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Abstract: Liver transplant (LT) recipients are considered a vulnerable population amidst the COVID-
19 pandemic. To date, available data have been heterogeneous and scarce. Therefore, we conducted
a systematic literature review identifying English-language articles published in PubMed between
November 2019 and 30 May 2021. We aimed to explore three areas: (1) outcome and clinical
course; (2) immunological response after COVID-19 in LT recipients; and (3) vaccination response.
After systematic selection, 35, 4, and 5 articles, respectively, were considered suitable for each area of
analysis. Despite the heterogeneity of the reports included in this study, we found that gastrointestinal
symptoms were common in LT recipients. The outcome of the LT population was not per se worse
compared to the general population, although careful management of immunosuppressive therapy
is required. While a complete therapy discontinuation is not encouraged, caution needs to be taken
with use of mycophenolate mofetil (MMF), favoring tacrolimus (TAC) use. Although data conflicted
about acquired immunity after SARS-CoV-2 infection, vaccine immunogenicity appeared to be low,
suggesting that the level of surveillance should be kept high in this population.

Keywords: solid organ transplantation; liver injury; immunosuppressant; SARS-CoV-2; humoral
response; vaccination

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has first been identi-
fied in Wuhan city, Hubei Province, China as the pathogen responsible for several cases
of severe pneumonia during November 2019, subsequently defined by the World Health
Organization (WHO) as Coronavirus disease 2019 (COVID-19). Typical symptoms of
COVID-19 include fever, cough, dyspnea, fatigue, myalgia, gastrointestinal manifestations,
and impairment of smell and/or taste [1-3]. The course of the disease ranges from asymp-
tomatic or mild [4] to severe manifestations, mainly with respiratory features, leading to
respiratory insufficiency, acute respiratory distress syndrome (ARDS), and in some cases
to death. Age, male gender, and comorbidities have been established as risk factors for a
more severe course of the disease and for mortality [5,6].

Since March 2020, COVID-19 has spread worldwide, has been declared a pandemic
by the WHO, and has rapidly become a public health matter with several unmet issues. As
of 16 July 2021, there were over 188 million confirmed cases and over 4 million reported
deaths worldwide [7].

While knowledge on disease evolution, risk factors, clinical manifestations, and opti-
mal management of affected individuals is progressively increasing, treatment guidelines
are difficult to standardize when taking into account specific categories of patients. In
this regard, solid organ transplant (SOT) recipients, and among them, liver transplant (LT)
patients, may represent a potentially high-risk population. Concerns have been raised
regarding immunosuppression therapy, including SARS-CoV-2-associated liver injury [8]
and a possible impairment of the immunological response.
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In December 2020, encouraging results on the safety and efficacy profile of the first anti-
SARS-CoV-2 vaccines were published [9,10], paving the way for a large-scale vaccination
campaign. However, most special populations were excluded from the pivotal studies of
these vaccines, and therefore, real-life observations on efficacy and safety are necessary.

Data regarding the management of immunosuppression therapy in LT recipients
affected by COVID-19, as well as information on the course of the disease, outcome, and
immunological response both to the infection and vaccination, remain scarce.

The aim of this review was therefore to analyze and summarize the published literature
concerning LT recipients with COVID-19.

2. Materials and Methods

A systematic literature review was conducted identifying PubMed English-language
articles published between November 2019 and 30 May 2021.

We structured our search on three areas, using different MeSH terms. First, we aimed
to analyze outcome and clinical course in LT recipients; second, we aimed to analyze
immunological response after COVID-19 in LT recipients; and third, we aimed to analyze
vaccination response.

For the first purpose, the MeSH terms used were “COVID-19” (and related terms: 2019
novel coronavirus, SARS-CoV-2 infection, 2019-nCoV infection) AND “liver transplant”
(and related terms: orthotopic liver transplant (OLT), hepatic transplant, liver transplanta-
tion, solid organ transplant).

For the second purpose, the MeSH terms used were “COVID-19” (and related terms)
AND “liver transplant” (and related terms) AND “humoral response” (and related terms:
serology, immune response, T-cell response).

For the third purpose, the MeSH terms used were “liver transplant” (and related
terms) AND “COVID-19 vaccines”.

Original articles, case reports, case series, commentaries, letters to the editor, and
review articles were considered. Additional articles were considered on the basis of the
reference lists of the included studies. Two reviewers independently evaluated titles and
abstracts for inclusion. Only well-characterized adult transplant recipients were included.
Articles with known duplications were excluded. When feasible, information on LT recipi-
ents summarized in mixed cohorts of SOT patients were extracted and analyzed. Systematic
selection was performed according to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) [11]. Data extraction was conducted independently by two
researchers (SGG and CB), using the text, tables, and figures of the original published
articles. Independently, the overall quality was also evaluated and graded according to
the Newcastle-Ottawa scale (NOS) for assessing the quality of the observational studies
and converting the results to the Agency for Health Care Research and Quality (AHRQ)
standards (good, fair, and poor) where applicable. When disagreement was present, an
open discussion led to a final consensus. All the reported patients’” demographic and
clinical characteristics, baseline immunosuppressant medications and modifications during
the course of the infection, need for intensive care unit (ICU) and/or mechanical ventilation
(MV), and outcome were collected. A meta-analysis to investigate association between
baseline characteristics, immunosuppression, and outcomes was not performed because of
the lack of sufficient data and the high heterogeneity between the different studies. For
the second and third aims, we collected the data regarding the type of assay used to assess
immunity and the type of vaccines applied. The principal measures used were the median,
mean, standard deviation, and incidence as pooled results.

