occurring in 
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an unvaccinated SOT control group (overall, and by organ type). To 
date, this will be the largest study of BTCo in SOT recipients examin-
ing clinical outcomes by organ type. For comparison of vaccine effi-
cacy, we will also examine COVID- 19 outcomes in the VAX2 versus 
unvaccinated non- immunosuppressed/immunocompromised (non- 
ISC) general population. Although event numbers and follow- up 
time are limited, where available, we will also examine outcomes in a 
smaller subgroup of SOT and non- ISC patients with BTCo following 
VAX2 and an additional vaccine dose (VAX3).

2  |  METHODS

N3C is a centralized repository containing longitudinal electronic 
health record data from SARS- CoV- 2- infected persons in the United 
States. N3C includes a broad category of patients with limited in-
clusion criteria for incoming data; specifically COVID- 19 positivity 
or suspected positivity by laboratory testing or diagnostic codes 
for both inpatient and outpatient encounters.30 The incoming data 
come 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 en-
counter level.31 The design, data collection, sampling approach, and 
data harmonization methods used by the N3C have been described 
previously.32,33

2.1  |  Design

Using the N3C Enclave, we conducted a cohort study of adult 
SOT patients (>18 years) in the United States with a diagnosis of 
COVID- 19 between December 10, 2020 and April 4, 2022, with 
data extracted on May 6, 2022. The COVID diagnosis was based on 
having a positive result from one of a set of a priori— defined tests 
including real- time polymerase chain reaction, antigen testing, and 
International Classification of Diseases diagnostic codes as previously 
reported.29,32,33 We excluded those with a diagnosis based on anti-
body test results alone due to potential for confounding based on 
prior vaccination. As a comparator group, we examined all adult non- 
ISC patients (excluding any patients with a diagnosis of auto- immune 
rheumatologic disease, prior bone marrow transplant, human immu-
nodeficiency virus, multiple sclerosis, or malignant neoplasm) as de-
scribed previously,29 captured in the Enclave with first positive test 
for COVID- 19 over the same period, Figure S1.

2.2  |  Exposure

The primary exposure was COVID- 19 vaccination status. As per our 
earlier analysis, we had data on the three SARS- CoV- 2 vaccines with 
Food and Drug Administration authorization (two mRNA vaccines 
from Pfizer- BioNTech [BNT162b2] and Moderna [mRNA- 1273], 
and one viral vector vaccine from Johnson & Johnson/Janssen 

[JNJ- 784336725]). Acknowledging recent recommendations sug-
gesting a third mRNA dose in immunosuppressed patients, for the 
purposes of this study, we defined vaccination as being ≥14 days post 
two doses for mRNA vaccines, one dose for Johnson & Johnson/
Janssen vaccine, or two doses for other vaccines (VAX2), and VAX3 
as being ≥14 days post a booster dose of any of the above vaccine 
preparations following VAX2.29 The control group consisted of pa-
tients with no record of COVID- 19 vaccination; given the nature of 
data reporting in the N3C on vaccination (Figures S2 and S3) and 
the possibility that these patients may have been vaccinated through 
the end of the study period, and their vaccine status not fully cap-
tured in the Enclave, the control group was defined as those with un-
confirmed vaccine status (UVS), as opposed to being unvaccinated. 
COVID- 19 diagnosis occurring at least 14 days after VAX2 was con-
sidered BTCo infection.

2.3  |  Outcomes

Our analysis aimed to explore outcomes in those with BTCo (prior 
vaccination) versus in non- BTCo (COVID with no prior vaccination) 
separately in SOT recipients and the non- ISC general population.

The cumulative incidence of BTCo infection in the 6 months 
post- VAX2 in the non- ISC population and in the SOT cohort by 
organ type (kidney, liver, lung, or heart) was demonstrated using cu-
mulative incidence curves per 1000 persons. Time to BTCo infection 
was assessed during the study period. Patient time was censored at: 
(1) 14 days after third vaccine dose (or second vaccine dose following 
J&J), (2) death or transfer to hospice, and (3) end of study period 
(April 4, 2022) or latest data partner reporting date.

