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Introduction: The study of immune response to SARSCoV-2 infection in different

solid organ transplant settings represents an opportunity for clarifying the interplay

between SARS-CoV-2 and the immune system. In our nationwide registry study

from Italy, we specifically evaluated, during the first wave pandemic, i.e., in non-

vaccinated patients, COVID-19 prevalence of infection, mortality, and lethality in

liver transplant recipients (LTRs), using non-liver solid transplant recipients (NL-

SOTRs) and the Italian general population (GP) as comparators.

Methods: Case collection started from February 21 to June 22, 2020, using the

data from the National Institute of Health and National Transplant Center, whereas

the data analysis was performed on September 30, 2020.To compare the sex- and

age-adjusted distribution of infection, mortality, and lethality in LTRs, NL-SOTRs,

and Italian GP we applied an indirect standardization method to determine the

standardized rate.

Results: Among the 43,983 Italian SOTRs with a functioning graft, LTRs accounted

for 14,168 patients, of whom 89 were SARS-CoV-2 infected. In the 29,815 NL-

SOTRs, 361 cases of SARS-CoV-2 infection were observed. The geographical

distribution of the disease was highly variable across the different Italian regions.

The standardized rate of infection, mortality, and lethality rates in LTRs resulted

lower compared to NL-SOTRs [1.02 (95%CI 0.81-1.23) vs. 2.01 (95%CI 1.8-2.2); 1.0

(95%CI 0.5-1.5) vs. 4.5 (95%CI 3.6-5.3); 1.6 (95%CI 0.7-2.4) vs. 2.8 (95%CI 2.2-3.3),

respectively] and comparable to the Italian GP.

Discussion: According to the most recent studies on SOTRs and SARS-CoV-2

infection, our data strongly suggest that, in contrast to what was observed in NL-

SOTRs receiving a similar immunosuppressive therapy, LTRs have the same risk of
frontiersin.org02
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SARS-CoV-2 infection, mortality, and lethality observed in the general

population. These results suggest an immune response to SARS-CoV-2

infection in LTRS that is different from NL-SOTRs, probably related to the

ability of the grafted liver to induce immunotolerance.
KEYWORDS

COVID-19, liver transplantation, solid organ transplant, immunotolerance, microchimerism
1 Introduction

Since it began, the COVID-19 pandemic has been considered a

matter of great concern in the transplant setting due to the high

expected increased risk of infection, adverse outcomes, and death.

This alarming perception was related to the chronic use of

immunosuppressive drugs associated with comorbidities

(diabetes, obesity, hypertension, older age), which are frequent

negative predictive factors for COVID-19 outcomes (1–4).

In the absence of population-based epidemiological surveillance,

it was hard to determine the true incidence of SARS-CoV-2 in all

clinical settings, especially during the initial first wave of the pandemic

(5, 6). However, the impact of SARSCoV-2 infection in a specific

sub-population, such as the pharmacologically immunosuppressed

solid organ transplant recipients (SOTRs), represents an occasion for

clarifying the interplay between SARS-CoV-2 and the immune

system (7).

Regarding liver transplant recipients (LTRs), the currently

available data have reached different conclusions on incidence

and mortality (8–14). Italy was the COVID-19 epicenter during

the first wave of the pandemic, thus representing an interesting

model for studying the transplant setting without the interference of

possible therapies and vaccination (15–17). At that time, a

nationwide population-based study by Trapani et al. (18) showed

that SOTRs, all together, experienced a higher cumulative incidence

of SARS-CoV-2 infection and a double 60-day case fatality as

compared to the general population (GP) (1.02% vs. 0.4%, p<

0.05; 30.6% vs. 15.4%, respectively). However, they observed a

gradient through the different organs.

