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Objective: This study aims to evaluate the prevalence, clinical characteristics,

severity, mortality, and outcomes of COVID-19 infection in heart transplant

recipients, focusing on risk factors for severe disease.

Methods: A retrospective, observational study was conducted on adult heart

transplant patients (HTxs) at Fuwai Hospital from December 1, 2022, to February

28, 2023, with follow-up until May 30, 2024. Clinical data were collected via

telephone surveys and medical records. Logistic regression analyses were

conducted to explore risk factors for severe disease.

Results: In total, 728 of the 916 HTxs were infected with COVID-19 (79.48%); the

vaccination rate was 27.95%. Of infected cases, 56.18% were mild, 18.82%

moderate, 19.26% severe, and 5.77% critical. Severe disease occurred in

25.00%, with a mortality rate of 4.54%. Logistic regression analyses revealed

that age (OR 1.048, 95% CI 1.031-1.066, P<0.001), history of diabetes (OR 1.829,

95% CI 1.221-2.740, P=0.005), Chronic kidney disease stage≥3 (OR 2.557, 95% CI

1.650-3.963, P<0.001) and immunosuppressive regimens including sirolimus (OR

1.639, 95% CI 1.145-2.348, P=0.007) were independent risk factors for severe

infection, while age (OR 1.102, 95% CI 1.053-1.154, P<0.001) and Chronic kidney

disease stage≥3 (OR 6.342, 95% CI 2.980-13.499, P<0.001) were independent

risk factors for post-infection mortality. COVID-19 vaccination (OR 0.169, 95% CI

0.039-0.733, P=0.018) was found to be a protective factor against post-

infection mortality.

Conclusion: COVID-19 vaccination is recommended for HTxs to reduce severe

outcomes andmortality. Sirolimus use was independently associated with severe

infection, highlighting the need for careful management of immunosuppression.
KEYWORDS

heart transplantation, COVID-19 infection, omicron variant, severity rate, risk factors,
COVID-19 vaccine, sirolimus
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1 Introduction

Since the onset of the global pandemic in early 2020, there have

been over 662 million confirmed cases of COVID-19 as reported by

the World Health Organization by March 2024 (World Health

Organization. Coronavirus (COVID-19) dashboard. https://

covid19.who.int). Heart transplant recipients(HTxs), due to their

chronic use of immunosuppressive medications and prevalent

comorbidities, are thought to be at a significantly higher risk of

contracting SARS-CoV-2 and experiencing severe outcomes (1).

Multiple studies have demonstrated that SARS-CoV-2 infection in

this patient population is associated with high rates of case fatality

and hospitalization (2–5).

The emergence of the Omicron variant in late 2021 marked a

significant turning point in the pandemic’s course. Although the

Omicron variant has shown higher transmissibility, research

indicates that its symptoms and outcomes are generally less

severe than those associated with earlier variants (6, 7).

However, data specific to HTxs and the long-term effects of

Omicron in this population remain sparse and unclear. This study

seeks to fill this gap by conducting the largest single-center analysis

to date, examining the clinical characteristics, risk factors, disease

progression, and follow-up outcomes of heart transplant recipients

infected with Omicron. The study also reviews the protective effects

of COVID-19 vaccination in this population, specifically focusing

on mortality reduction. Additionally, the impact of different

immunosuppressive therapies on COVID-19 outcomes in HTxs is

a central point of analysis.
2 Methods

2.1 Research design and methodology

This single-center, retrospective, observational study conducted

in a real-world setting at Fuwai Hospital, Beijing, China. It focused

on HTxs affected by COVID-19 during the prevalence of the

Omicron variant. The enrollment period was from December 1,

2022, to February 28, 2023, coinciding with the peak of the Omicron

variant wave.

Inclusion Criteria: The study included adult patients (≥18 years

old) who had undergone heart transplantation at least one month

before enrollment. The informed consent of deceased patients is the

consent of their family members. The remaining patients provided

informed consent on their own. Before collecting information from

patients who are followed up by phone, an informed consent was

read out, and only after obtaining consent can information be

collected. For deceased recipients, informed consent was obtained

from their family members. Exclusion Criteria: The study excluded

patients who declined participation, those who had passed away

before the start of the study, and those infected with SARS-CoV-2

prior to heart transplantation.

The study followed the ethical guidelines outlined in the

Declaration of Helsinki (1975 revision) and Strengthening the

Reporting of Observational Studies in Epidemiology (STROBE)
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guidelines. The study was approved by the Fuwai Hospital Ethics

Committee (Approval No. 2023-1955). All transplanted organs

were obtained voluntarily and without coercion, with documented

informed consent from donors. The study complies with the

Declaration of Istanbul and with relevant national and

institutional ethical standards. For all telephone interviews, verbal

informed consent was obtained following an approved consent

process, and all consent procedures were recorded and archived

in accordance with the requirements of the institutional ethics

committee. Data handling complied with institutional and

national privacy regulations. Regular follow-up was conducted for

recipients diagnosed with COVID-19 infection, until March

31, 2024.
2.2 COVID-19 diagnosis

All patients were enrolled during the outbreak of the Omicron

variant. Hospitalized patients and some home patients were

confirmed to be infected with the Omicron variant through PCR.

Some home patients were diagnosed using antigen testing and could

not be determined to be infected with the Omicron variant. The

classification of COVID-19 severity was based on the criteria

outlined in the 10th Edition of China’s Diagnosis and Treatment

Protocol for COVID-19 (8). The mild disease cases were those only

got upper respiratory tract infection symptoms, such as dry throat,

sore throat, cough, or fever. Moderate disease cases were those

persistent high fever for more than 3 days or (and) coughing,

shortness of breath, but respiratory rate (RR)<30 breaths/min, and

oxygen saturation greater than 93% when inhaling air in a resting

state. Imaging findings showed characteristic pneumonia caused by

COVID-19. Severe cases characterized by significant respiratory

distress (respiratory rate ≥30 breaths/min, oxygen saturation <93%,

or worsening lung lesions, PaO2/FiO2 ≤300 mmHg). Critical cases

were defined as those involving respiratory failure necessitating

mechanical ventilation, shock, or multi-organ failure, requiring

intensive care unit (ICU) admission.
2.3 Data collection, vaccination, and
follow-up

Data collection was conducted via telephonic surveys and

comprehensive medical record analysis. For all included cases,

hospitalization, ICU admission, mortality, and biopsy-proven

rejection were validated through institutional medical records

whenever patients received care in either outpatient or inpatient

settings. Only for patients who did not seek medical care at any

healthcare facility were telephone interviews used to obtain clinical

information. Data collected from phone interviews was confirmed

with inpatient medical record data. The confirmed data includes:

vaccination status, the type of vaccines used, dosage, inoculation

times, and outcomes. A specialized online data collection platform

was utilized to gather demographic data including age, gender,

weight, and body mass index; medical history related to heart
frontiersin.org
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transplantation; and medication information including

immunosuppressive regimens and other combined medications.

All enrolled patients in our study received inactivated COVID-19

vaccines; no mRNA vaccines were administered. Vaccination status

was classified as unvaccinated, 1 dose, 2 doses, or ≥3 doses. This

reflects national vaccine availability during the study period in

China, where inactivated vaccines were predominantly used. The

primary endpoints were pre-specified and included: the incidence

rate, mortality rate, and severity rates (defined as a composite

endpoint comprising all-cause mortality and cases meeting the

criteria for severe or critical disease, including ICU admission) of

novel coronavirus infection post-heart transplantation. Secondary

outcomes included vaccination status, hospitalization rates, and

biopsy-proven rejection during follow-up. The follow-up period

continued until death or the end of the study.