3. Results
3.1. Study Selection
For the first aim, 820 papers met the research criteria applied, of which 76 articles

were considered suitable for evaluation. Preliminary reports subsequently published as
extended analyses were considered duplications and therefore not included in the final
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analysis. In addition, data duplication for survey-based studies could not be completely
ruled out. Therefore, we restricted our final selection to 35 articles, including a total
of 1076 patients. No randomized control trials were found, and only two studies were
prospectively designed; the remaining 33 articles were retrospective studies, case reports or
case series, editorials, or letters to the editor. Five studies reached “good quality” according
to the NOS converted in the AHRQ standards. One study reached “fair quality”, and the
other studies were rated as “poor quality”. The selection process followed the PRISMA
guidelines and is summarized in Figure 1.
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Figure 1. Flow diagram of the systematic literature search according to the PRISMA statement.

For the second and the third aims, 18 and 19 papers met the research criteria applied,
respectively. Of these, four and five articles respectively were considered suitable for
evaluation. No randomized control trials were found. Only two studies were prospectively
designed; the remaining articles were retrospective studies, case reports or case series,
editorials, or letters to the editor.

3.2. Study Population Characteristics, Clinical Course, and Management of Immunosuppression

Opverall, 1076 patients were pooled. Mean age was 54.5 4= 12.1 years, with male gender
being prevalent (n = 553, 66.8%). Extensive information on comorbidities was available
in 30 papers. Diabetes mellitus type 2, arterial hypertension, and obesity were present
in 38.6%, 43.5%, and 16.0% of patients, respectively. A history of previous neoplasia was
described in three reports, identifying 23 out of 832 patients (2.8%). In the majority of
patients, infection with SARS-CoV-2 occurred 79.7 months after LT. The demographic
characteristics and main outcomes are summarized in Table 1.
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Table 1. General characteristics of the included studies.

First Author Country Number of Patients (m/f) Mean/Median Age Comorbidities, 7 (%) Outcome
Hypertension 2 (67) o
. Diabetes 1 (33) CER 67%
Alconchel et al. [12] Spain 3(1/2) 64 (61-68) Stroke 1 (33) ICU 100%
Hypothyroidism 1 (33) ARDS 33%
Hypertension 8 (47)
Diabetes 9 (53)
Cardiovascular disease 8 (47) CFR 24%
Becchetti et al. [13] Europe 17 (12/5) Median 61 (IQR 26) CKD 7 (41) ICU 12%
Obesity 5 (29) ARDS 18%
Respiratory disease 2 (12)
Cancer 8 (47)
Hypertension 111 (46)
Diabetes 94 (39)
Cardiovascular disease 17 (7) CFR 20%
Belli et al. [14] Europe 243 (171/72) 63 (55-69) CKD 49 (20) ICU 15%
Obesity 46 (19) ARDS NA
Respiratory disease 25 (10)
Other 43 (18)
. CFR 0%
Bosch et al. [15] Germany SOT 7; of them, 2 LT (1/1) 42 (18-65) gz%e;t(e;‘;)lon 2(100) ICU 0%
ARDS NA
Hypertension 3 (50) o
. _ Diabetes 3 (50) CFR 0%
oudhury et al. [16] India 6(6/-) 46 (38-52) CKD1(17) ICU 17%
Hypothyroidism 1 (17) ARDS NA
H tension 64 (58
. Di}:iieesnséoa& (58) Mortality rate  18%
Colmenero et al. [17] Spain 111 (79/32) Median 65 (IQR 11) Cardiovascular disease 22 (20) ICU 1%
Respiratory disease 13 (12) ARDS NA
Cardiovascular disease 1 (50) CFR 0%
Respiratory disease 1 (50) °
Dale et al. [18] USA 2(-/2) 62 (58-65) Rheumatoid arthritis 1 (50) ICU 100%
Psoriatic arthritis 1 (50) ARDS NA
Diabetes 9 (75) o
. Hypertension 4 (33) CFR 8%
Dhampalwar et al. [19] India 12 (11/1) 54 (45-63) Metabolic syndrome 1 (8) ICU NA
y ARDS NA

Chronic rejection 1 (8)
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Table 1. Cont.

First Author Country Number of Patients (m/f) Mean/Median Age Comorbidities, n (%) Outcome
CFR 100%
Eslami et al. [20] Iran 1 (m) 69 CKD ICU 100%
ARDS NA
Hypertension 1 (9)
Diabetes 6 (55)
Cardiovascular disease 1 (9)
CKD 2 (18)
) Obesity 2 (18) CFR 9%
Felldin et al. [21] Sweden SOT Eiz'd(r)lfet;_eg ?4];"1;)and 3 60 (27-72) Respiratory disease 2 (18) ICU NA
Hypothyroidism 1 (9) ARDS NA
Sarcoidosis 1 (9)
Polymyalgia rheumatica 1 (9)
Psychosis 1 (9)
Cancer 1 (9)
Hypertension
Diabetes
Cardiovascular disease CFR 0%
Fung et al. [22] USA SOT 10; of them, 1 LT (f) 80 CKD ICU No
Respiratory disease ARDS No
Hypothyroidism
Dementia
2307 SOT; of them, 240 LT NA for LT IT: LT:
(NA) CFR NA
Con’2110319%r/(;1;g)2289 Control group 55 NA ICU 10%
Hadi et al. [23] USA Control group: ARDS NA
Hypertension 2213 (92) Control group:
Diabetes 1420 (62) CFR 6%
Cardiovascular disease 1020 (45) ICU 9%
Respiratory disease 633 (28) ARDS NA
Hypertension 2 (67)
Diabetes 3 (100) CFR 33%
Hann et al. [24] UK 3(2/1) 61 (47-69) CKD 2 (67) ICU NA
Obesity 1 (33) ARDS NA

Other 1 (33)
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Table 1. Cont.