In our nationwide registry study from Italy, we specifically

evaluated, during the first wave pandemic, if SARS-CoV-2 infection

significantly influenced the standardized age and sex prevalence of

infection, mortality, and lethality in LTRs using non-liver SOTRs

(NL-SOTRs) and Italian GP as comparators.
2 Patients and methods

2.1 Data collection

This study was based on a sub-analysis of the nationwide

population-based study by Trapani et al. (18). Data on all cases of

laboratory-confirmed SARS-CoV-2 positivity in Italy were collected

by the National Institute of Health (Istituto Superiore di Sanità-
03
ISS), which was appointed as the coordinator of the COVID-19

surveillance system with the task of gathering microbiological and

epidemiological data provided daily by the Italian Regions and

Autonomous Provinces (Regions) (19). Data on all laboratory

confirmed COVID+ cases per definitions published and regularly

updated by the European Centre for Disease Prevention and

Control (ECDC) were collected in the system (20). All the data

on SOTRs were collected prospectively and analyzed retrospectively

through the Information Transplant System (SIT), which is

managed by National Transplant Centre. National COVID+

cases, were cross-referenced with SOTRs as recorded in the SIT.

The record linkage between the two databases was implemented

through deterministic technique, thanks to the presence of personal

data for all patients identifying the unique correspondence between

patients from the two databases. The case collection time in the

present study started from February 21 to June 22, 2020, and the

data analysis was performed on December 27, 2020, to consolidate

data reporting.
2.2 Risk of SARS-CoV-2 infection and
lethality in Italian LTRs

To assess standardized rates of SARS-CoV-2 infection in Italian

LTRs compared to NL-SOTRs (kidney, heart, lung, and pancreas)

and the general population, we defined the following groups: a)

Italian general population (GP; n= 59,497,002 as per ISTAT data of

January 1, 2020), b) solid organ transplant recipients (NL-SOTRs;

n= 29,815), and c) liver transplant recipients (LTRs; n= 14,168).

Kidney, heart, lung, and pancreas accounted for 83.1%, 11.3%, 3.6%,

and 2.7% of NL-SOTRs in Italy (National Transplant Centre data,

2019). The study was conducted in accordance with the Declaration

of Helsinki (2000) and was approved by the local Ethics Committee

(N.237/DG).
2.3 Statistical analysis

Crude and specific rates by sex and age of SARS-CoV-2

infection and mortality were determined as the rate between the

number of infections or death (Italian Ministry of Health, 2020

Bulletin COVID-19 Outbreak in Italy) and the total number of

subjects of each single population (GP, LTRs and NL-SOTRs)

(ISTAT data of January 1, 2020). Crude and specific rate by sex
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and age of SARS-CoV-2 lethality was determined as the rate

between the number of death cases and the SARS-CoV-2 positive

cases in each population.

To compare distribution of infection, mortality, and lethality

between the LTRs in respect to the Italian GP and NL-SOTRs

population, adjusted by sex and age, we applied an indirect

standardization method determining the standardized rate (SR).

In detail, all three groups, LTRs, NL-SOTRs and GP, were stratified

by sex (male and female) and age class (0-19 years, 20-49 years, 50-

69 years and 70 and more years). The standardized rate of

prevalence and its corresponding 95% confidence interval were

obtained by the ratio between observed cases and expected cases.

The same procedure was applied for mortality and lethality. All

analysis were performed by SAS/STAT® Statistics version 9.4 (SAS

Institute, Cary, NC, USA).
3 Results

3.1 General data on the three different
populations

Figure 1 describes the number of subjects composing the entire

GP, NL-SOTRs, and LTRs population, as well as the number of

patients with and without SARS-CoV-2 infection, with the

corresponding number of deaths.

From February 21, when the first case of SARS-CoV-2 infection

was detected in Italy, to June 22, 2020, there were 310,655 cases of

infection in the whole Italian GP, with 35,900 deaths, while in NL-

SOTRS and LTRs 361 and 89 cases of infection and 109 and 14 cases

of death were observed, respectively (Figure 1).
Frontiers in Immunology 04
3.2 Geographical distribution, cumulative
incidence, and deaths

Table 1 reports SARS-CoV-2 cumulative incidence and number

of deaths of LTRs among SOTRs, according to geographical

distribution across the different Italian regions.