Data extraction focused on variables associated with COVID-19

severity and mortality, such as age, gender, BMI, transplantation

etiology, smoking history, hypertension, diabetes, cerebrovascular

and chronic respiratory diseases, chronic kidney disease (CKD),

vaccination history, and immunosuppressive regimen adjustments

during the infection phase. Univariate and multivariate analyses

were applied based on these variables. Due to the small number of

severe outcomes in individual dose groups, vaccination was

analyzed as a binary variable (vaccinated vs. unvaccinated) in

multivariable logistic regression models. Time-to-event analyses,

such as Kaplan-Meier curves or Cox proportional hazards models,

were not feasible in this study due to the short interval between

infection and clinical outcomes and the uncertainty in defining the

exact onset time. Logistic regression was therefore used to model

binary outcomes.
2.4 Statistical methodology

Continuous variables were summarized as means (± SD) or

medians (IQR), and categorical variables as frequencies

(percentage). Univariate comparisons were conducted using the

c2 test or Fisher exact test for categorical variables, and the Student’s
t-test or Mann-Whitney U-test for continuous variables, as

appropriate. Logistic regression models were used to calculate

odds ratios (ORs) with corresponding 95% confidence intervals

(CIs). Variables with a P-value < 0.05 in univariate analysis or those

deemed clinically relevant were included in multivariable logistic

regression models to identify independent predictors. A two-sided P

< 0.05 was considered statistically significant. Analyses were

performed with SAS version 9.4 (SAS Institute, Cary, NC, USA).
3 Results

3.1 Baseline characteristics

This study included 916 adult heart transplant recipients. The

mean age was 52.01± 13.20 years, and 215 (23.47%) were female.

During the enrollment period, which spanned from December 1,
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2022, to February 28, 2023, 728 (79.48%) patients developed

COVID-19, as detailed in Table 1. 27.95% (256/916) of the HTxs

were vaccinated. Among the COVID-19 group, hypertension(431,

59.20%)was the most prevalent comorbidity, followed by diabetes

mellitus (423, 58.10%), chronic kidney disease stage≥3 (97, 16.00%).
3.2 Clinical outcomes of COVID-19
infection

Among the 728 infected HTxs, the severity was categorized as mild

(409, 56.18%), moderate (137, 18.82%), severe (140, 19.26%), and

critical (42, 5.77%), with the rate of severe illness (severe and critical

combined) being 25.00% (182/728), as detailed in Table 2. The

hospitalization rate was 27.06% (197/728), with 17.61% (128/728)

requiring ICU treatment. The mortality rate was 4.54% (34/728).

The clinical characteristics of COVID-19 in HTxs did not

significantly differ from those in non-transplanted patients (9),

with the most common symptoms being fever (612/728, 84.18%),

fatigue (467/728, 64.24%), cough (466/728, 64.10%), and myalgia

(409/728, 56.26%). However, HTxs experienced prolonged

durations of infection, with 53.78% (391) exceeding 14 days.
3.3 Risk factors for severe infection and
fatal cases among infected patients

The study analyzed demographic and clinical data to identify

risk factors for severe COVID-19 infection and mortality among

HTxs. Key variables evaluated included age, sex, body mass index,

vaccination status, comorbidities, and immunosuppressive

regimens. Comparisons were made between recipients with severe

infections and those with non-severe infections, as well as between

survivors and non-survivors, as detailed in Tables 3, 4.

Age was an independent risk factor for both severe COVID-19

outcomes and mortality in HTxs. The odds ratio (OR) for severity was

1.048 (95% CI: 1.031-1.066, p < 0.001), and for mortality, it was 1.102

(95% CI: 1.053-1.154, p < 0.001). Diabetes was an independent risk

factor for severe COVID-19 outcomes, with an OR of 1.829 (95% CI:

1.221-2.740, p = 0.005). CKD stage≥3, defined as an estimated

glomerular filtration rate (eGFR) of less than 60 mL/min/1.73 m²,

was a significant risk factor for both severe COVID-19 outcomes (OR

2.577, 95% CI: 1.650-3.963, p < 0.001) and mortality (OR 6.342, 95%

CI: 2.980-13.499, p < 0.001) in HTxs. Furthermore, the use of Sirolimus

also emerged as an independent risk factor for severe COVID-19

outcomes, demonstrating an OR of 1.639 (95% CI: 1.145-2.348, p

=0.007). Although tacrolimus use was associated with lower odds of

severe outcomes and mortality, these associations did not reach

statistical significance in multivariate analysis.
3.4 Impact of vaccination

The impact of vaccination on COVID-19 outcomes in HTxs

was assessed. The overall vaccination rate was 27.95% (256/916).
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4.37% (n = 40) of patients received one dose, 10.04% (n = 92)

received two doses, and 13.54% (n = 124) received three or more

doses (Table 1). Unvaccinated recipients showed significantly worse

outcomes than vaccinated individuals, exhibiting higher mortality

rates (6.10% vs. 0.99%, p = 0.005). Vaccination was associated with a

substantial reduction in COVID-19 mortality risk, with an OR of

0.169 (95% CI: 0.039-0.733, p = 0.018, Table 4).
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3.5 Long-term outcomes

The extended follow-up period for HTxs with COVID-19

infection spanned from March 1, 2023, to March 31, 2024.

During this period, one death among study participants was

attributed to acute rejection following COVID-19 infection, while

four additional deaths resulted from other heart transplant-related
TABLE 1 Demographic and clinical characteristics of the study participants.

Variable Total (n = 916)
Infection group
(n = 728)

Non infection group
(n = 188)

P value

Age, mean (SD), y 52.01 ± 13.20 51.80 ± 12.97 52.87 ± 14.03 0.318

Female, n (%) 215 (23.47) 164 (22.56) 51 (26.98) 0.184

BMI, mean (SD), kg/m2 24.44 ± 3.76 24.49 ± 3.76 24.23 ± 3.79 0.388

Time since HT, mean (SD), y 6.64 ± 4.53 6.67 ± 4.46 6.49 ± 4.80 0.633

Comorbidities, n (%)

Smoking 512 (55.90) 413 (56.73) 99 (52.66) 0.316

Diabetes 544 (59.39) 423 (58.10) 121 (64.36) 0.119

Hypertension 540 (58.95) 431 (59.20) 109 (57.98) 0.761

CKD stage≥3 143 (15.66) 97 (16.00) 27 (14.36) 0.582

Cancer 13 (1.42) 11 (1.51) 2 (1.06) 0.638

Cerebrovascular disease 59 (6.44) 49 (6.74) 10 (5.29) 0.470

Respiratory 63 (6.88) 55 (7.57) 8 (4.23) 0.107

Etiology, n (%) 0.900

Cardiomyopathy 729 (79.59) 583 (80.19) 146 (77.25)

Coronary artery disease 127 (13.86) 98 (13.48) 29 (15.34)

Valvular disease 27 (2.95) 20 (2.75) 7 (3.70)

Congenital heart disease 20 (2.18) 15 (2.06) 5 (2.65)

Others 13 (1.8) 11 (1.9) 2 (1.4)

Immunosuppressants, n (%)

Tac 463 (51.33) 363 (50.56) 100 (54.35) 0.359

CsA 336 (38.58) 266 (38.72) 70 (38.04) 0.867

MMF 876 (97.12) 698 (97.21) 178 (96.74) 0.731

Steroids 887 (98.34) 707 (98.47) 180 (97.83) 0.544

Sirolimus 376 (41.69) 305 (42.48) 71 (38.59) 0.339

COVID-19 vaccine,
n (%)

256 (27.95) 203 (27.88) 53 (28.19) 0.974

Dose 0.447

Unvaccinated 660 (72.05) 525 (72.12) 135 (71.81)

1 doses 40 (4.37) 33 (4.53) 7 (3.72)