First Author Country Number of Patients (m/f) Mean/Median Age Comorbidities, n (%) Outcome
CFR 0%
Hatami et al. [25] Iran 1(f) 30 Hypothyroidism ICU NA
ARDS NA
CFR 0%
Hayashi et al. [26] Japan 1 (m) 20 NA ICU No
ARDS No
CFR 100%
Huang et al. [27] China 1 (m) 59 HBV MV Yes
ARDS NA
CFR 0%
Jamir et al. [28] India 1 (m) 49 Obesity ICU 100%
ARDS NA
CFR 0%
Kates et al. [29] USA SOT 4; of them, 1 LT (m) 67 Cirrhosis of allograft 1 (100) ICU Yes
ARDS NA
CFR 0%
Kolonko et al. [30] Poland SOT 4; of them, 1 LT (m) 53 Ulcerative colitis 1 (100) ICU No
ARDS NA
CFR 0%
Liu etal. [31] China 1 (m) 50 NA ICU 0%
ARDS NA
LT:
Hypertension 29 (23) LT:
Diabetes 20 (16) CFR <B%
CKD 24 (19) ICU <8%
Respiratory disease <10 (<8) ARDS NA
Heart failure <10 (<8)
(<8)
Mansoor et al. [32] USA LT 125 (82/43) Control group LT 57 (SD +/—19) Control Ischemic heart disease <10 (<8)
125 (85/40) group 60 (SD +/—15)
Control group: Control group:
Hypertension 23 (18) CFR <8%
Diabetes 20 (16) ICU 9%
CKD 26 (21) ARDS  NA

Respiratory disease <10 (<8)
Heart failure <10 (<8)

Ischemic heart disease <10 (<8)
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Table 1. Cont.

First Author Country Number of Patients (m/f) Mean/Median Age Comorbidities, n (%) Outcome
Hypertension CFR 0%
Mathiasen et al. [33] Denmark 1(f) 58 Obesity ICU 0%
Hyperlipidemia ARDS NA
Hypertension 2 (67)
Cardiovascular disease 1 (33
Diabetes 1 (33) ) CER 0%
Mehta et al. [34] USA SOT 11; of them, 3 LT (2/1) 65 (62-68) Obesity 2 (67) ICU 0%
HIV 3 (100) ARDS  NA
HCV 3 (100)
CFR 0%
Modi et al. [35] USA 1 (m) 32 HIV ICU 0%
ARDS NA
CFR 0%
Niknam et al. [36] Iran 2(1/1) 53 (46-60) Diabetes 1 (50) ICU 0%
ARDS NA
CFR 0%
Nikoupour et al. [37] Iran 1 (m) 35 Ulcerative colitis 1 (100) ICU 0%
ARDS NA
CFR 0%
Prieto et al. [38] Spain 1 (m) 52 Cardiovascular disease 1 (100) ICU No
ARDS NA
CFR 0%
Qin et al. [39] China 1 (m) 37 NA ICU NA
ARDS NA
Hypertension 59 (53)
Diabetes 51 (46)
Cardiovascular disease 15 (13
. . Obesity 26 (23) ) CFR 22%
Rabiee et al. [40] USA 112 (61/51) Median 61 (IQR 20) . . ICU 27%
Respiratory disease 18 (16) ARDS NA
Metabolic syndrome 22 (20)
Cancer 7 (6)
HIV1(1)
Hypertension 5 (63)
Diabetes 2 (25) CFR 0%
Rauber et al. [41] Germany 8 (NA) 57 (26-70) Cardiovascular disease 1 (13) ICU 0%
CKD 4 (50) ARDS NA

Obesity 2 (25)
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Table 1. Cont.

First Author Country Number of Patients (m/f) Mean/Median Age Comorbidities, n (%) Outcome
CFR 0%
Sessa et al. [42] France 1 (m) 58 Hypertension ICU 0%
ARDS NA
Hypertension 1 (25)
Diabetes 1 (25) CFR 0%
Terrabuio et al. [43] Brazil 4(1/3) 52 (42-62) Obesity 2 (50) ICU 0%
Chronic rejection 1 (25) ARDS NA
Crohn’s disease 1 (25)
Hypertension 3 (60)
Diabetes 1 (20) CFR 40%
Waisberg et al. [44] Brazil 5(4/1) 60 (34-69) Cardiovascular disease 1 (20) ICU NA
Obesity 2 (40) ARDS NA
Respiratory disease 1 (20)
IL{T' . LT:
ypertension 63 (42) o
Diabetes 65 (43) CER 190/ ?
Cardiovascular disease 22 (15) ICU 28%
Obesity 44 (29) ARDS NA
Respiratory disease 8 (5)
. Cancer 8 (5)
Webb et al. [45] International Lgll,glllrglgé./ ?392)9333;01 ngtlsgf ;iiig%g%géé;fg 4) Control group:
Hypertension 241 (38) Control group:
Diabetes 144 (23) CFR 27%
Cardiovascular disease 202 (32) ICU 8%
Obesity 158 (25) ARDS NA
Respiratory disease 160 (26)
Cancer 92 (15)
Stroke 73 (12)
CFR 0%
Wei et al. [46] China 1 (m) 61 NA ICU NA
ARDS NA