Among the 43,983 Italian SOTRs with a functioning graft, LTRs

accounted for 14,168 patients, with a regional average of LTRs/

SOTRs of 32.2% (Table 1). Among 14,168 LTRs, 89 were SARS-

CoV-2 infected during the interval period. The cumulative 95%CI

of infection ranged broadly at the regional level, from a minimum of

0.05% [95% CI 0.008-0.39] in Campania (1 case), to a maximum

value of 1.95% in Lombardy [95% CI1.49-2.58] with 51 cases

(Table 1). The number of SARS-CoV2 infections in LTRs was 89

(68 males, 21 females), so the prevalence for this group was 62.8 per

10,000 inhabitants; in NL-SOTRs, 361 cases (272 males, 89 females)

were observed with a prevalence of 121.9 per 10,000 inhabitants,

while in GP the number of cases was 310,655, with a prevalence of

52.3 per 10,000 inhabitants.
3.3 Crude and adjusted infection, mortality,
and lethality rates

Table 2 shows the specific sex and age class rate of infection,

mortality and lethality in the three groups. The effect of age was

more evident in the older age class (≥ 70 years), where the rate was

about 97 per 10,000 in both sexes in GP, while in LTRs it was 43.6

for males and 38.0 for females; on the other hand, the rates for NL-

SOTRs were higher compared to the previous two groups in the last

age class: 132.7 per 10,000 in male and 104.5 per 10,000 in female.

Most importantly, the standardized rate of infection (SRI) in LTRs

was 1.02 (95%CI 0.81 to 1.23), whereas in NL-SOTRs it was 2.01

(95% CI 1.8-2.2) compared to GP, meaning that in NL-SOTRs the

prevalence of infection was twice that encountered in GP and LTRs.

The total number of deaths (Table 2) was 35,900 (20,581 males,

15,319 females) in GP, 14 (13 males, 1 female) in LTRs, and 109 (85

males, 24 females) in NL-SOTRs, with a crude mortality rate of 6.0,

9.9, and 36.8 per 10,000 inhabitants, respectively. In these three

populations, a higher mortality rate was observed in the older age

class. In detail, the mortality rates were 37.6 and 23.3 per 10,000 for

males and females, respectively, in the GP group, while in LTRs the

rates were lower: 17.5 and 12.9 per 10,000 for males and females,

respectively; on the other hand, the specific mortality rates in NL-

SOTRs were 79.1 per 10,000 and 44.0 per 10,000 for males and

females, respectively. The standardized mortality rate was 1.0 (95%

CI 0.5 to 1.5) in LTRs and 4.5 (95% CI 3.6-5.3) in NL-SOTRs,

meaning that the risk of death in the latter group was more than

four times higher respect to both GP and LTRs.

The crude rate of lethality was 15.7% (14 death/89 infected) in

the LTRs, 11.6% (35,900/310,655) in GP, and 30.2% (109/361) in

NL-SOTRs (Table 2). When we evaluated the sex- and age-adjusted

lethality rates in the ≥ 70-year class, they were similar in GP and

LTRs (38.5% for males and 24% for females, and 40% and 33%,

respectively). Interestingly, the lethality rates in the NL-SOTRs

population were higher in all age classes reaching 59.6% in males
FIGURE 1

Total Italian general population, total non-liver solid organ transplant
recipients and liver transplant recipients, and the number of patients
with and without SARS-CoV-2 infection, with the corresponding
number of deaths. GP, general population; NL-SOTRs, non-liver
solid organ transplant recipients; LTRs, liver transplant recipients.
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TABLE 1 SARS-CoV-2 Cumulative Incidence and Death in LT population among SOTRs according to geographical distribution across Italian regions.

ulative Incidence COVID+ among
LTRs

Deaths among LTRs-
COVID+

00 LTRs
95% CI

N %

0.631 0.513 0.777 14^^ 15.7

1.159 0.673 1.995 2

1.965 1.493 2.585 10

0.588 0.245 1.412 1

1.026 0.385 2.733 1

0.49 0.204 1.177

0.289 0.093 0.896

1.205 0.301 4.817

0.946 0.305 2.934

0.167 0.042 0.666

0.055 0.008 0.389
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Regions
All Italian SOTRs