Outcomes after BTCo included MARCE defined as a composite 
of acute kidney injury (AKI) with or without dialysis, acute myocar-
dial infarction, angina, stent occlusion/thrombosis, stroke, transient 
ischemic attack, congestive heart failure or death from any cause,8 
major adverse cardiac events (MACE) in isolation, renal failure re-
quiring dialysis or AKI not requiring dialysis, death from any cause, 
hospitalization, and severe COVID- 19 (including need for ventila-
tion, extra corporeal membrane oxygenation [ECMO], or death) in 
the 90 days following COVID- 19 diagnosis. In the SOT population, 
we also examined the outcomes of acute rejection and graft loss. 
Time from COVID diagnosis to each outcome was administratively 
censored at: (1) end of risk period (90 days), (2) May 6, 2022, or latest 
data partner reporting date.

2.4  |  Data collection

In addition to the primary exposure, we included information on 
variables associated with the outcomes of interest including age, 
sex, race, time since transplant, type of organ transplant (kidney, 
liver, heart, lung, multi- organ), comorbidities (chronic kidney disease 
[CKD], hypertension, diabetes, chronic obstructive pulmonary dis-
ease [COPD]/asthma, cancer, coronary artery disease, congestive 
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heart failure, peripheral vascular disease, liver disease, and obesity 
[body mass index, BMI, >30 kg/m2]), and immunosuppression (anti- 
thymocyte globulin [ATG] induction, Basiliximab induction, and 
maintenance therapy with prednisone, tacrolimus, cyclosporine, or 
mycophenolic acid). We also included whether patients had a diag-
nosis of COVID- 19 prior to vaccination (or prior to study initiation 
in the UVS control group). Finally, we included information regard-
ing the SARS- CoV- 2 variant dominance period defined as pre- Delta 
wave (December 10, 2020– June 19, 2021), Delta wave (June 20, 
2021– December 19, 2021), and Omicron wave (≥December 20, 
2021).34 Concept sets defining all standardized vocabulary used for 
medications, laboratories, procedures, and outcomes, are available 
in Table S1.35 For the primary analysis, complete case analysis was 
performed. An indicator variable for missingness was created for any 
variable with >10% missing data and included as an adjustment vari-
able in multivariable analyses. This only applied to BMI, which had 
high missingness.

2.5  |  Analysis

Descriptive statistics were used to report baseline characteristics for 
all SOT and non- ISC patients included in the study, stratified by vac-
cination status (UVS, VAX2, and VAX3 where available). Median time 
from the second dose for mRNA vaccines and first dose for Johnson 
& Johnson/Janssen vaccines to the diagnosis of COVID- 19 was deter-
mined in SOT and non- ISC patients with BTCo.

Separately for SOT and non- ISC patients in each vaccination cate-
gory, we examined the proportion of patients developing each primary 
and secondary outcome in the 90 days after a diagnosis of COVID- 19. 
The association between vaccination status and 90- day risk of each 
outcome was evaluated separately in SOT and non- ISC cohorts using 
multivariable Cox proportional hazards models adjusting for the co-
variates indicated above, including COVID variant dominance period 
(with time since transplant, organ type, and immunosuppression reg-
imen in the SOT group) to determine cause- specific hazard ratios, or 
multivariable logistic regression for the binary outcomes of hospital-
ization or need for ECMO/ventilation/death.

2.6  |  Secondary analyses

The analyses described above were repeated using organ- specific 
cohorts ([i] kidney, [ii] liver, [iii] lung, and [iv] heart transplant recipi-
ents separately) instead of all SOT to examine each outcome after 
BTCo. For this secondary analysis, patients with combined trans-
plants were excluded from the organ- specific cohorts.

2.7  |  Sensitivity analysis

We repeated our primary and secondary analysis censoring at 
180 days after VAX2 for BTCo.

Our study protocol received Institutional Review Board (IRB) ap-
proval from the University of Nebraska Medical Center and Johns 
Hopkins University and the N3C Data Access Committee prior to 
analysis. All statistical analyses were performed using R within the 
N3C Enclave, in accordance with N3C privacy requirements.

3  |  RESULTS

3.1  |  Breakthrough COVID infection risk

Over the study period, following either VAX2 or VAX3, BTCo occurred 
in 4776 (24%) SOT recipients and 419 433 (21%) non- ISC patients, 
Tables 1 and 2. Median time from vaccination to BTCo was 149 days 
(IQR 99– 233) in the SOT cohort and 201 days (IQR 112– 258) in the 
non- ISC cohort (p- value <.001). 8193 SOT recipients and 1 343 841 
non- ISC patients with UVS were also diagnosed with COVID over the 
study period (Tables 1 and 2). Characteristics of the SOT and non- ISC 
patients who received VAX2 are shown in Table S2.