Abbreviations: ICU: intensive care unit; ARDS: acute respiratory distress syndrome; HBV: hepatitis B virus; HIV: human immunodeficiency virus; HCV: hepatitis C virus; SOT: solid organ transplantation; LT:
liver transplant; NA: not applicable; CKD: chronic kidney insufficiency; IQR: interquartile range; CFR: case fatality rate.
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Regarding the incidence of COVID-19 infections in LT recipients, only the SETH
cohort provided data, showing that the incidence of COVID-19 in liver transplant recipients
compared to the general population (837.41 cases/ 105 patients vs. 311.93 cases/ 105 people)
was almost double [17].

On the other hand, the COVID-LT cohort recorded 57 confirmed SARS-CoV-2 infec-
tions out of 11,790 patients in regular follow-ups, resulting in an incidence of 483.46 cases/
105 patients [13]. Another report from Germany documented, using either serology or
PCR-swab test, present or past SARS-CoV-2 infection in 3.7% of their LT recipients during
the study period (May and August 2020) [41].

The most frequently described clinical presentation was fever (61.4%), followed by
cough (58.6%) and dyspnea (36.2%). Webb et al. [45] reported general “respiratory symp-
toms”, which were experienced by the 77% of the LT recipients included in the study.
Gastrointestinal symptoms including vomiting, diarrhea, nausea, and abdominal pain
were strongly represented (159/569 patients, 27.9%). In the aforementioned study, the
proportion of patients with gastrointestinal symptoms was higher among LT recipients
compared to the nontransplant cohort (30% vs. 12%, p < 0.0001), whereas no significant
difference was observed with respect to respiratory symptoms. On the same line, Belli
et al. [14] found diarrhea as the presenting symptom in 55 LT recipients, corresponding to
22.6%.

Concerning immunosuppression therapy, data on basal immunosuppression (IS)
therapy and on subsequent management during the course of infection was available for
33 and 29 studies, respectively. The data are summarized in Table 2.
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Table 2. Information regarding immunosuppressant regimen and its modification in during COVID-19.

First Author

Number of Patients

Baseline IS, n (%)

Modification IS

Type of Modification

Alconchel et al. [12]

Becchetti et al. [13]

Belli et al. [14]

Bosch et al. [15]

Choudhury et al. [16]

17

243

SOT 7; of them, 2 LT

TAC + steroid, 1 (33)
TAC + MMF + steroid, 2 (67)

Single agent

Cys, 1 (6)

TAC, 4 (24)

Everolimus, 1 (6)

MMEF, 2 (12)
Combination

CNIs + MMF, 7 (41)

CNIs + steroids, 2 (12)
Single agent

Cys, 13 (5)

Cys + MME, 9 (4)

Cys + steroid, 3 (1)

Cys + MMF + steroid, 4 (2)
TAC, 54 (22)

TAC + MMF, 52 (21)

TAC + mTOR;, 12 (5)
TAC + steroid, 27 (11)
TAC + MMF + steroid, 15 (6)
MME, 24 (10)

MMF + mTOR;, 10 (4)
MME + steroid, 3 (1)
mTORj, 11 (5)

mTORi + steroid, 2 (1)
Steroid, 2 (1)

Everolimus + MMF, 1 (50)
MME, 1 (50)

TAC, 2 (33)

TAC + MMF, 2 (33)
Steroid, 1 (17)
Everolimus, 1 (17)

Yes

Yes

Yes

Yes

Yes

TAC reduction 33%
MMF withdrawal and TAC reduction 33%
MMF withdrawal 33%

Reduction 29%
Withdrawal 18%

CNIs withdrawal 7%

CNIs reduction 16%
Antimetabolites withdrawal 14%
mTORi withdrawal 4%

Other 2%

MMF withdrawal 50%

TAC and MMF withdrawal and start steroids (17)
TAC +and MMF withdrawal and start steroids (17)

TAC withdrawal and start steroids (33)
Several adjustments (17)
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Table 2. Cont.