COVID+ among All
SOTRs All Italian LTRs

COVID+ Among
LTRs % LTRs/all SOTRs

Cum

N N % N N % % x

Italy 43,983 450 14,168 89^ 19.8 32.2

Piedmont 3,684 68 15.1 1,130 13 14.6 30.7

Valled’Aosta 135 3 0.7 46 34.1

Lombardy 7,810 233 51.8 2,610 51 57.3 33.4

PABZ 77 1 0.2 20 26

PATN 335 5 1.1 84 25.1

Veneto 3,583 30 6.7 856 5 5.6 23.9

Friuli Venezia G. 990 0 0 258 26.1

Liguria 1,239 15 3.3 390 4 4.5 31.5

Emilia Romagna 3,124 36 8 1,024 5 5.6 32.8

Tuscany 2,684 11 2.4 1,043 3 3.4 38.9

Umbria 539 3 0.7 166 2 2.2 30.8

Marche 1,011 12 2.7 317 3 3.4 31.4

Lazio 3,881 8 1.8 1,213 2 2.2 31.3

Abruzzo 826 3 0.7 218 26.4

Molise 228 0 0 69 30.3

Campania 4,571 8 1.8 1,829 1 1.1 40

Puglia 2,824 6 1.3 798 28.3

Basilicata 338 0 0 115 34
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Sicilia 3,271 4 0.9 915 28

Sardegna 1,272 4 0.9 464 36.5

Foreign State 302 193 63.9

CI, cumulative incidence; COVID*, SARS-COV-2 positive; IQR, interquartile range; SOTRs, solid organ transplant recipients; LTRs, liver transplant recipients.
^ Including 2 combined liver-kidney transplant (1 in Lumbardy and 1 in Piedmont). ^^ Any combined liver-kidney transplant(a) CI. Cumulative Incidence of COVID + LTRs with
SARS-CoV-2 infection on solid organ transplantation recipients: A nationwide population-based study. Am J Transplant. 2021;21:2509-2521. doi:10.1111/ajt.16428 (20).
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TABLE 2 Number of registered populations, cases of SARS-CoV2 positivity and deaths related to COVID-19 in the year 2020 by Italian and transplants populations.

FEMALE

r
9

Mortality
rate

x 10,000

Lethality
rate
x 100

Positive to
SARS-CoV-2

Prevalence
x 10,000

Death for
COVID-19

Mortality
rate

x 10,000

Lethality
rate
x 100

1 0.00 0.01 8,122 15.9 3 0.01 0.04

287 0.26 0.59 52,106 48.7 116 0.11 0.22

689 4.52 7.79 43,779 50.6 1,165 1.35 2.66
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and 42.1% in females. The lethality (SR) was 1.6 (95% CI 0.7-2.4) in

LTRs and 2.8 (95% CI 2.2-3.3) in NL-SOTRs, thus confirming a

higher risk of death in NL-SOTRs compared to LTRs.
4 Discussion

4.1 Clinical and epidemiological data

Solid organ transplant patients have been identified as a group at

higher risk of SARS-CoV-2 infection (9, 11, 18, 21, 22) and being

immunosuppressed, exposed to more adverse outcomes than non-

transplanted subjects (23). Theoretically, chronic immunosuppression

and its association with multiple comorbidities (older age, diabetes,

obesity, and hypertension) could account for this (1, 23).

In the present study, we further analyzed the favorable trend

previously observed (18), showing that, among COVID-19+

SOTRs, those who underwent liver transplants had a significantly

lower risk of infection, mortality, and lethality compared to NL-

SOTRs. Moreover, we suggested the hypothesis that the outcomes

similar to the general population could depend on the interplay

between the liver and the “downregulated” immune system (see

later “the tolerogenic hypothesis”).

Preliminary reports on SARS-CoV-2 susceptibility and

outcome in liver transplantation were mainly based on

uncontrolled case series reaching opposite conclusions, in favor of

or against a better outcome (9–11, 17, 18, 24, 25).