The 180- day cumulative incidence of BTCo post- VAX2 in the non- 
ISC population and in the SOT cohort by organ type (kidney, liver, lung, 
or heart) is shown in Figure 1 and combined (all SOT) in Figure S4. Heart 
recipients had the highest cumulative incidence of BTCo. Uncensored 
cumulative incidence showed similar distributions, Figure S5. The ad-
justed risk of BTCo among VAX2 and VAX2 boosted non- ISC and SOT 
recipients is shown in Table 3 overall, and by period of time. Overall, 
SOT status (all organ types) was independently associated with risk of 
BTCo (hazard ratio [HR] 1.76, 95% confidence interval [CI] 1.67– 1.85 
relative to non- ISC). In an analysis adjusting for specific organ type, 
lung recipients were highest risk for BTCo (HR 2.11, 95% CI 1.91– 2.33) 
and liver recipients were lowest risk (HR 1.39, 95% CI 1.28– 1.52) rel-
ative to non- ISC. Relative to non- ISC, SOT recipients were highest risk 
of BTCo early in the pandemic, with the relative risk attenuating over 
time (SOT vs. non- ISC: HR 2.35, 95% CI 1.80– 3.08 during the pre- 
Delta wave; HR 1.67, 95% CI 1.53– 1.81 during the Delta wave; HR 
1.51, 95% CI 1.41– 1.61 during the Omicron wave), Table 3.

3.2  |  Outcomes among those with breakthrough 
COVID infection

Among those who experienced COVID- 19 infection over the study 
period, 90- day MARCE occurred in 3.6% of non- ISC and 33.9% of 
SOT UVS patients. In VAX2 patients, 90- day MARCE occurred in 2.1% 
of non- ISC patients and 27.0% of SOT, Table S3a. The relative risk of 
MARCE was 12.9- fold higher in SOT versus non- ISC with VAX2, but 
20.0% lower than SOT with UVS. The crude rate of each adverse out-
come (MARCE, MACE, AKI, death, hospitalization, need for ECMO, 
ventilation or death, rejection, and graft loss) in VAX2 patients with 
BTCo is shown in Figure 2, separately for non- ISC patients (exclud-
ing rejection and graft loss), all SOT, and individually by kidney, liver, 
lung, and heart organ type. The crude rates of each outcome in non- 
ISC and SOT recipients with VAX2 versus UVS are shown in Table S3. 
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TA B L E  1  COVID- 19 infection in solid organ transplant recipients by vaccination status

Variable Unconfirmed vaccine status, N = 8193 Primary series (VAX2)a, N = 2724 VAX3a, N = 2052

Sex

Male 4823 (59%) 1563 (57%) 1205 (59%)

Female 3370 (41%) 1161 (43%) 847 (41%)

Age

18– 45 2291 (28%) 645 (24%) 391 (19%)

46– 65 3926 (48%) 1274 (47%) 981 (48%)

>65 1976 (24%) 805 (30%) 680 (33%)

Race/Ethnicity

White 4640 (57%) 1520 (56%) 1255 (61%)

Black/African American 1550 (19%) 623 (23%) 439 (21%)

Hispanic/Latino 1114 (14%) 351 (13%) 189 (9.2%)

Other/Unknown 889 (11%) 230 (8.4%) 169 (8.2%)

Comorbidities

CKD 5889 (72%) 2038 (75%) 1583 (77%)

Hypertension 6781 (83%) 2345 (86%) 1772 (86%)

Diabetes 4658 (57%) 1626 (60%) 1265 (62%)

COPD/Asthma 1468 (18%) 572 (21%) 492 (24%)

Cancer 1332 (16%) 497 (18%) 438 (21%)

CAD 2312 (28%) 851 (31%) 695 (34%)

CHF 2461 (30%) 869 (32%) 647 (32%)

PVD 1776 (22%) 665 (24%) 553 (27%)

Liver 1246 (15%) 445 (16%) 335 (16%)

Obesity

BMI >30 2779 (34%) 877 (32%) 683 (33%)

Missing 1299 (16%) 506 (19%) 329 (16%)

Transplant status

Kidney 5415 (66%) 1752 (64%) 1296 (63%)

Liver 1836 (22%) 577 (21%) 385 (19%)