2 doses 92 (10.04) 77 (10.58) 15 (11.72)

≥3 doses 124 (13.54) 93 (12.77) 31 (24.22)
Data are mean ± SD or median (interquartile range [IQR]) or n (%).
BMI, body mass index; HT, heart transplant; CKD, Chronic kidney disease; Tac, tacrolimus; CsA, cyclosporin A; MMF, mycophenolate sodium enteric-coated tablets or mycophenolate mofetil.
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complications, as detailed in Table 5. Acute rejection occurred in 16

(2.20%) of the infected HTxs, including 6 cases classified of Acute

Cellular Rejection (ACR) grade 2R, 2 cases of ACR grade 3R, and 4

cases of Antibody-Mediated Rejection (AMR). Although the

incidence of rejection was higher in the COVID-19 infection

group than in the non-infected group (2.20% vs. 0.53%, P=0.087),

this difference did not reach statistical significance.
4 Discussion

4.1 COVID-19 infections and outcomes

The heart transplant recipient’s cohort in our study was

primarily infected with the SARS-CoV-2 Omicron BA.5.2 and

BF.7 variants. Data concerning Omicron infections in HTxs

remain limited and are based on small-scale studies. Our study

represents the largest single-cohort analysis to date of HTxs,

involving 916 participants from Fuwai Hospital. The infection

rate was 79.48%, with severe infections occurring in 25.00% of

cases and a mortality rate of 4.54%. Non-mRNA COVID-19

vaccines significantly reduced mortality among HTxs and had a

protective effect against severe outcomes of COVID-19.

Initial data from the early stages of the pandemic indicated a high

severe disease rate and mortality rate among HTxs who contracted

COVID-19. A meta-analysis of 18 clinical studies conducted during the

Delta variant period revealed that among a total of 5588 heart transplant

patients, 2.54% contracted COVID-19. The likelihood of COVID-19

infection was markedly elevated in the HT population compared to the

general population (OR 5.47; 95% CI 3.03–9.89, I2 = 90.6%, P < 0.001)

(10). As the predominant strain shifted, the Omicron variant became

the dominant strain, with higher transmissibility and infection rates

compared to previous SARS-CoV-2 variants (11).

Although some studies suggest that the clinical presentation of

HTxs may be atypical (4), our study found that the most common

symptoms were fever (84.18%), fatigue (64.24%), cough (64.10%),

and myalgia (56.26%), with asymptomatic patients accounting for

only 1.38%. The clinical course did not significantly differ from that

of non-transplanted patients (9).
TABLE 2 COVID-19 infections and outcomes among heart
transplant recipients.

Characteristics Total (n = 728)

Time since HT, M (Q25,Q75), y 5.81 (2.90, 9.11)

Time since HT<1, 26 (10.45)

Time since HT≥1, 651 (89.55)

Symptoms, n (%)

Asymptomatic 10 (1.38)

Fever 612 (84.18)

Sore throat/dry throat 288 (39.61)

Fatigue 467 (64.24)

Myalgia 409 (56.26)

Cough 466 (64.10)

Nasal congestion/rhinorrhea 161 (22.15)

Gastrointestinal discomfort 182 (25.03)

Loss of taste/smell 199 (27.37)

Palpitations 88 (12.10)

Chest tightness, dyspnea 162 (22.28)

Duration of Symptoms, n (%)

Asymptomatic 7 (0.96)

1–7 days 200 (27.51)

8–14 days 129 (17.74)

More than 14 days 391 (53.78)

Highest Level of Medical Support During COVID-19 Infection,
n (%)

Home observation 339 (46.63)

Outpatient 192 (26.41)

Emergency 27 (3.71)

Inpatient 158 (21.74)

ICU 128 (17.61)

COVID-19 Infection Classification, n (%)

Mild 409 (56.18)

Moderate 137 (18.82)

Severe 140 (19.26)

Critical 42 (5.77)

Immunosuppressive Adjustments During Infection, n (%)

CNI (tacrolimus, cyclosporine) dose reduction
or discontinuation

312 (42.92)

MMF dose reduction or discontinuation 446 (61.35)

Sirolimus dose reduction or discontinuation 151 (20.77)

Dexamethasone use 102 (14.01)

(Continued)
TABLE 2 Continued

Characteristics Total (n = 728)

Immunosuppressive Adjustments During Infection, n (%)

Namatevir/Ritonavir 33 (4.53)

Azvudine 5 (0.69)

Symptom Outcomes Two Months Post-COVID-19 Infection

Recovered with no residual symptoms 567 (77.99)

Persistent symptoms related to COVID-19 infection 160 (22.01)

Death 34 (4.54)
HT, heart transplant; ECMO, Extracorporeal membrane oxygenation; ICU, Intensive
care unit.
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Early studies during the Delta variant period showed a significantly

higher risk among HTxs, with hospitalization rates ranging from

36.07% to 86.4%, and early mortality rates as high as 21%-28%,

compared to 1%-5% in the general population (1–4, 10, 12–16). A

meta-analysis of HTxs found a hospitalization rate of 82.9% (95% CI

77.1–87.9%; n = 242/298) and a pooledmortality rate of 27.6% (95%CI

23.2–32.2%; n = 107/384). Notably, the COVID-19 mortality rate in

HTxs was significantly higher than in the general population (OR 3.37;

95% CI 2.25–5.05, I2 = 64.5%, P < 0.001) (10). However, several studies

suggest that, after adjusting for comorbidities, the mortality risk for

SOTr requiring hospitalization appears to be similar to that of the

general population (1, 17, 18). As the pandemic evolved, some studies

reported that the Omicron variants were associated with lower risks of

severe outcomes in solid organ transplant recipients (SOTr) compared

to the Delta and original strains (5–7, 19, 20). A recent study from

Israel found that SOTr have significantly higher 30-day and 90-day

mortality rates (2.4% vs. 0.8%, HR 3.42; P < 0.001 and 3.2% vs. 1.2%,

HR 2.93; P < 0.001, respectively) and hospitalization rates (7.3% vs.

1.9%, HR 3.81; P < 0.001 and 7.6% vs. 1.9%, HR 4.11; P < 0.001)

compared to matched controls during the Omicron variant

predominant period (21). In our study, the hospitalization rate for

HTxs was 27.06% (197/728), with 17.61% (128/728) requiring intensive

care unit (ICU) treatment. The severe disease rate was 25.00% (182/

728) with a mortality rate of 4.54% (34/728). The improvement in

clinical outcomes may be related to the characteristics of the Omicron
Frontiers in Immunology 06
variant, increased access to treatment, and the protective effects of

vaccination. In interpreting our findings, it is important to note that

subgroup analyses for critical outcomes such as ICU admission and all-

cause mortality were limited by the relatively small number of events.

Consequently, observed trends should be interpreted with caution, and

definitive conclusions regarding risk factors in these subgroups cannot

be drawn from the current data.
4.2 Risk factors

Previous studies have identified several independent risk factors

associated with severe COVID-19 outcomes, including advanced age,

presence of multiple comorbidities, male gender, chronic kidney

disease, and a history of cardiovascular diseases (22). Additionally,

the use of immunosuppressants has been highlighted as a significant

factor contributing to increased vulnerability among transplant

recipients. Specifically, an analysis of 439 HTxs in the UNOS

database demonstrated that increasing age, Black and Hispanic

identity, diabetes, smoking history, and chronic steroid use at the

time of heart transplantation were independently associated with

COVID-19-related mortality (22). In our study, age emerged as a

significant independent risk factor for both severe COVID-19

outcomes and mortality among HTxs. Comorbid diabetes was also

independently associated with an increased risk of severe disease in
TABLE 3 Analysis of risk factors for severe disease.