Altogether this complex scenario is a tricky matter in

immunosuppressed patients. Confounding factors could be

related to the immunosuppressive status, which could play a role

in mitigating symptoms or favoring the escape from testing criteria

(21); on the other hand, Guarino et al. recently showed that LTRs

are more frequently symptomatic than the general population

(53.3% vs. 15.8%, p< 0.000), thus increasing the probability to

register the infection (25). Chronic immunosuppression,

particularly calcineurin inhibitors, could favor the early phase of

viral replication, favoring the immune activation leading to a

cytokine storm, responsible for the severe form of COVID-19; at

the same time, these drugs could mitigate the cytokine storm by

reducing immunoreactivity (26, 27). Belli et al. (28) found that the

use of tacrolimus, i.e., the cornerstone of immunosuppression in the

transplant setting, has a beneficial effect on SARSCoV-2 infections

and was associated with a better survival rate in the 243 adult LTRs

analyzed in the ELITA-ELTR Multi-center European Study.

In our study, the results on mortality agree with recent studies

showing that LTRs do not have an increased risk of mortality

compared to the general population (29–32).

Regarding the SARS-CoV-2 risk of infection in LTRs, our data

seems different from that of the prospective Nationwide study

conducted in Spain. This study reports a higher standardized

incidence of viral infection in LTRs compared to the matched GP

(33), although it was realized during the same period. This

discrepancy could be due to a different distribution of infection

and mortality across the two nations (34, 35). As a novelty, we

showed that an organ-transplant gradient could exist among SOTRs

in susceptibility and mortality rate for SARS-CoV-2 infection,
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although they were exposed to the same risk of infection

and complication.

The “intensity” of immunosuppressive therapy in LTRs and

NL-SOTRs could be responsible for the different susceptibility and

adverse outcomes of SARS-CoV-2 infections (36–44). The

difference in the immunosuppression therapy between the liver

and kidney transplant, used as a reference, relies prevalently on the

use of thymoglobulin induction, tacrolimus levels, mycophenolate,

and steroids. The good marriage between LT and SARS-CoV-2

infection was later confirmed by the higher rate of humoral

response to vaccination reaching 50% of LTRs in the preliminary

experience of Marion et al. (45) in respect to 30% average in NL-

SOTRS. In a recent study comparing humoral and cellular vaccine

responses to SARS-CoV-2 in KTRs and LTRs, the use of steroids

and MMF was significantly higher in KTRs (78.8% vs. 32.0%; p<

0.001) (46). However, although in LTRs the reduced

immunosuppression was associated with a higher antibody

response against SARS-CoV-2 after vaccination, again the liver

advantage persisted after adjusting for immunosuppression (46).
4.2 The tolerogenic hypothesis

Another explanation for the favorable SARS-CoV-2 outcome in

LTRs comes from the existence of an interaction between the

downregulation of the immune system by the anti-rejection

therapy and the tolerogenic activity of the liver (tolerogenic

hypothesis). The liver has a proper immune system consisting of

multiple lines of liver resident immune cells that can modulate

immune tolerance (46–49), as supported by several lines of

evidence: 1) the induction of oral tolerance to food antigens; 2)

the spontaneous acceptance of liver grafts occurring in several

experimental models; 3) the possibility to wean off anti-rejection

therapies in about a quarter of clinical transplant recipients; 4) the

capability of the liver to extend tolerance to other grafts such as

kidney, despite major histocompatibility complex (MHC)

mismatch (47–55).But what makes the liver graft extremely

peculiar from an immunologic point of view is its unique ability

to modulate the recipient’s immune system, which becomes

tolerogenic through the migration of the multiple lines of liver

resident immune cells from the engrafted liver into the recipient.