Lung 769 (9.4%) 292 (11%) 371 (18%)

Heart 1020 (12%) 394 (14%) 279 (14%)

Pancreas 67 (0.8%) 26 (1.0%) 21 (1.0%)

Multiple 839 (10%) 290 (11%) 274 (13%)

Time since transplant

<6 months 1250 (15%) 290 (11%) 148 (7.2%)

6– 24 months 2043 (25%) 692 (25%) 575 (28%)

>24 months 4900 (60%) 1742 (64%) 1329 (65%)

Maintenance immunosuppression

Prednisone 5680 (69%) 1862 (68%) 1517 (74%)

Tacrolimus 5916 (72%) 1880 (69%) 1591 (78%)

Cyclosporine 726 (8.9%) 252 (9.3%) 152 (7.4%)

MMF 5662 (69%) 1819 (67%) 1530 (75%)

Induction immunosuppression

ATG 715 (8.7%) 243 (8.9%) 215 (10%)

Basiliximab 388 (4.7%) 139 (5.1%) 176 (8.6%)

Time period

(Continues)
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Irrespective of vaccination status, SOT were higher risk for each post- 
COVID complication than non- ISC patients; 90- day mortality was 
10.3- fold higher in VAX2 SOT than non- ISC. VAX2 heart transplant 

recipients were at the highest risk for MARCE, MACE, organ rejection, 
and graft loss, whereas lung recipients were higher risk for AKI, death, 
hospitalization, and combined ECMO/ventilation/death.

Variable Unconfirmed vaccine status, N = 8193 Primary series (VAX2)a, N = 2724 VAX3a, N = 2052

Pre- Delta (<June 20, 2021) 2399 (29%) 210 (7.7%) <20b

Delta (June 20, 2021– December 19, 
2021)

2407 (29%) 1244 (46%) <380b

Omicron (≥December 20, 2021) 3387 (41%) 1270 (47%) 1674 (82%)

aInfections occurred ≥14 days following COVID- 19 vaccine.
bN3C privacy policies require censoring small cell counts (<20) and obfuscating adjacent cells to prevent back- calculating for all summary statistics.

TA B L E  1  (Continued)

Variable

Unconfirmed 
vaccine status, 
N = 1 343 841

Primary series 
(VAX2)a, N = 338 252

VAX3a, 
N = 81 181

Sex

Male 615 261 (46%) 129 403 (38%) 30 100 (37%)

Female 728 580 (54%) 208 849 (62%) 51 081 (63%)

Age

18– 45 786 274 (59%) 167 232 (49%) 31 786 (39%)

46– 65 388 757 (29%) 113 768 (34%) 27 725 (34%)

>65 168 810 (13%) 57 252 (17%) 21 670 (27%)

Race/Ethnicity

White 856 821 (64%) 238 589 (71%) 59 262 (73%)

Black/African American 155 436 (12%) 34 525 (10%) 6729 (8.3%)

Hispanic/Latino 140 423 (10%) 36 360 (11%) 7358 (9.1%)

Other/Unknown 191 161 (14%) 28 778 (8.5%) 7832 (9.6%)

Comorbidities

CKD 34 783 (2.6%) 13 194 (3.9%) 4342 (5.3%)

Hypertension 222 952 (17%) 80 662 (24%) 23 685 (29%)

Diabetes 120 566 (9.0%) 43 859 (13%) 12 708 (16%)

COPD/Asthma 107 209 (8.0%) 34 011 (10%) 9539 (12%)

Cancer 41 892 (3.1%) 16 145 (4.8%) 6238 (7.7%)

CAD 44 909 (3.3%) 16 575 (4.9%) 5478 (6.7%)

CHF 36 506 (2.7%) 11 703 (3.5%) 3544 (4.4%)

PVD 32 610 (2.4%) 12 930 (3.8%) 4149 (5.1%)

Liver 10 680 (0.8%) 3539 (1.0%) 923 (1.1%)

Obesity

BMI >30 243 837 (18%) 62 050 (18%) 15 653 (19%)

Missing 801 923 (60%) 206 491 (61%) 43 608 (54%)

Time period

Pre- Delta (<June 20, 
2021)

392 000 (29%) 6505 (1.9%) 89 (0.1%)

Delta (June 20, 
2021– December 19, 
2021)

495 743 (37%) 137 794 (41%) 6670 (8.2%)

Omicron (≥December 20, 
2021)

456 098 (34%) 193 953 (57%) 74 422 (92%)

aInfections occurred ≥14 days following COVID- 19 vaccine.