First Author Number of Patients Baseline IS, n (%) Modification IS Type of Modification
Single agent
CNIs, 24 (31)
Combination
Colmenero et al. [17] 111 CNIs + MME, 29 (26) NA NA
CNIs + Everolimus, 9 (8)
MMF +/- Everolimus, 37 (33)
TAC + steroid, 1 (50) . . o . .
Dale et al. [18] 2 TAC + MMF + steroid, 1 (50) Yes Prednisone reduction 100% (perioperative)
TAC-based, 10 (83)
Cys-based, 1 (8) .. .
Dhampalwar et al. [19] 12 Everolimus-based, 1 (8) Yes MMF reduction in most patients
(Not available data on MMF)
Eslami et al. [20] 1 TAC + steroid No (perioperative)
TAC, 3 (27)
) TAC + steroid, 1 (9) MMF withdrawal 27%
Felldin et al. [21] jr?(;f 53;of them, 8LT 1), MME, 2 (18) Yes MMF reduction 9%
etak 3 kidnev—LT TAC + MMF + steroid, 3 (27) MTX withdrawal 9%
raney TAC + AZA, 1 (9) TAC reduction 9%
TAC + steroid + MTX, 1 (9)
Fung et al. [22] 1 TAC + MMF No -
Hann et al. [24] 3 TAC + AZA + steroid, 3 (100) NA NA
Hatami et al. [25] 1 TAC Yes TAC withdrawal
Hayashi et al. [26] 1 TAC No
Reduction of 50%
Huang et al. [27] 1 TAC + MMF Yes (drug-drug interaction)
Jamir et al. [28] 1 TAC + MMF + steroid Yes MMF, W1thrawal
Steroids i.v.
Kates et al. [29] SOT 4; of them, 1 LT Cys No
Kolonko et al. [30] SOT 4; of them, 1 LT TAC + MMF + steroid Yes MMF withdrawal 100%
Liu et al. [31] 1 TAC Yes TAC withdrawal
Steroids i.v.
Mathiasen et al. [33] 1 TAC + MMF No -
TAC + steroid, 1 (33)
Mehta et al. [34] SOT 11; of them, 3 LT TAC + MMF, 1 (33) Yes TAC and MMF withdrawal 33%
TAC + MMF + steroid, 1 (33)
Modi et al. [35] 1 TAC + MMF + steroid Yes MMEF withdrawal

TAC reduction
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Table 2. Cont.

First Author Number of Patients Baseline IS, n (%) Modification IS Type of Modification
Niknam et al. [36] 2 TAC + MMF + steroid, 2 (100) Yes MMF reduction 100%
Nikoupour et al. [37] 1 Tac + MMF + steroid Yes MMF reduction
Prieto et al. [38] 1 Basiliximab + MMF + TAC + steroid Yes Several adjustments (perioperative)
Qin et al. [39] 1 TAC + steroid Yes Seve.ral ad]gstments
(perioperative)
TAC, 103 (92)
MME, 56 (50) Patients with liver injury (ALT > 2xULN) n = 81
. Steroid, 34 (30) MMF withdrawal 33%
Rabiee et al. [40] 12 Cys, 7 (6) Yes TAC reduction 26%
mTOR inhibitors, 4 (4) TAC withdrawal 5%
AZA,1(1)
TAC, 1 (13)
TAC + MMF, 4 (50)
Rauber et al. [41] 8 TAC + mTOR, 1 (13) NA -
Cys, 1(13)
mTOR;, 1 (13)
Sessa et al. [42] 1 TAC No -
. TAC + MMF + steroid, 3 (75) MMF w%thdrawal and stero%cl Feduction 50%
Terrabuio et al. [43] 4 TAC + AZA, 1 (25) Yes MMF withdrawal and steroid increase 25%
! MMEF withdrawal and TAC reduction 25%
Reduction 40%
Waisberg et al. [44] 5 NA for LT Yes }/r\{giizzzg‘l’/f? Pf)CR)
(all perioperative)
Wei et al. [46] 1 TAC Yes TAC withdrawal

Abbreviations: AZA: azathioprine; CNI: calcineurin inhibitors; Cys: cyclosporine; TAC: tacrolimus; MMF: mycophenolate mofetil; mTORi: mammalian target of rapamycin inhibitor; SOT: solid organ
transplantation; LT: liver transplant; NA: not applicable; MTX: methotrexate.
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In the study by Colmenero et al. [17] patients receiving MMF or in whom an attempt
was made to completely withdraw immunosuppression were more prevalent in the severe
COVID-19 group (p = 0.014, and p = 0.016 respectively). Conversely, tacrolimus-based
immunosuppression was more frequent in the nonsevere COVID-19 group, albeit without
statistical significance (p = 0.113). Similar findings regarding calcineurin inhibitor (CNIs)-
based regimens were observed in the COVID-LT study, where the continuation of CNIs
therapy after COVID-19 diagnosis was higher among survivors (64% vs. 42.8%) [47].
Indeed, in the study of Belli et al. [14], after multivariable analysis, the use of TAC was
confirmed to be independently associated with a reduced mortality risk (HR, 0.55; 95%
CI, 0.31-0.99). Additionally, in the Spanish cohort, survival curves illustrated the negative
prognostic impact of MMF, particularly at doses higher than 1000 mg/day. In agreement
with this finding, in patients receiving full-dose of MMF at baseline (i.e., 2000 mg/day),
complete drug withdrawal showed a trend towards reduced severe COVID-19 (41.7% vs.
69.2%, p = 0.16) [17].

Overall, 375 out of 1064 (35.2%) patients were managed in an outpatient setting,
whereas 64.8% were hospitalized. Of the hospitalized patients, 158/689 (22.9%) were
admitted to an ICU. Death was reported in 135 cases. In the COVID-LT study, case
fatality was estimated at 12% (95% CI 5-24%), which increased to 17% (95% CI 7-32%)
among hospitalized patients [13], whereas Rabiee and coauthors found a 22.3% case fatality
rate [40]. In the study by Webb and coauthors [45], case fatality was 19% (vs. the 27%
reported for the comparison cohort, p = 0.046), with the propensity-score-matched analysis
showing that LT did not significantly increase the risk of death in patients with SARS-CoV-2
infection (absolute risk difference 1.4% (95% CI 7.7-10.4)). Colmenero et al. [17] described
a mortality rate of 18% among LT patients.