Such a phenomenon, known as microchimerism, is the basis of the

uniqueness of the liver immuno-transplant model compared to

other types of solid organ transplants (52). This biological

phenomenon, together with the clinical evidence of reduced

mortality and lethality, could explain both the paucity of liver

damage during COVID-19 (56, 57) and the difference in SARS-

CoV-2 infection outcomes in LTRs compared to the other SOTRs

(8, 22, 28, 30, 58, 59).
4.3 Limitations

This study presents some limitations. Firstly, it refers to the first

epidemic wave, when several drawbacks arose in data reported by

studies and health authority reports. Secondly, the most important
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limitation refers to the diagnostic criteria applied by healthcare

systems in the world. These criteria have been not homogeneously

applied in various countries and at the regional level; moreover,

indications for testing varied greatly over weeks. However, as these

biases apply to all populations studied, this mitigates the

epidemiological limitations of our study. Thirdly, the low ratio

between LTRs infected/total number LTRs could have influenced

the incidence rate calculation; nevertheless, the great attention to

the medical care in these patients consistently overcomes the

underestimation of SARS-CoV-2 diagnosis. Fourthly, we did not

report the data on immunosuppressive therapy of LTRs; however,

data on the comparison between LTRs and KTRs show that the liver

advantage persists after adjusting for immunosuppression. Finally,

we did not compare the comorbidities in LTRs, NL-SOTRs.

However, as reported by Trapani et al. (18), the multivariable

logistic regression analysis on 30–60-day 95% CI of mortality

conducted on all COVID-19+ patients revealed that only organ

transplantation was the variable independently associated

with mortality.
4.4 Conclusions

In conclusion, our data, according to the most recent large

studies on SOTRs and SARS-CoV-2 infection, strongly suggest that

liver transplant is not associated with an increased risk of SARS-

CoV-2 infection, mortality, and lethality compared to the general

population, in contrast to what was observed in NL-SOTRs,

supporting the evidence of the immunological peculiarity of the

liver graft.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Frontiers in Immunology 08
Ethics statement

The studies involving human participants were reviewed and

approved by Ethics Committee of Azienda Ospedaliero-

Universitaria Policlinico. Written informed consent for

participation was not required for this study in accordance with

the national legislation and the institutional requirements.
Author contributions

All listed authors contributed to the data concerning the

epidemiology of COVID-19. They have updated daily, the

National Institute of Health (Istituto Superiore di Sanità-ISS)

starting from February 22, 2020, and the National Transplant

Center. In addition, all of them read the manuscript, gave their

contribution, and approved it. EG, SS, and LG mediated the

collaboration with the National Institute of Health and the

National Transplant Center.
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.
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. Di Maira T, Rubin A, Puchades L, Aguilera V, Vinaixa C, Garcia M, et al.
Framingham score, renal dysfunction, and cardiovascular risk in liver transplant
patients. Liver Transpl (2015) 21(6):812–22. doi: 10.1002/lt.24128

2. Barone M, Viggiani MT, Avolio AW, Iannone A, Rendina M, Di Leo A. Obesity
as predictor of postoperative outcomes in liver transplant candidates: review of the
literature and future perspectives. Dig Liver Dis (2017) 49(9):957–66. doi: 10.1016/
j.dld.2017.07.004

3. Zhu N, Zhang D, Wang W, Li X, Yang B, Song J, et al. A novel coronavirus from
patients with pneumonia in China, 2019. N Engl J Med (2020) 382(8):727–33.
doi: 10.1056/NEJMoa2001017

4. Bhoori S, Rossi RE, Citterio D, Mazzaferro V. COVID-19 in long-term liver
transplant patients: preliminary experience from an Italian transplant centre in
Lombardy. Lancet Gastroenterol Hepatol (2020) 5(6):532–33. doi: 10.1016/S2468-
1253(20)30116-3

5. Brynildsrud O. COVID-19 prevalence estimation by random sampling in
population optimal sample pooling under varying assumptions about true
prevalence. BMC Med Res Methodol (2020) 20(1):196. doi: 10.1186/s12874-020-
01081-0