Variable
Non-severe
(n = 546)

Severe (n = 182) P value
Multivariate analysis

Adjusted OR 95% CI P value

Age, mean (SD), y 49.91 ± 13.2 57.54 ± 10.25 <0.001 1.048 1.031-1.066 <0.001

Female, n (%) 123 (22.53) 41 (22.53) 1.000

BMI, mean (SD), kg/m2 24.53 ± 3.62 24.38 ± 4.19 0.653

Time since HT, mean
(SD), y

6.58 ± 4.57 6.94 ± 4.08 0.355

Comorbidities, n (%)

Smoking 303 (55.49) 110 (60.44) 0.244

Diabetes 285 (52.20) 136 (74.73) <0.001 1.829 1.221-2.740 0.005

Hypertension 317 (58.06) 110 (60.44) 0.572

CKD stage≥3 58 (10.62) 59 (32.42) <0.001 2.557 1.650-3.963 <0.001

Cancer 9 (1.65) 1 (0.55) 0.465

Cerebrovascular disease 37 (6.78) 11 (6.04) 0.730

Respiratory 42 (7.69) 13 (7.14) 0.808

Immunosuppressants, n (%)

Tac 293 (54.26) 70 (39.33) 0.001

CsA 212 (39.26) 54 (36.73) 0.578

Sirolimus 211 (39.07) 94 (52.81) 0.001 1.639 1.145-2.348 0.007

COVID-19 vaccine, n (%) 164 (30.04) 39 (21.42) 0.024
Data are mean ± SD or median (interquartile range [IQR]) or n (%).
BMI, body mass index; HT, heart transplant; CKD, Chronic kidney disease; Tac, tacrolimus; CsA, cyclosporin A; MMF, mycophenolate sodium enteric-coated tablets or mycophenolate mofetil.
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this population. Notably, CKD was also independently associated

with increased both severe COVID-19 outcomes and higher

mortality in infected HTxs. These findings align with previous

research, reinforcing the importance of close monitoring and

tailored management strategies for HTxs with these risk factors to

potentially improve clinical outcomes.
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4.3 The effect of immunosuppressants

Our study found that the use of Sirolimus was independently

associated with severe COVID-19 outcomes (OR = 1.639, 95% CI:

1.145-2.348, p = 0.007). Sirolimus is known to impair wound

healing. In our cohort, it was prescribed only to clinically stable
TABLE 4 Analysis of risk factors for mortality.

Variable Survival (n = 694) Death (n = 34) P value
Multivariate analysis

Adjusted OR 95% CI P value

Age, mean (SD), y 51.24 ± 12.83 63.56 ± 10.14 <0.001 1.102 1.053-1.154 <0.001

Female, n (%) 158 (22.77) 6 (17.65) 0.674

BMI, mean (SD), kg/m2 24.54 ± 3.76 22.01 ± 2.27 0.016

Time since HT,mean
(SD), y

6.57 ± 4.42 8.66 ± 4.75 0.008

Comorbidities, n (%)

Smoking 391 (56.34) 22 (64.71) 0.336

Diabetes 399 (67.49) 24 (70.59) 0.131

Hypertension 411 (59.22) 20 (54.82) 0.963

CKD stage≥3 97 (13.98) 19 (61.38) 0.019 6.342 2.980-13.499 <0.001

Cancer 10 (1.44) 0 (0.00) 0.481

Cerebrovascular disease 47 (6.77) 1 (2.94) 0.380

Respiratory 55 (7.93) 0 (0.00) 0.088

Immunosuppressants, n (%)

Tac 354 (51.53) 9 (29.03) 0.014

CsA 266 (38.72) 12 (38.71) 0.999

Sirolimus 294 (42.79) 11 (35.48) 0.421

COVID-19 vaccine, n (%) 201 (28.96) 2 (5.88) 0.003 0.169 0.039-0.733 0.018
Data are mean ± SD or median (interquartile range [IQR]) or n (%).
BMI, body mass index; HT, heart transplant; CKD, Chronic kidney disease; Tac, tacrolimus; CsA, cyclosporin A; MMF, mycophenolate sodium enteric-coated tablets or mycophenolate mofetil.
TABLE 5 Outcomes one year after COVID-19 infection.

Characteristics Total (n = 916)
Infection group
(n = 728)

Non-infection group
(n = 188)

P

Death 39 35 4

Acute rejection 17 (1.86) 16 (2.20) 1 (0.53) 0.087

ACR 15 (1.64) 14 (1.92) 1 (0.53) 0.330

ACR 1R 6 6 0

ACR 2R 7 6 1

ACR 3R 2 2 0

AMR 4 (0.44) 4 (0.55) 0 (0.00) 0.587

AMR 1 1 1 0

AMR 2 3 3 0
ACR, Acute Cellular Rejection; AMR, Antibody-Mediated Rejection.
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patients at least six months post-transplantation, primarily for

indications such as renal dysfunction or prevention of cardiac

allograft vasculopathy(CAV). Therefore, its association with

COVID-19 outcomes is unlikely to be confounded by factors

related to postoperative recovery.

Current research findings regarding mechanistic Target of

Rapamycin (mTOR) inhibitors in the context of SARS-CoV-2

infection are contradictory (23–25). Early studies suggested that

mTOR inhibitors like Sirolimus could reduce SARS-CoV-2

replication and suppress immune responses and cytokine storms,

positing that it might be a potential strategy for mitigating the

severity of COVID-19 (26–29). Some studies suggest that SARS-

CoV-2 binds to Toll-like receptors (TLRs), activating the mTOR

and NLRP3 (Nucleotide-binding oligomerization domain-like

receptor family) inflammasome pathway, which leads to the

production of IL-1b, a mediator of lung inflammation, fever, and

fibrosis, and inducing pyroptosis (26). Sirolimus may prevent the

progression of COVID-19 to severe forms by downregulating the

senescence-associated secretory phenotype (SASP), mTOR-

NLRP3-IL-1b axis, IL-6 pathway, and the number of senescent T

cells (26).

Conversely, other research indicates that Sirolimus and its

analogs may increase susceptibility to SARS-CoV-2 infection by

activating lysosome-mediated immune suppression in human nasal

epithelial cells and rodent models. Inhibiting the mTOR signaling

pathway reduces intracellular immune responses, thereby

enhancing vulnerability to the virus (25). Additionally, Sirolimus

and certain rapalogs promote the translocation of TFEB

(transcription factor EB) to the nucleus, inducing genes associated

with lysosomal function and degrading antiviral factors like IFITM,

thus facilitating viral entry into cells (25). A phase II, double-blind,

placebo-controlled, multi-center randomized trial in high-risk

adults hospitalized due to COVID-19 found that Sirolimus

treatment did not reduce the risk of progression to advanced

respiratory support or death (30). Furthermore, a study from

France found that HTxs treated with Sirolimus (AOR = 2.71; 95%

CI, 1.20–6.09) and everolimus (AOR = 1.24; 95% CI, 1.01–1.51)

were at a higher risk of COVID-19 hospitalization compared to

those receiving other immunosuppressive medications (31). These

findings elucidate our results, indicating that Sirolimus is a risk

factor for SARS-CoV-2 infection in the HTx population. While

previous studies have indicated potential anti-inflammatory effects

of Sirolimus through theoretical or mechanistic pathways, these

were largely based on laboratory models rather than on clinical

data. In contrast, our real-world study demonstrates an association

between Sirolimus use and increased severity of COVID-19 in

HTxs, underscoring the possible gap between theoretical benefits

and clinical outcomes in this high-risk population. Thus, studies on

Sirolimus highlight its dual role in SARS-CoV-2 infection, as it may

alleviate inflammatory responses but simultaneously increase

susceptibility to infection.