TA B L E  2  COVID- 19 infection in 
non- immunocompromised patients by 
vaccination status
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3.3  |  Outcomes among those with COVID infection 
by vaccination status

The adjusted hazard ratio (aHR) for each outcome in VAX2 non- ISC 
patients and SOT recipients with COVID- 19, relative to UVS non- 
ISC and SOT, respectively, is shown in Figure 3. Figure S6 depicts 
the aHR for each outcome in the smaller subset of non- ISC and SOT 
patients with VAX3 and adequate follow- up time, relative to UVS. 
Table S4 also depicts the aHR associated with VAX2 and in those 
with data, VAX3. The benefit of vaccination in reducing risk of each 
complication was greater in the non- ISC cohort, but SOT recipients 
also achieved significant benefit with vaccination for all outcomes 
compared to those with UVS. The greatest relative benefit with 
VAX2 for both non- ISC and SOT cohorts was in reducing COVID- 19 
mortality (HR 0.37, 95% CI 0.36– 0.39 for non- ISC and HR 0.67, 95% 
CI 0.57– 0.78 for SOT relative to UVS). An organ- specific breakdown 
of vaccine efficacy in reducing each outcome is shown in Figure S7; 
the benefit of vaccination versus UVS did not differ significantly by 
organ type.

4  |  DISCUSSION

SOT recipients have been shown to have a blunted humoral response 
to mRNA vaccination against COVID- 19,13– 23 however, studies ex-
amining clinical outcomes in vaccinated SOT recipients with BTCo 
are limited. Here, we present the largest study to date of outcomes 
following BTCo infection in SOT recipients; over 4700 vaccinated 
SOT recipients with BTCo (defined as having received at least two 
doses of an mRNA vaccine or one dose of J&J). While the benefit 
of vaccination was attenuated in SOT recipients versus in non- ISC 
controls, VAX2 SOT still had a significantly lower risk of all outcomes 
post- COVID than those with UVS. This was particularly true for 
more severe outcomes; the composite of needing ECMO, ventila-
tion, or death was reduced by 26% in VAX2 SOT, and isolated mor-
tality was reduced by 33% relative to those with UVS. Additionally, 
we show that breakthrough infection occurred earlier in SOT than 
in non- ISC patients and vaccinated SOT experienced more adverse 
complications than vaccinated non- ISC populations; 90- day mortal-
ity was 10.3- fold higher in VAX2 SOT than non- ISC.

F I G U R E  1  The cumulative incidence of COVID- 19 breakthrough infection in the 6 months postVAX2 in the non- ISC population and in 
the SOT cohort by organ type. ISC, immunosuppressed/immunocompromised.
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TA B L E  3  Multivariable Cox proportional hazard model for the adjusted risk of breakthrough COVID- recipients overall and by COVID- 19 
period

Variable
All periods, HR 
(95% CI)

All periods (organ specific), 
HR (95% CI)

Pre- Delta wave, HR 
(95% CI)

Delta wave, HR 
(95% CI)

Omicron wave, 
HR (95% CI)

Vaccination status

VAX2 Ref Ref – – – 

VAX3 0.33 (0.33, 0.33) 0.33 (0.33, 0.33) – – – 

Pre- vaccination 
COVID infection

0.18 (0.18, 0.19) 0.18 (0.18, 0.19) – – – 

Sex

Male 0.89 (0.89, 0.90) 0.89 (0.89, 0.90) 0.97 (0.93, 1.02) 0.94 (0.93, 0.95) 0.86 (0.85, 
0.87)

Female Ref Ref Ref Ref Ref

Age (median)

18– 45 Ref Ref Ref Ref Ref

46– 65 0.94 (0.94, 0.95) 0.95 (0.94, 0.95) 1.12 (1.06, 1.20) 1.12 (1.10, 1.13) 0.81 (0.80, 
0.82)

>65 0.83 (0.82, 0.84) 0.83 (0.82, 0.84) 1.30 (1.21, 1.39) 1.24 (1.22, 1.26) 0.63 (0.62, 
0.63)

Race/Ethnicity

White Ref Ref Ref Ref Ref

Black/African 
American

0.82 (0.81, 0.82) 0.81 (0.81, 0.82) 1.10 (1.02, 1.20) 0.54 (0.53, 0.55) 1.02 (1.00, 
1.03)