6. Lavezzo E, Franchin E, Ciavarella C, Cuomo-Dannenburg G, Barzon L, Del
Vecchio C, et al. Suppression of a SARS-CoV-2 outbreak in the Italian municipality of
vo’. Nature (2020) 584(7821):425–29. doi: 10.1038/s41586-020-2488-1
7. Willicombe M, Thomas D, McAdoo S. COVID-19 and calcineurin inhibitors:
should they get left out in the storm? J Am Soc Nephrol (2020) 31(6):1145–46.
doi: 10.1681/ASN.2020030348

8. D’Antiga L. Coronaviruses and immunosuppressed patients: the facts during the
third epidemic. Liver Transpl (2020) 26(6):832–34. doi: 10.1002/lt.25756

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(7):1800–808. doi: 10.1111/ajt.15941

10. Fernández-Ruiz M, Andrés A, Loinaz C, Delgado JF, López-Medrano F, San
Juan R, et al. COVID-19 in solid organ transplant recipients: a single-center case series
from Spain. Am J Transplant (2020) 20(7):1849–58. doi: 10.1111/ajt.15929

11. Polak WG, Fondevila C, Karam V, Adam R, Baumann U, Germani G, et al.
Impact of COVID-19 on liver transplantation in Europe: alert from an early survey of
European liver and intestine transplantation association and European liver transplant
registry. Transpl Int (2020) 33(10):1244–52. doi: 10.1111/tri.13680

12. Di Maira T, Berenguer M. COVID-19 and liver transplantation. Nat Rev
Gastroenterol Hepatol (2020) 17(9):526–28. doi: 10.1038/s41575-020-0347-z

13. Mohammed A, Paranji N, Chen PH, Niu B. COVID-19 in chronic liver disease
and liver transplantation: a clinical review. J Clin Gastroenterol (2021) 55(3):187–94.
doi: 10.1097/MCG.0000000000001481
frontiersin.org

https://doi.org/10.1002/lt.24128
https://doi.org/10.1016/j.dld.2017.07.004
https://doi.org/10.1016/j.dld.2017.07.004
https://doi.org/10.1056/NEJMoa2001017
https://doi.org/10.1016/S2468-1253(20)30116-3
https://doi.org/10.1016/S2468-1253(20)30116-3
https://doi.org/10.1186/s12874-020-01081-0
https://doi.org/10.1186/s12874-020-01081-0
https://doi.org/10.1038/s41586-020-2488-1
https://doi.org/10.1681/ASN.2020030348
https://doi.org/10.1002/lt.25756
https://doi.org/10.1111/ajt.15941
https://doi.org/10.1111/ajt.15929
https://doi.org/10.1111/tri.13680
https://doi.org/10.1038/s41575-020-0347-z
https://doi.org/10.1097/MCG.0000000000001481
https://doi.org/10.3389/fimmu.2023.1203854
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rendina et al. 10.3389/fimmu.2023.1203854
14. Italian National Institute of Health. COVID-19 integrated surveillance: key
national data and methodological note of infographic (2020). Available at: https://
www.epicentro.iss.it/en/coronavirus/sars-cov-2-integrated-surveillance-data (Accessed
December 27).

15. European Centre for Disease Prevention and Control. Case definition and
European surveillance for covid-19 (2020). Available at: https://www.ecdc.europa.eu/
en/case-definition-and-european-surveillance-human-infection-novel-coronavirus-
2019-ncov (Accessed December 27).

16. Taborelli M, Piselli P, Ettorre GM, Baccarani U, Burra P, Lauro A, et al. Survival
after the diagnosis of de novo malignancy in liver transplant recipients. Int J Cancer
(2019) 144(2):232–39. doi: 10.1002/ijc.31782

17. Gruttadauria SItalian Board of Experts in Liver Transplantation (I-BELT) Study
Group and The Italian Society of Organ Transplantation (SITO). Preliminary analysis
of the impact of the coronavirus disease 2019 outbreak on Italian liver transplant
programs. Liver Transpl (2020) 26(7):941–44. doi: 10.1002/lt.25790

18. Rovetta A, Bhagavathula AS, Castaldo L. Correction: modeling the
epidemiological trend and behavior of COVID-19 in Italy. Cureus (2020) 12(9):c37.
doi: 10.7759/cureus.c37