However, this association may be confounded by indication bias

and patient selection, as mTOR inhibitors are frequently prescribed

for recipients with underlying comorbidities such as chronic kidney

disease or CAV—conditions that themselves have been associated
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with poorer COVID-19 outcomes (32, 33). This underscores the

need for cautious, individualized use of Sirolimus in HTxs with

COVID-19.

Our findings are broadly consistent with prior studies (30).

While tacrolimus was not identified as an independent protective

factor in multivariate analysis, we observed a trend toward lower

severity and mortality among tacrolimus users, supporting previous

reports of its potential immunomodulatory effects in mitigating

COVID-19 severity—possibly through suppression of early T-cell

activation and attenuation of the cytokine storm (34). We

acknowledge the potential role of mycophenolic acid (MMF) in

influencing COVID-19 outcomes. MMF may exacerbate disease

severity by synergistically inducing lymphopenia with SARS-CoV-2

(35), thereby impairing antiviral immune responses. However, due

to the near-universal use of MMF in our cohort (97.12%), we were

unable to perform a meaningful statistical evaluation of its

association with clinical outcomes. Future mechanistic studies

and clinical trials are essential to better understand the impact of

immunosuppressive therapies on COVID-19 outcomes in heart

transplant recipients.
4.4 Vaccination

This study provides the first comprehensive evaluation of the

impact of inactivated vaccines on HTxs. We observed that the overall

vaccination rate among HTxs was 27.95%, lower than the 91.5%

partial and 89.3% full vaccination coverage observed in the general

population of China (36). Our results further support the correlation

between SARS-CoV-2 inactivated vaccination and milder COVID-19

outcomes in HTxs. Unvaccinated HTxs faced a higher risk of

mortality (6.10% vs. 0.99%, p = 0.005) compared to their vaccinated

counterparts. Additionally, vaccination reduced the risk of

COVID-19-related death (OR 0.169, 95% CI: 0.039-0.733, p = 0.018).

Despite the ability of Omicron variants to partially evade

antibody-mediated neutralization, existing evidence demonstrates

that inactivated vaccines remain effective in preventing severe

disease, hospitalization, and death, even against Omicron (37, 38).

Data from the China CDC, Hong Kong, Shanghai, and Singapore

also indicated that inactivated vaccines provided protection against

severe or critical illness (36, 37, 39–42).

Similarly, smaller studies involving HTxs demonstrated that a

third dose of mRNA vaccines improved immune response rates to

53%, while a fourth dose led to 95% seroconversion in HTxs (43, 44).

Although SOTr exhibit attenuated immune responses to COVID-19

vaccination compared to the general population, the protective effects

increase with additional vaccine doses. A Canadian cohort study of

12,842 SOTr demonstrated a progressive increase in vaccine

effectiveness with each dose: 31%, 46%, and 72% for the first,

second, and third doses, respectively. Another Canadian study of

1,975 participants confirmed that three or more doses of mRNA

vaccines significantly reduced disease severity (OR: 0.35, 95% CI: 0.21-

0.60) (6). Similarly, smaller studies in HTxs showed that while two

doses of mRNA vaccines resulted in low antibody responses (18%-

48%), a third dose improved immune responses, with antibody rates
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increasing to 53%, and four doses led to 95% of HTxs developing

immune responses (43, 45–49). In a retrospective study of 268 HTxs

who had not been previously infected, receiving a third or fourth dose

of mRNA vaccines significantly lowered the risk of COVID-19

infection (44). A separate study of 436 orthotopic HTxs found that

vaccination reduced infection rates (19.7% vs. 48.6%, RR 0.41),

hospitalizations (4.1% vs. 14.3%, RR 0.29), ICU admissions (1.1% vs.

4.3%), and deaths (0.8% vs. 4.3%, RR 0.19) compared to unvaccinated

individuals (50). Based on these findings, we recommend that vaccines

be considered part of the primary vaccination series for all HTxs

without contraindications.
4.5 Transplantation rejection

Our study found that biopsy-proven acute rejection occurred in

16 (2.20%) of the infected HTxs, with a higher incidence in the

COVID-19 infection group compared to the non-infected group

(2.20% vs. 0.53%, P=0.09, Table 3), although this difference was not

statistically significant. The severity of COVID-19 infection, the

extent and duration of immunosuppression reduction, induction

regimens, previous episodes of rejection, and the presence of donor-

specific antibodies (DSA) may influence the risk of rejection in

heart transplant (HT) recipients infected with COVID-19.

However, data on the association between these factors and

rejection risk in COVID-19-infected HTxs remain limited, with

most reports being case studies (51–53). A review of 11 studies

involving 1,179 kidney transplant recipients showed no significant

association between COVID-19 and biopsy-proven rejection in

controlled studies (P= 0.26) (54). However, non-controlled

studies indicated a variable rejection incidence, with a pooled rate

of 11.8% (54). In our study, due to the limited sample size and lack

of detailed data on immunosuppression modification, we were

unable to assess the causal relationship between COVID-19 and

the risk of acute rejection. Overall, current evidence is insufficient to

draw definitive conclusions regarding the impact of COVID-19 on

rejection outcomes in transplant recipients. Further prospective,

well-controlled studies are needed to clarify this question.
5 Limitations

This study has several limitations. As an observational study, it

carries a potential risk of unmeasured confounding variables. Due to

indication bias, patient selection, and treatment timing, the

association between sirolimus use and severe COVID-19 outcomes

may reflect underlying comorbidities that are themselves associated

with poorer prognosis.

Moreover, while this study evaluated individual immunosuppressive

agents, immunosuppressive regimens (e.g. dual vs. triple therapy) were

not analyzed due to lack of structured data. Selection biasmay be present,
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of HTxs, thereby limiting the generalizability of the findings to other

settings. Additionally, the specific SARS-CoV-2 variants and

sublineages infecting our HTxs were not determined. All cases

included in the final analysis were confirmed by PCR or antigen

testing; no suspected COVID-19 cases were included. Furthermore,

the study did not include HTxs in the perioperative period, as their

characteristics and risks differ from those of stable patients, further

limiting the generalizability of our results to this subgroup. The

study may have been underpowered to detect associations in certain

clinically relevant subgroups, particularly for rare but critical

outcomes such as mortality. The small number of such events

limited our ability to perform robust subgroup analyses. Future

studies with larger multicenter cohorts are needed to validate these

findings and improve generalizability. Moreover, as logistic

regression was used to model binary outcomes, the study was

unable to assess time-to-event relationships, and therefore could

not evaluate temporal patterns or progression of clinical outcomes.

Finally, as a retrospective study, there are inherent limitations in

data accuracy due to reliance on medical records and telephone

surveys, which may introduce recall bias. These limitations

underscore the need for cautious interpretation of the findings

and suggest that future multicenter studies with variant-specific

analyses and a broader HTx population are warranted to enhance

the robustness and applicability of these results.
6 Conclusion

Our study is the largest single-cohort analysis to date on COVID-

19 infection results in heart transplant recipients, involving 916

participants. We observed an infection rate of 79.48%, with severe

infections occurring in 24.86% of cases and a mortality rate of 4.54%.

Inactivated COVID-19 vaccines significantly reduced mortality

among HTxs and demonstrated a protective effect against severe

COVID-19 outcomes. Furthermore, the use of sirolimus was

independently associated with more severe COVID-19 outcomes.