In Webb et al., multivariate analyses showed that factors significantly associated with
death were: increased age (OR 1.06 (95% CI 1.01-1.11) per 1 year increase, p = 0.031),
presence of nonliver cancer (OR 18.30 (1.96-170.75); p = 0.011), and higher baseline serum
creatinine (OR 1.57 (1.05-2.36) per 1 mg/dL increase) p = 0.028) [45]. Results derived from
the multivariate analysis performed within the SETH cohort study identified the following
independent predictors: Charlson comorbidity index (relative risk (RR) = 1.28 (95% CI
1.05-1.56), male gender (RR = 2.49; 95% CI 1.14-5.41), dyspnea at diagnosis (RR = 7.25;
95% CI 2.95-17.82), and baseline immunosuppression containing MMF (RR = 3.94; 95% CI
1.59-9.74) [17]. Belli et al. reported risk factors associated with worse prognosis including
advanced age (>70 vs. <60 years, HR 4.16; 95% CI 1.78-9.73) and the use of TAC [14].

Despite theoretically higher levels of immunosuppression, only the report by Belli
et al. [14] mentioned time since LT as an independent factor associated with poor outcome
in univariate analysis. On the other hand, Colmenero et al. [17] showed that the time from
LT had no impact on the risk of suffering from severe COVID, a finding that was confirmed
by Webb et al. [45], who reported no association between death and time since LT.

Lastly, Rabiee et al. showed that the incidence of acute liver injury (defined by
ALT 2-5x ULN) was not higher in LT recipients when compared to age- and gender-
matched nontransplant patients with chronic liver disease and COVID-19 (47.5% vs. 34.6%;
p = 0.037). The presence of liver injury during COVID-19 in LT recipients was significantly
associated with mortality (OR 6.91 (95% CI: 1.68-28.48), p = 0.007) and ICU admission
(OR 7.93 (95% CI: 1.75-35.69), p = 0.007) [40]. In the US study of Hadi et al., considering
only LT recipients, only 18 patients (7.5%) experienced the composite outcome including
mechanical ventilation and death at 30 days. This rate was lower when compared to that
for recipients of other organ transplants [23].

3.3. Immunological Response after COVID-19 in LT Recipients

Regarding the immunological response after SARS-CoV-2 infection in LT patients,
only four studies were considered, including a total of 91 LT recipients. However, all of
these studies examined different types of tests/assays directed toward different targets,
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and data could not always be extrapolated to LT recipients alone, as shown in Table 3,
making a pooled analysis not feasible.

Table 3. Summary of the included studies concerning immunological response of LT recipients after COVID-19.

First Author Country Nufnber of Type of Test Type of Assay Main Conclusions
Patients
SOT 3; of them, Anti-SARS-CoV-2 Delaved serolowical
Zilla et al. [50] USA 1LTand 1 (S1subunit) IgA  EUROIMMUN® y &
X response and worst outcome
kidney-LT and IgG
Anti-SARS-CoV-2
SOT 70; of (antinucleocapsid ® 80% of liver transplant
Burack etal. [51] USA them, 14 LT antigen) IgM, IgG, Roche Elecsys recipients turned positive
and IgA
SOT and immunocompetent
' Anti-SARS-CoV-2 MaglumlTM 2019 patients achlevled a similarly
Fava et al. [49] Spain SOT 28; of IgM and IgG + T (Snibe robust serological and
’ them, 5 LT cell responces Diagnostic®) + functional T cell immune
p AID® Gmbh response, albeit with a
certain delay.
LT recipients, compared to
Anti-SARS-CoV-2  Abbott immunocompetent patients,
Caballeros-Marcos . . . showed a lower incidence of
etal. [48] Spain 71 LT (antinucleocapsid =~ ARCHITECT antinucleocapsid IgG
‘ antigen) IgG i2000®

antibodies at 3 months

and at 6 months.

Abbreviations: SOT: solid organ transplantation; LT: liver transplant.

Caballero-Marcos et al. [48] showed a decline over time of IgG-antinucleocapsid, with
lower incidence at 3 months (77.4% vs. 100%, p < 0.001) and at 6 months (63.4% vs. 90.1%,
p < 0.001) when compared with a matched cohort of immunocompetent subjects. A more
comprehensive analysis performed in 28 SOT patients (of which five were LT patients)
of the immunological response, which also considered T-cell responses, showed that the
overall response was not impaired in the SOT patients. However, when the humoral
response was considered alone, there was some delay in mounting a response compared to
the immunocompetent control group [49].

3.4. COVID-19 Vaccine Immunogenicity in LT Recipients

Regarding response to COVID-19 vaccines, we considered five studies. Overall, the
studies included 269 LT recipients (Table 4). However, analogously to those regarding
the immunological response after COVID-19, the included studies considered different
types of tests/assays, and data could not always be extrapolated to LT recipients alone,
making comparisons difficult. Two studies evaluated side effects after receiving one dose of
mRNA-1273 or BNT162b2 vaccine or two doses of BNT162b2 vaccine. Both studies showed
local and systemic side effects in proportions comparable to those in pivotal studies for
RNA vaccines.
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Table 4. Summary of the included study concerning vaccination against SARS-CoV-2 response in LT recipients.