19. Patrono D, Lupo F, Canta F, Mazza E, Mirabella S, Corcione S, et al. Outcome of
COVID-19 in liver transplant recipients: a preliminary report from northwestern Italy.
Transpl Infect Dis (2020) 22(5):e13353. doi: 10.1111/tid.13353

20. Trapani S, Masiero L, Puoti F, Rota MC, Del Manso M, Lombardini L, et al.
Incidence and outcome of SARS-CoV-2 infection on solid organ transplantation
recipients: a nationwide population-based study. Am J Transplant (2021) 21
(7):2509–21. doi: 10.1111/ajt.16428

21. Rauber C, Tiwari-Heckler S, Pfeiffenberger J, Mehrabi A, Lund F, Gath P, et al.
SARS-CoV-2 seroprevalence and clinical features of COVID-19 in a German liver
transplant recipient cohort: a prospective serosurvey study. Transplant Proc (2021) 53
(4):1112–17. doi: 10.1016/j.transproceed.2020.11.009

22. Elias M, Pievani D, Randoux C, Louis K, Denis B, Delion A, et al. COVID-19
infection in kidney transplant recipients: disease incidence and clinical outcomes. J Am
Soc Nephrol (2020) 31(10):2413–23. doi: 10.1681/ASN.2020050639

23. Monno R, Rendina M, Ceci G, Rizzo C, Luzzi I, Francavilla A, et al.
Campylobacter fetus bacteremia in an immunocompromised patient: case report and
review of the literature. New Microbiol (2004) 27(3):281–85.

24. Verma A, Khorsandi SE, Dolcet A, Prachalias A, Suddle A, Heaton N, et al. Low
prevalence and disease severity of COVID-19 in post-liver transplant recipients-a single
centre experience. Liver Int (2020) 40(8):1972–76. doi: 10.1111/liv.14552

25. Guarino M, Cossiga V, Loperto I, Esposito I, Ortolani R, Fiorentino A, et al.
COVID-19 in liver transplant recipients: incidence, hospitalization and outcome in an
Italian prospective double-centre study. Sci Rep (2022) 12(1):4831. doi: 10.1038/
s41598-022-08947-x

26. Mehta P, McAuley DF, Brown M, Sanchez E, Tattersall RS, Manson JJ, et al.
COVID-19: consider cytokine storm syndromes and immunosuppression. Lancet
(2020) 395(10229):1033–34. doi: 10.1016/S0140-6736(20)30628-0

27. Pearson MM, Limaye AP, Biggins SW. Tacrolimus: unlikely harmful and
perhaps helpful in liver transplant recipients with COVID-19. Gastroenterology
(2021) 60(4):1012–13. doi: 10.1053/j.gastro.2020.12.050

28. 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(4):1151–63.e3. doi: 10.1053/j.gastro.2020.11.045

29. Kulkarni AV, Tevethia HV, Premkumar M, Arab JP, Candia R, Kumar K, et al.
Impact of COVID-19 on liver transplant recipients-a systematic review and meta-
analysis. EClinicalMedicine (2021) 38:101025. doi: 10.1016/j.eclinm.2021.101025

30. Webb GJ, Marjot T, Cook JA, Aloman C, Armstrong MJ, Brenner EJ, et al.
Outcomes following SARS-CoV-2 infection in liver transplant recipients: an
international registry study. Lancet Gastroenterol Hepatol (2020) 5(11):1008–16.
doi: 10.1016/S2468-1253(20)30271-5

31. Becchetti C, Zambelli MF, Pasulo L, Donato MF, Invernizzi F, Detry O, et al.
COVID-19 in an international European liver transplant recipient cohort. Gut (2020)
69(10):1832–40. doi: 10.1136/gutjnl-2020-321923

32. Webb GJ, Moon AM, Barnes E, Barritt AS, Marjot T. Determining risk factors
for mortality in liver transplant patients with COVID-19. Lancet Gastroenterol Hepatol
(2020) 5(7):643–44. doi: 10.1016/S2468-1253(20)30125-4
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