Hispanic/Latino 0.75 (0.75, 0.76) 0.75 (0.75, 0.76) 1.16 (1.07, 1.25) 0.54 (0.53, 0.55) 0.91 (0.90, 
0.92)

Other/Unknown 0.61 (0.60, 0.62) 0.61 (0.60, 0.62) 1.18 (1.09, 1.27) 0.53 (0.52, 0.54) 0.78 (0.77, 
0.79)

Comorbidities

CKD 1.01 (0.99, 1.02) 1.01 (0.99, 1.02) 1.06 (0.96, 1.17) 1.05 (1.02, 1.08) 1.01 (0.99, 
1.03)

Hypertension 1.03 (1.02, 1.03) 1.03 (1.02, 1.03) 0.91 (0.86, 0.98) 1.01 (1.00, 1.03) 1.05 (1.04, 
1.06)

Diabetes 1.15 (1.14, 1.16) 1.15 (1.14, 1.16) 1.15 (1.07, 1.23) 1.13 (1.11, 1.15) 1.09 (1.07, 
1.10)

COPD/Asthma 1.02 (1.01, 1.03) 1.02 (1.01, 1.03) 1.03 (0.95, 1.11) 1.00 (0.98, 1.02) 1.05 (1.04, 
1.07)

Cancer 0.82 (0.81, 0.83) 0.82 (0.81, 0.83) 1.19 (1.10, 1.29) 0.84 (0.82, 0.86) 0.85 (0.83, 
0.86)

CAD 0.96 (0.95, 0.98) 0.96 (0.95, 0.98) 0.99 (0.90, 1.09) 0.98 (0.95, 1.00) 0.99 (0.97, 
1.01)

CHF 0.93 (0.92, 0.95) 0.93 (0.91, 0.95) 1.22 (1.10, 1.35) 0.95 (0.92, 0.97) 0.97 (0.95, 
0.99)

PVD 0.81 (0.80, 0.82) 0.81 (0.80, 0.82) 0.80 (0.73, 0.88) 0.89 (0.87, 0.91) 0.86 (0.84, 
0.87)

Liver 0.85 (0.82, 0.87) 0.86 (0.84, 0.89) 1.13 (0.96, 1.32) 0.87 (0.83, 0.92) 0.88 (0.85, 
0.91)

Obesity

BMI > 30 1.19 (1.18, 1.20) 1.19 (1.18, 1.20) 1.06 (1.00, 1.13) 1.23 (1.21, 1.25) 1.12 (1.10, 
1.13)

Missing 3.40 (3.37, 3.42) 3.40 (3.37, 3.42) 1.33 (1.26, 1.41) 3.01 (2.97, 3.05) 2.62 (2.59, 
2.65)

Solid organ 
transplant

1.76 (1.67, 1.85) 2.35 (1.80, 3.08) 1.67 (1.53, 1.81) 1.51 (1.41, 
1.61)
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The Center for Disease Control and American Society of 
Transplantation currently recommend SOT recipients receive three 
mRNA vaccine doses, two doses of J&J, or 1 dose mRNA + 1 dose J&J, 
all with an additional mRNA booster.26,36 Studies have demonstrated 
a favorable humoral response to the third BNT162b2 vaccine dose in 
SOT recipients with the proportion of patients with detectable anti- 
SARS- CoV- 2 antibodies increasing from 40% after the second dose 
to 68% 4 weeks after the third dose.37 In our study, we demonstrate a 

median time from VAX2 to BTCo infection of 5.0 months in the SOT 
cohort and 6.7 months in the non- ISC cohort. This difference suggests 
a potential benefit of a shorter interval for booster doses in the SOT 
population and aligns with CDC recommendations.