First Author Country Number of Patients Type of Vaccine Type of Assay Side Effect Main Conclusions
Anti-SARS-CoV-2 (S1 Humoral response to 2 doses of mRNA
mRNA-1273 (Moderna) 307  subunit) IgA and IgG SARS-CoV-2 vaccine among SOT was
SOT (EUROIMMUN®) and present, although participants without a
Boyarsky et al. [54] USA SOT 658; of them, 129 LT BNT162b2 Anti-SARS-CoV-2 - response after dose 1 had generally low
(Pfizer-BioNTech) 342 SOT (antinucleocapsid antibody levels.
antigen) IgM, IgG, and IgA Poor humoral response was associated with
(Roche Elecsys®) use of antimetabolite immunosuppression.
Local reactions:
pain (61%)
mRNA-1273 (Moderna) 94 ir;iltlil:fs(-w %) Systemic SOT patients, after 1 dose of vaccine,
Boyarsky et al. [56] USA SOT 187; of them, 26 LT sBcl\)]ng 62b2 - fever (4%) expenenc.eq typically minimal perivaccine
11625 chills (9%) reactogenicity . .
(Pfizer-BioNTech) 93 SOT fatigue (38%) headache similar to reported rates in non-SOT patients.
(32%)
myalgias (15%)
BENT162b2 Anti-SARS-CoV-2 (Receptor Lo.cal 2rg:}ctions: L;)w aqtibody respsc();1;e 23 d.ays afte.r }21 ;18056?)/5
Mazzola et al. [52] France SOT 143; of them, 56 LT . . Binding Domain of S1) IgG pain ( . °) . . o vaccie among recipients, with 28.6%
(Pfizer-BioNTech) (Abbott Alinity i®) Systemic reactions: fatigue  of seroconversion, particularly for kidney
y (14%) headache (6%) and heart SOT.
Anti-SARS-CoV-2 spike
BNT162b2 protein (51/52) (DiaSorin®) Humoral and T-cell responses were
Miele et al. [55] Italy SOT 16; of them, 4 LT X . and ex vivo IFN-y- - significantly lower in SOT recipients than in
(Pfizer-BioNTech) .
ELISpot immunocompetent group.
assay (Mabtech®)
Anti-SARS-CoV-2 Positive serology was observed in only
(antinucleocapsid 47.5% (p < 0.001) of LT recipients. Predictors
. . BNT162b2 antigen) IgG (Abbott for negative response among LT recipients
Rabinowich etal. [53] Israel 80LT (Pfizer-BioNTech) ARC%HITEgCT i2000®) and ) were oglder age, Pl)ower estimfted glonr')lerular

anti-spike protein (S1/52)
(DiaSorin®)

filtration rate, and treatment with high-dose
steroids and mycophenolate mofetil.

Abbreviations: SOT: solid organ transplantation; LT: liver transplant.
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Concerning immunogenicity, four studies, although using different assays, evaluated
the humoral response recording seroconversion rates between 29 and 50% [52,53]. Two
studies emphasized that the use of antimetabolites as immunosuppression was a risk factor
for reduced serum conversion rates [53,54]. Only one study also analyzed T-cell response,
which was described as reduced [55], and only one of the included studies considered only
LT recipients [53].

4. Discussion

At the beginning of the COVID-19 pandemic, SOT recipients, including LT recipients,
were considered a vulnerable population, raising the question as to whether they would
be at particular risk for severe disease and graft injury given their immunocompromised
state and high prevalence of metabolic comorbidities. The aim of our study was to sys-
tematically pool all the available literature on this topic. We found that middle-aged
men with metabolic comorbidities were the main target for the infection. Even though
respiratory problems represented the main clinical feature in LT patients, a high percent-
age of gastrointestinal symptoms were also reported. Approximately 70% of LT patients
with SARS-CoV-2 infection were hospitalized. Modification/reduction of IS was common,
particularly for MME, although complete withdrawal of all IS was rarely observed. With
respect to outcome, a case fatality rate ranging between 12 and 22% was described in the
major reports accessible for this analysis. Interestingly, when compared to the control
population, outcomes were not worse in the LT recipient group.

There seems to be a difference in the immune response to the SARS-CoV-2 infection
and the immune response as acquired by vaccination. In the first case, the data conflict,
but if we consider the response mediating the neutralizing activity (anti-spike protein
IgG and T-cell mediated), it seems that there is a similar response, albeit probably slightly
delayed, in LT recipients compared to immunocompetent subjects. On the other hand,
vaccine-induced immunogenicity seems to be defective.

Although a considerable number of patients were included in the present study, the
quality of the manuscripts analyzed makes it difficult to consolidate associations and
predictive factors regarding COVID-19 and the LT population.

The epidemiological distribution of the disease is superimposable to that of the general
population [2,57], with COVID-19 being mainly prevalent in middle-aged males.

Recently, new findings have highlighted how obesity [58], diabetes type II [59], and
arterial hypertension [60] are associated with a more severe course of COVID-19 and
hence a poorer outcome. Despite the high prevalence of these metabolic conditions in LT
recipients [61,62] and more specifically in the present cohort, this did not seem to negatively
affect the prognosis of the current study population.