These findings underscore the importance of targeted vaccination

strategies and the need for ongoing monitoring of high-risk

populations, such as HTxs.
Data availability statement

The dataset generated and analyzed during the current study

contains sensitive patient information and is not publicly available

due to ethical and privacy restrictions. Access to the data may be

granted upon reasonable request and with appropriate institutional

review board (IRB) approval, in compliance with patient

confidentiality regulations. Requests to access the datasets should

be directed to ZZ, zhengzhe@fuwai.com.
frontiersin.org

mailto:zhengzhe@fuwai.com
https://doi.org/10.3389/fimmu.2025.1597333
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2025.1597333
Ethics statement

The studies involving humans were approved by Fuwai

Hospital Ethics Committee (Approval No. 2023-1955). The

studies were conducted in accordance with the local legislation

and institutional requirements. The participants provided their

written informed consent to participate in this study.
Author contributions

LZ: Formal Analysis, Data curation, Writing – original draft,

Writing – review & editing, Investigation. SC: Writing – original draft,

Methodology. SZ: Data curation, Writing – original draft. SL: Data

curation, Writing – review & editing. CR: Methodology, Writing –

review & editing. ZL: Investigation, Writing – review & editing. XF:

Investigation, Writing – review & editing. XH: Writing – review &

editing, Investigation. JH: Data curation, Writing – review & editing,

Writing – original draft. ZZ: Writing – review & editing, Project

administration, Writing – original draft, Supervision, Investigation,

Funding acquisition.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. Supported by the
Frontiers in Immunology 10
National Clinical Research Center for Cardiovascular Diseases,

Fuwai Hospital, Chinese Academy of Medical Sciences

(Grant No.2023002).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Hadi YB, Naqvi SFZ, Kupec JT, Sofka S, Sarwari A. Outcomes of COVID-19 in
solid organ transplant recipients: A propensity-matched analysis of a large research
network. Transplantation. (2021) 105:1365–71. doi: 10.1097/TP.0000000000003670

2. Latif F, Farr MA, Clerkin KJ, Habal MV, Takeda K, Naka Y, et al. Characteristics
and outcomes of recipients of heart transplant with Coronavirus disease 2019. JAMA
Cardiol. (2020) 5:1165–9. doi: 10.1001/jamacardio.2020.2159

3. Bottio T, Bagozzi L, Fiocco A, Nadali M, Caraffa R, Bifulco O, et al. COVID-19 in
heart transplant recipients: A multicenter analysis of the northern Italian outbreak.
JACC Heart failure. (2021) 9:52–61. doi: 10.1016/j.jchf.2020.10.009

4. Genuardi MV, Moss N, Najjar SS, Houston BA, Shore S, Vorovich E, et al.
Coronavirus disease 2019 in heart transplant recipients: Risk factors,
immunosuppression, and outcomes. J Heart Lung Transplant. (2021) 40:926–35.
doi: 10.1016/j.healun.2021.05.006

5. Cherrett C, Cao J, Adams C, Macdonald P. Coronavirus disease 2019 outcomes in
heart transplant recipients: A large Australian cohort. J Heart Lung Transplant. (2024)
43:346–9. doi: 10.1016/j.healun.2023.09.007

6. Solera JT, Arbol BG, Mittal A, Hall V, Marinelli T, Bahinskaya I, et al.
Longitudinal outcomes of COVID-19 in solid organ transplant recipients from 2020
to 2023. Am J Transplant. (2024) 24:1303–16. doi: 10.1016/j.ajt.2024.03.011

7. Cochran W, Shah P, Barker L, Langlee J, Freed K, Boyer L, et al. COVID-19
clinical outcomes in solid organ transplant recipients during the omicron surge.
Transplantation. (2022) 106:e346–e7. doi: 10.1097/TP.0000000000004162

8. Released by National Health Commission of People’s Republic of C, National
Administration of Traditional Chinese Medicine on J. Diagnosis and treatment
protocol for COVID-19 patients (Tentative 10th Version). Health Care Sci. (2023)
2:10–24. doi: 10.1002/hcs2.36

9. Pereira MR, Mohan S, Cohen DJ, Husain SA, Dube GK, Ratner LE, et al. COVID-
19 in solid organ transplant recipients: Initial report from the US epicenter. Am J
Transplant. (2020) 20:1800–8. doi: 10.1111/ajt.15941

10. Ahmed F, Abid M, Maniya T, Usman MS, Fudim M. Incidence and prognosis of
COVID-19 amongst heart transplant recipients: a systematic review and meta-analysis.
Eur J Prev Cardiol. (2022) 29:e224–e6. doi: 10.1093/eurjpc/zwab175
11. Jorgensen SB, Nygard K, Kacelnik O, Telle K. Secondary attack rates for omicron
and delta variants of SARS-CoV-2 in Norwegian households. JAMA. (2022) 327:1610–
1. doi: 10.1001/jama.2022.3780

12. Onder G, Rezza G, Brusaferro S. Case-fatality rate and characteristics of patients
dying in relation to COVID-19 in Italy. JAMA. (2020) 323:1775–6. doi: 10.1001/
jama.2020.4683

13. Iacovoni A, Boffini M, Pidello S, Simonato E, Barbero C, Sebastiani R, et al. A
case series of novel coronavirus infection in heart transplantation from 2 centers in the
pandemic area in the North of Italy. J Heart Lung Transplant. (2020) 39:1081–8.
doi: 10.1016/j.healun.2020.06.016

14. Rivinius R, Kaya Z, Schramm R, Boeken U, Provaznik Z, Heim C, et al. COVID-
19 among heart transplant recipients in Germany: a multicenter survey. Clin Res
Cardiol. (2020) 109:1531–9. doi: 10.1007/s00392-020-01722-w

15. Ketcham SW, Adie SK, Malliett A, Abdul-Aziz AA, Bitar A, Grafton G, et al.
Coronavirus disease-2019 in heart transplant recipients in Southeastern Michigan: A
case series. J cardiac failure. (2020) 26:457–61. doi: 10.1016/j.cardfail.2020.05.008

16. Muller SA,Manintveld OC, SzymanskiMK, Damman K, van derMeerMG, Caliskan
K, et al. Characteristics and outcomes of COVID-19 in heart transplantation recipients in the
Netherlands. Netherlands Heart J. (2022) 30:519–25. doi: 10.1007/s12471-022-01720-9

17. Avery RK, Chiang TP, Marr KA, Brennan DC, Sait AS, Garibaldi BT, et al.
Inpatient COVID-19 outcomes in solid organ transplant recipients compared to non-
solid organ transplant patients: A retrospective cohort. Am J Transplant. (2021)
21:2498–508. doi: 10.1111/ajt.16431

18. Kates OS, Haydel BM, Florman SS, Rana MM, Chaudhry ZS, Ramesh MS, et al.
Coronavirus disease 2019 in solid organ transplant: A multicenter cohort study. Clin
Infect Dis. (2021) 73:e4090–e9. doi: 10.1093/cid/ciaa1097

19. Nyberg T, Ferguson NM, Nash SG, Webster HH, Flaxman S, Andrews N, et al.
Comparative analysis of the risks of hospitalisation and death associated with SARS-
CoV-2 omicron (B.1.1.529) and delta (B.1.617.2) variants in England: a cohort study.
Lancet. (2022) 399:1303–12. doi: 10.1016/S0140-6736(22)00462-7