We have previously shown that in the pre- vaccine era, the out-
comes after COVID- 19 infection vary by SOT type, with heart and 
kidney recipients at the greatest risk for most complications.8 A later 
study examined the differential antibody response to a second dose 

Variable
All periods, HR 
(95% CI)

All periods (organ specific), 
HR (95% CI)

Pre- Delta wave, HR 
(95% CI)

Delta wave, HR 
(95% CI)

Omicron wave, 
HR (95% CI)

Organ type

Kidney 1.81 (1.70, 1.91)

Liver 1.39 (1.28, 1.52)

Lung 2.11 (1.91, 2.33)

Heart 1.83 (1.66, 2.02)

Maintenance immunosuppression

Prednisone 1.10 (1.09, 1.11) 1.10 (1.09, 1.11) 0.92 (0.86, 0.99) 1.11 (1.09, 1.12) 1.09 (1.08, 
1.11)

Tacrolimus 0.88 (0.84, 0.92) 0.89 (0.85, 0.93) 0.81 (0.62, 1.05) 0.81 (0.74, 0.87) 0.92 (0.87, 
0.98)

Cyclosporine 0.89 (0.85, 0.93) 0.89 (0.85, 0.93) 1.06 (0.83, 1.35) 0.88 (0.81, 0.94) 0.90 (0.84, 
0.95)

MMF 1.27 (1.20, 1.34) 1.25 (1.18, 1.33) 1.76 (1.31, 2.36) 1.14 (1.03, 1.25) 1.20 (1.12, 
1.29)

Induction immunosuppression

ATG 1.03 (0.94, 1.14) 1.02 (0.91, 1.13) 1.02 (0.65, 1.62) 1.17 (0.99, 1.38) 0.89 (0.78, 
1.01)

Basiliximab 1.17 (1.04, 1.31) 1.00 (0.87, 1.14) 1.11 (0.65, 1.88) 0.94 (0.77, 1.16) 1.07 (0.92, 
1.23)

TA B L E  3  (Continued)

F I G U R E  2  The proportion of non- immunosuppressed, all solid organ transplant, and organ specific transplant (kidney, liver, lung, heart) 
patients who experienced adverse outcomes in the 90 days after COVID- 19 infection in those with two doses of mRNA or one dose of 
Johnson & Johnson (VAX2). ISC, immunosuppressed/immunocompromised; SOT, solid organ transplant; MARCE, major adverse renal or 
cardiac event; MACE, major adverse cardiac event; AKI, acute kidney injury; ECMO, extracorporeal membrane oxygenation.
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of the mRNA vaccine in SOT recipients by organ type, and demon-
strated the lowest seroconversion rate in heart (18.8%), followed 
by kidney (45.5%), and liver (69.4%) recipients. However, the total 
SOT included in the study was only 226, and lung transplant recip-
ients were not included, with no assessment of clinical outcomes 
following vaccination.38 After VAX2, earlier studies have shown an 
immune response (either humoral or cellular) in 65% of kidney re-
cipients (n = 117), 87% of heart recipients (n = 46), and 93% of liver 
recipients (n= 58) with an isolated humoral response demonstrated 
in only 29.9%, 57%, and 71%, respectively.25

We show for the first time that there are significant differences 
in the cumulative incidence of BTCo infection by organ type, with 
lung recipients at the highest adjusted risk and liver recipients low-
est. Furthermore, we examine clinical outcomes after BTCo in a 
vaccinated non- ISC cohort, among all SOT, and by individual organ 

type. The risk of MARCE, MACE, organ rejection, and graft loss 
was highest in heart recipients with BTCo, whereas lung recipients 
were highest risk for AKI, death, hospitalization, and the compos-
ite of ECMO/ventilation/death. Conversely, the risk of all outcomes 
(except hospitalization) in the vaccinated non- ISC cohort was low 
(<3%).

Despite the demonstrated benefit, albeit attenuated, with VAX2 
in the SOT population, immunosuppressed transplant recipients re-
main at significant risk for adverse COVID- attributable outcomes. 
Therefore, it is important that vaccinated SOT recipients continue 
to practice behavior modifications to minimize exposure risk, in-
cluding masking, handwashing, and social distancing. Vaccination of 
close contacts should be prioritized, similar to influenza vaccination 
recommendations.39 Strategies to improve immune response may 
also be considered. These may include vaccination of waitlisted 

F I G U R E  3  The adjusted relative hazard ratios for adverse outcomes after COVID- 19 infection in VAX2 non- ISC patients and SOT 
recipients relative to those with unconfirmed vaccination status. ISC, immunosuppressed/immunocompromised; SOT, solid organ transplant; 
MARCE, major adverse renal or cardiac event; MACE, major adverse cardiac event; AKI, acute kidney injury; ECMO, extracorporeal 
membrane oxygenation; HR, hazard ratio; OR, odds ratio.
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transplant candidates, recognizing that those with organ failure may 
have less humoral immunity than healthy individuals,18,23 avoiding 
vaccination in the early transplant period when immunosuppression 
levels are highest may be considered,40 or holding mycophenolic 
acid at the time of vaccination to enhance the vaccine response.41,42 
However, these approach have not been systematically studied and 
the potential risks and benefit of each requires further study.