20. Anselmi A, Mansour A, Para M, Mongardon N, Porto A, Guihaire J, et al. Veno-
arterial extracorporeal membrane oxygenation for circulatory failure in COVID-19
frontiersin.org

https://doi.org/10.1097/TP.0000000000003670
https://doi.org/10.1001/jamacardio.2020.2159
https://doi.org/10.1016/j.jchf.2020.10.009
https://doi.org/10.1016/j.healun.2021.05.006
https://doi.org/10.1016/j.healun.2023.09.007
https://doi.org/10.1016/j.ajt.2024.03.011
https://doi.org/10.1097/TP.0000000000004162
https://doi.org/10.1002/hcs2.36
https://doi.org/10.1111/ajt.15941
https://doi.org/10.1093/eurjpc/zwab175
https://doi.org/10.1001/jama.2022.3780
https://doi.org/10.1001/jama.2020.4683
https://doi.org/10.1001/jama.2020.4683
https://doi.org/10.1016/j.healun.2020.06.016
https://doi.org/10.1007/s00392-020-01722-w
https://doi.org/10.1016/j.cardfail.2020.05.008
https://doi.org/10.1007/s12471-022-01720-9
https://doi.org/10.1111/ajt.16431
https://doi.org/10.1093/cid/ciaa1097
https://doi.org/10.1016/S0140-6736(22)00462-7
https://doi.org/10.3389/fimmu.2025.1597333
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2025.1597333
patients: insights from the ECMOSARS registry. Eur J cardio-thoracic Surg. (2023) 64
(3):ezad229. doi: 10.1093/ejcts/ezad229

21. Basharim B, Drozdinsky G, Ofer J, Vronsky D, Stemmer SM, Eliakim-Raz N.
Mortality and hospitalization risk in solid organ transplant patients and SARS-CoV-2-
omicron variant. Transplantation. (2024) 109(2):e142-e143. doi: 10.1097/
TP.0000000000005134

22. Agrawal U, Bedston S, McCowan C, Oke J, Patterson L, Robertson C, et al.
Severe COVID-19 outcomes after full vaccination of primary schedule and initial
boosters: pooled analysis of national prospective cohort studies of 30 million
individuals in England, Northern Ireland, Scotland, and Wales. Lancet. (2022)
400:1305–20. doi: 10.1016/S0140-6736(22)01656-7

23. Farahani M, Niknam Z, Mohammadi Amirabad L, Amiri-Dashatan N, Koushki
M, Nemati M, et al. Molecular pathways involved in COVID-19 and potential pathway-
based therapeutic targets. Biomedicine pharmacother = Biomed pharmacotherapie.
(2022) 145:112420. doi: 10.1016/j.biopha.2021.112420

24. Zhou Y, Hou Y, Shen J, Huang Y, Martin W, Cheng F. Network-based drug
repurposing for novel coronavirus 2019-nCoV/SARS-CoV-2. Cell discov. (2020) 6:14.
doi: 10.1038/s41421-020-0153-3

25. Shi G, Chiramel AI, Li T, Lai KK, Kenney AD, Zani A, et al. Rapalogs
downmodulate intrinsic immunity and promote cell entry of SARS-CoV-2. J Clin
Invest. (2022) 132:e160766. doi: 10.1172/JCI160766

26. Omarjee L, Janin A, Perrot F, Laviolle B, Meilhac O, Mahe G. Targeting T-cell
senescence and cytokine storm with rapamycin to prevent severe progression in
COVID-19. Clin Immunol. (2020) 216:108464. doi: 10.1016/j.clim.2020.108464

27. Zhang R, Sun C, Han Y, Huang L, Sheng H, Wang J, et al. Neutrophil autophagy
and NETosis in COVID-19: perspectives. Autophagy. (2023) 19:758–67. doi: 10.1080/
15548627.2022.2099206

28. Mullen PJ, Garcia GJr., Purkayastha A, Matulionis N, Schmid EW, Momcilovic
M, et al. SARS-CoV-2 infection rewires host cell metabolism and is potentially
susceptible to mTORC1 inhibition. Nat Commun. (2021) 12:1876. doi: 10.1038/
s41467-021-22166-4

29. Bischof E, Siow RC, Zhavoronkov A, Kaeberlein M. The potential of rapalogs to
enhance resilience against SARS-CoV-2 infection and reduce the severity of COVID-
19. Lancet Healthy longevity. (2021) 2:e105–e11. doi: 10.1016/S2666-7568(20)30068-4

30. Singla A, Harun N, Dilling DF, Merchant K, McMahan S, Ingledue R, et al. Safety
and efficacy of sirolimus in hospitalised patients with COVID-19 pneumonia. Respir
Invest. (2024) 62:216–22. doi: 10.1016/j.resinv.2023.12.009

31. Kolla E, Weill A, Zaidan M, De Martin E, Colin De Verdiere S, Semenzato L,
et al. COVID-19 hospitalization in solid organ transplant recipients on
immunosuppressive therapy. JAMA network Open. (2023) 6:e2342006. doi: 10.1001/
jamanetworkopen.2023.42006

32. Asleh R, Alnsasra H, Lerman A, Briasoulis A, Pereira NL, Edwards BS, et al.
Effects of mTOR inhibitor-related proteinuria on progression of cardiac allograft
vasculopathy and outcomes among heart transplant recipients. Am J Transpl. (2021)
21:626–35. doi: 10.1111/ajt.16155

33. Nguyen VN, Abagyan R, Tsunoda SM. Mtor inhibitors associated with higher
cardiovascular adverse events-A large population database analysis. Clin Transpl.
(2021) 35:e14228. doi: 10.1111/ctr.14228

34. Belli LS, Fondevila C, Cortesi PA, Conti S, Karam V, Adam R, et al. Protective
role of tacrolimus, deleterious role of age and comorbidities in liver transplant
recipients with Covid-19: results from the ELITA/ELTR multi-center European
study. Gastroenterology. (2021) 160:1151–63.e3. doi: 10.1053/j.gastro.2020.11.045

35. Wang F, Nie J, Wang H, Zhao Q, Xiong Y, Deng L, et al. Characteristics of
peripheral lymphocyte subset alteration in COVID-19 pneumonia. J Infect Dis. (2020)
221:1762–9. doi: 10.1093/infdis/jiaa150

36. Fu D, He G, Li H, Tan H, Ji X, Lin Z, et al. Effectiveness of COVID-19 vaccination
against SARS-CoV-2 omicron variant infection and symptoms - China, December 2022-
February 2023. China CDC weekly. (2023) 5:369–73. doi: 10.46234/ccdcw2023.070

37. McMenamin ME, Nealon J, Lin Y, Wong JY, Cheung JK, Lau EHY, et al. Vaccine
effectiveness of one, two, and three doses of BNT162b2 and CoronaVac against
COVID-19 in Hong Kong: a population-based observational study. Lancet Infect
diseases. (2022) 22:1435–43. doi: 10.1016/S1473-3099(22)00345-0

38. Lin DY, Gu Y, Xu Y, Wheeler B, Young H, Sunny SK, et al. Association of
primary and booster vaccination and prior infection with SARS-CoV-2 infection and
Frontiers in Immunology 11
severe COVID-19 outcomes. JAMA . (2022) 328:1415–26. doi: 10.1001/
jama.2022.17876

39. Zhao S, Guo Z, Sun S, Hung CT, Leung EYM, Wei Y, et al. Effectiveness of
BNT162b2 and Sinovac vaccines against the transmission of SARS-CoV-2 during
Omicron-predominance in Hong Kong: A retrospective cohort study of COVID-19
cases. J Clin Virol. (2023) 166:105547. doi: 10.1016/j.jcv.2023.105547

40. Lau JJ, Cheng SMS, Leung K, Lee CK, Hachim A, Tsang LCH, et al. Real-world
COVID-19 vaccine effectiveness against the Omicron BA.2 variant in a SARS-CoV-2
infection-naive population. Nat Med. (2023) 29:348–57. doi: 10.1038/s41591-023-
02219-5

41. Huang Z, Xu S, Liu J, Wu L, Qiu J, Wang N, et al. Effectiveness of inactivated and
Ad5-nCoV COVID-19 vaccines against SARS-CoV-2 Omicron BA. 2 variant infection,
severe illness, and death. BMC Med. (2022) 20:400. doi: 10.1186/s12916-022-02606-8

42. Ng OT, Marimuthu K, Lim N, Lim ZQ, Thevasagayam NM, Koh V, et al.
Analysis of COVID-19 incidence and severity among adults vaccinated with 2-dose
mRNA COVID-19 or inactivated SARS-CoV-2 vaccines with and without boosters in
Singapore . JAMA network Open . (2022) 5 :e2228900. doi : 10 .1001/
jamanetworkopen.2022.28900

43. Ayala-Borges B, Escobedo M, Egri N, Herrera S, Crespo M, Mirabet S, et al.
Impact of SARS-CoV-2 infection on humoral and cellular immunity in a cohort of
vaccinated solid organ transplant recipients. Vaccines. (2023) 11:1845. doi: 10.3390/
vaccines11121845

44. Masetti M, Scuppa MF, Aloisio A, Giovannini L, Borgese L, Manno S, et al. Effect
of a fourth dose of mRNA vaccine and of immunosuppression in preventing SARS-
CoV-2 breakthrough infections in heart transplant patients. Microorganisms. (2023)
11:755. doi: 10.3390/microorganisms11030755

45. Peled Y, Ram E, Lavee J, Sternik L, Segev A, Wieder-Finesod A, et al. BNT162b2
vaccination in heart transplant recipients: Clinical experience and antibody response.
J Heart Lung Transplant. (2021) 40:759–62. doi: 10.1016/j.healun.2021.04.003

46. Hallett AM, Greenberg RS, Boyarsky BJ, Shah PD, Ou MT, Teles AT, et al.
SARS-CoV-2 messenger RNA vaccine antibody response and reactogenicity in heart
and lung transplant recipients. J Heart Lung Transplant. (2021) 40:1579–88.
doi: 10.1016/j.healun.2021.07.026

47. Herrera S, Colmenero J, Pascal M, Escobedo M, Castel MA, Sole-Gonzalez E,
et al. Cellular and humoral immune response after mRNA-1273 SARS-CoV-2 vaccine
in liver and heart transplant recipients. Am J Transplant. (2021) 21:3971–9.
doi: 10.1111/ajt.16768

48. Costard-Jackle A, Schramm R, Fischer B, Rivinius R, Bruno R, Muller B, et al.
Third dose of the BNT162b2 vaccine in cardiothoracic transplant recipients: predictive
factors for humoral response. Clin Res Cardiol. (2023) 112:1506–16. doi: 10.1007/
s00392-022-02075-2

49. Peled Y, Ram E, Lavee J, Segev A, Matezki S, Wieder-Finesod A, et al. Third dose
of the BNT162b2 vaccine in heart transplant recipients: Immunogenicity and clinical
experience. J Heart Lung Transplant . (2022) 41:148–57. doi: 10.1016/
j.healun.2021.08.010

50. Peters LL, Raymer DS, Pal JD, Ambardekar AV. Association of COVID-19
vaccination with risk of COVID-19 infection, hospitalization, and death in heart
transplant recipients . JAMA Cardiol . (2022) 7:651–4. doi : 10.1001/
jamacardio.2022.0670

51. Pearson BG, Walker DH, Lea AS, Khalife W, Kislingbury KK, Lick SD, et al.
Early, rapidly progressive vasculopathy in a transplanted heart: A possible complication
of COVID-19. Cardiovasc Patho l . (2024) 72 :107661 . doi : 10 .1016/
j.carpath.2024.107661

52. Pegado HM, Siqueira A, Navarajasegaran J, Benvenuti LA, Castro CRP, Arrieta
SR, et al. Case report: the challenge for diagnosis of myocarditis and transplant
rejection after COVID infection in a heart-transplanted adolescent. Transplant Proc.
(2023) 55:1449–50. doi: 10.1016/j.transproceed.2023.06.003

53. MacKay M, Clewis M, Khalife W. Rapidly progressive graft vasculopathy in a
heart transplant recipient with confirmed SARS-CoV-2 infection. Transplant Infect Dis.
(2024) 26:e14225. doi: 10.1111/tid.14225

54. Daoud A, Soliman K, Posadas Salas MA, Uehara G, Vaishnav S,
Cheungpasitporn W, et al. COVID-19 and renal allograft rejection: insight from
controlled and non-controlled studies. Renal failure. (2024) 46:2336126.
doi: 10.1080/0886022X.2024.2336126
frontiersin.org

https://doi.org/10.1093/ejcts/ezad229
https://doi.org/10.1097/TP.0000000000005134
https://doi.org/10.1097/TP.0000000000005134
https://doi.org/10.1016/S0140-6736(22)01656-7
https://doi.org/10.1016/j.biopha.2021.112420
https://doi.org/10.1038/s41421-020-0153-3
https://doi.org/10.1172/JCI160766
https://doi.org/10.1016/j.clim.2020.108464
https://doi.org/10.1080/15548627.2022.2099206
https://doi.org/10.1080/15548627.2022.2099206
https://doi.org/10.1038/s41467-021-22166-4
https://doi.org/10.1038/s41467-021-22166-4
https://doi.org/10.1016/S2666-7568(20)30068-4
https://doi.org/10.1016/j.resinv.2023.12.009
https://doi.org/10.1001/jamanetworkopen.2023.42006
https://doi.org/10.1001/jamanetworkopen.2023.42006
https://doi.org/10.1111/ajt.16155
https://doi.org/10.1111/ctr.14228
https://doi.org/10.1053/j.gastro.2020.11.045
https://doi.org/10.1093/infdis/jiaa150
https://doi.org/10.46234/ccdcw2023.070
https://doi.org/10.1016/S1473-3099(22)00345-0
https://doi.org/10.1001/jama.2022.17876
https://doi.org/10.1001/jama.2022.17876
https://doi.org/10.1016/j.jcv.2023.105547
https://doi.org/10.1038/s41591-023-02219-5
https://doi.org/10.1038/s41591-023-02219-5
https://doi.org/10.1186/s12916-022-02606-8
https://doi.org/10.1001/jamanetworkopen.2022.28900
https://doi.org/10.1001/jamanetworkopen.2022.28900
https://doi.org/10.3390/vaccines11121845
https://doi.org/10.3390/vaccines11121845
https://doi.org/10.3390/microorganisms11030755
https://doi.org/10.1016/j.healun.2021.04.003
https://doi.org/10.1016/j.healun.2021.07.026
https://doi.org/10.1111/ajt.16768
https://doi.org/10.1007/s00392-022-02075-2
https://doi.org/10.1007/s00392-022-02075-2
https://doi.org/10.1016/j.healun.2021.08.010
https://doi.org/10.1016/j.healun.2021.08.010
https://doi.org/10.1001/jamacardio.2022.0670
https://doi.org/10.1001/jamacardio.2022.0670
https://doi.org/10.1016/j.carpath.2024.107661
https://doi.org/10.1016/j.carpath.2024.107661
https://doi.org/10.1016/j.transproceed.2023.06.003
https://doi.org/10.1111/tid.14225
https://doi.org/10.1080/0886022X.2024.2336126
https://doi.org/10.3389/fimmu.2025.1597333
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Risk factor analysis and outcomes of heart transplant recipients infected by COVID-19
	1 Introduction
	2 Methods
	2.1 Research design and methodology
	2.2 COVID-19 diagnosis
	2.3 Data collection, vaccination, and follow-up
	2.4 Statistical methodology

	3 Results
	3.1 Baseline characteristics
	3.2 Clinical outcomes of COVID-19 infection
	3.3 Risk factors for severe infection and fatal cases among infected patients
	3.4 Impact of vaccination
	3.5 Long-term outcomes

	4 Discussion
	4.1 COVID-19 infections and outcomes
	4.2 Risk factors
	4.3 The effect of immunosuppressants
	4.4 Vaccination
	4.5 Transplantation rejection

	5 Limitations
	6 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