This is the largest study to examine clinical outcomes after BTCo 
infection in vaccinated SOT recipients (compared with UVS SOT re-
cipients and vaccinated non- ISC patients) and the first to explore 
organ specific clinical outcomes after BTCo. However, there are 
limitations. Due to the nature of inclusion criteria for the N3C, we 
did not have access to a representative cohort of patients without 
COVID- 19. We were therefore unable to determine if the incidence 
of BTCo in vaccinated SOT recipients was reduced relative to the 
unvaccinated cohort or how it compared to the reduction in BTCo 
infection in vaccinated non- ISC patients. We could only examine dif-
ferences in complication rates by vaccine status in those who were 
diagnosed with COVID- 19 in the N3C database, which may repre-
sent a different subgroup less likely to mount any immune response 
to vaccination. While we demonstrate a reduction in adverse out-
comes in the VAX2 SOT (and non- ISC populations), this risk reduc-
tion would be expected to be greater if our cohort was incepted at 
the time of vaccination (rather than at BTCo) to account for the antic-
ipated reduction in the risk of even acquiring BTCo in the vaccinated 
versus non- vaccinated populations. Furthermore, not being able to 
confirm our control group as unvaccinated is another limitation as it 
could have been contaminated with a small subset of unrecognized 
vaccination. However, this would only attenuate the benefit demon-
strated with vaccination versus the UVS control group. Therefore, 
there is the potential that the benefit we demonstrate in this study 
may underestimate the true benefit of vaccination in SOT patients. 
Nevertheless, we would expect the risk of undocumented vacci-
nation to be similar in the SOT and non- ISC cohorts, and thus the 
comparison of relative risk reduction with vaccination between the 
two groups is reasonable. We did not have any information regarding 
seroconversion or antibody titers in either group after vaccination 
to correlate with clinical outcomes, nor did we have data regarding 
the culprit SARS- Co- V- 2 variants. This information is not collected 
in a consistent fashion across patient populations, however, we did 
adjust for the temporal periods that have been shown to correlate 
with the pre- Delta, Delta, and Omicron COVID- 19 variants. Finally 
and most importantly, four doses of an mRNA vaccination are now 
standard of care for reducing BTCo risk in SOT.26 Given insufficient 
follow- up time to accumulate events, our study primarily examines 
BTCo outcomes after what is currently considered incomplete vac-
cination (two doses of a two dose series or one dose of J&J). We 
include subgroup analyses of a smaller cohort of patients with VAX3 
dosing, however, given low event rates in the SOT cohort with BTCo 
following VAX3, we could not perform reliable organ- specific anal-
yses. While future studies will further explore risk reduction in SOT 
and non- ISC populations with BTCo infection after a third +/− fourth 
mRNA vaccine dose, we feel the current study still contributes 

important information to the growing body of literature examining 
COVID vaccination in SOT. Reliance on post- vaccination anti- SARS- 
CoV- 2 antibody titers alone to predict COVID- attributable risk may 
not be sufficient given the abysmal humoral response demonstrated 
in SOT recipient post- vaccine, yet we demonstrated reduction in se-
rious COVID complications after only a two- dose vaccine regimen in 
this population. The benefit would be expected to be even greater 
following a third and/or fourth vaccine dose. Despite the poor sero-
logic vaccine response in SOT, our study reiterates the importance 
of vaccination in SOT.

In conclusion, in the largest study of BTCo in SOT to date, we 
demonstrate that while COVID- 19 VAX2 in the SOT population is 
not as effective at reducing adverse outcomes from BTCo as in the 
non- ISC population, there are still marked benefits. COVID- 19 infec-
tion occurred at a median of 5.0 months post- VAX2, which may influ-
ence decisions around third dose timing. The effect a third dose has 
on minimizing adverse outcomes after BTCo requires study when 
sufficient data and follow- up time are available. Finally, although 
this study demonstrates moderate benefit in reducing major com-
plications after BTCo in SOT recipients, immunosuppressed patients 
must remain vigilant of their risk and continue to minimize exposure.
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