Interestingly, the presence of gastrointestinal complaints (28%) was considerably
higher among LT recipients. A recent review on gastrointestinal symptoms in COVID-
19 [63] showed a high heterogeneity in incidence (ranging between 3 and 79%), with
other large cohorts of patients reporting rates of gastrointestinal symptoms between 5 and
15% [60,64]. It is widely accepted that SARS-CoV-2 enters host mucosal cells via the cell
receptor angiotensin-converting enzyme-2 (ACE-2) and the transmembrane serine protease
2 (TMPRSS2), which are also highly expressed in the absorptive enterocytes from the ileum
and colon [65]. Once the virus enters the enterocytes, it can start replication and its cyto-
pathic effect [66]. The gut microbiome can be significantly altered by SARS-CoV-2 through
several mechanisms (e.g., proinflammatory cytokines, perturbation in the gut-lung axis,
medications, changing ratio of pathogenic organisms) leading to clinical manifestations
such as diarrhea and vomiting [67]. LT patients are also known to have an extremely
vulnerable gut microbiomes [68,69], and immunosuppressive fluctuation in trough level
can interfere with gut flora stability [70]. Furthermore, it was observed that patients with
digestive symptoms, probably not recognized from the outset as symptoms associated with
COVID-19, had a significantly longer time from onset to admission than patients without
digestive symptoms (9.0 days vs. 7.3 days, p = 0.013) [71]. Interestingly, a recent study aim-
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ing to analyze the gut inflammatory response in immunocompetent subjects infected with
SARS-CoV-2 highlighted the absence of a proinflammatory response in the gastrointestinal
tract despite detection of SARS-CoV-2. Additionally, this study showed reduced mortality
in patients with COVID-19 presenting with GI symptoms. Therefore, the authors specu-
lated on a potential role of the gastrointestinal tract in attenuating SARS-CoV-2-associated
inflammation [72].

In the current cohort, the mortality rate and case-fatality rate did not seem to exceed
those expected in the general population. Indeed, the hypothesis that LT is a possible
associated factor for a pejorative outcome could not be confirmed. However, of note was
the high rate of hospitalization, with 64.8% of LT recipients being admitted to a ward and
22.9% of such patients requiring intensive care. This may of course reflect a certain selection
bias, with more LT recipients being hospitalized per se. Additionally, one must keep in
mind that during the first wave, there were many logistical difficulties, which probably led
to an underdiagnosis of asymptomatic or paucisymptomatic cases [73].

With regard to the management of immunosuppression, not all the information can
be extrapolated, as most studies have had descriptive designs. The different nature of
the immunosuppressive regimens adopted, often multiple, and the modification of these
regimens during the course of infection make it difficult to provide any clear guidelines
to this respect. However, it seems that a complete discontinuation of IS therapy was very
rare and limited to extremely severe cases. Unfortunately, complete cessation of IS was not
associated with improved prognosis [17] and should therefore only be considered as a last
resort in selected cases.

In the Spanish cohort, patients receiving MMF were more prevalent in the severe
COVID-19 group. Baseline immunosuppression containing MMF was identified as an
independent predictor of mortality, whereas the withdrawal of IS was not. However, data
on modifications in immunosuppressive therapy during the infection were not extensively
available in this study [17] and reduction or discontinuation of MMF was recommended by
the guidelines shared by experts at the beginning of the pandemic [74]. Therefore, whether
the impact on outcome is attributable to the MMEF itself or to its reduction/discontinuation
remains objects of further investigation. In a preclinical setting, MMF showed promising
results against Middle East respiratory syndrome (MERS); however, in vivo studies sug-
gested that its use is likely to cause more harm than benefit against coronavirus (CoV)
infection [75]. Bearing in mind that MMF acts on activated lymphocytes with a cytostatic
effect [76] and that SARS-CoV-2 has a cytotoxic effect on the same target [77], these syn-
ergistic effects may represent an additional risk factor and worsen the prognosis of LT
patients taking MMF.

In Belli et al. [14], TAC was found to protect against worse outcomes in COVID-
19 LT recipients. In vitro experiments have shown that TAC, and CNIs in general, are
capable of inhibiting human CoV growth, mainly by acting on the cyclophilin pathway [78].
Additionally, by modulating T-cell activation, CNIs may act on reducing the deleterious
effect of the COVID-19 late inflammatory phase [79].

Concerning the immunological response to SARS-CoV-2 infection, contrasting results
were seen. However, most of the studies considered analyzed only the humoral response
and in particular used an assay, the antinucleocapsid test, more suitable to evaluate preex-
isting exposure to the virus than to assess protective efficacy. Indeed, these antibodies have
low or no neutralizing activity [80]. On the other hand, the analysis of the T-cell-mediated
response in LT recipients showed similar results compared to that for immunocompetent
subjects. Further studies are therefore necessary that take into account the complexity
of the immune response in vivo and of the interplay among native, humoral, and T-cell
immunity.

In contrast, all studies evaluating vaccine immunity have demonstrated reduced
immunogenicity of LT recipients, and SOT recipients in general. It is possible, as pointed
out by Mazzola et al. [52], that this reduced response is more evident in other SOT recipients,
such as those for kidney or heart SOTs, than in LT recipients. In this line, the serum
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conversion data of the only cohort that included only LT recipients were actually higher
than the average of the other studies, which included mixed cohorts. A deterrent role could
be played again by more sustained immunosuppression (with dual or triple regimens) and
by the use of antimetabolites [53]. Reduced immunogenicity in LT recipients has already
been demonstrated with other respiratory virus (e.g., influenza) vaccines [81], suggesting
that more than the standard dose may be needed to achieve protective immunogenicity [32].

Several limitations affected the current study, mainly because of the high heterogeneity
and quality of the majority of the studies considered, leading in several cases to incomplete
information. Therefore, more than a few research questions remain open and will need
future investigation (Figure 2).
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Figure 2. Graphical representation of the key unresolved issues for SARS-CoV-2 infection in LT recipients.

5. Conclusions

Despite the heterogeneity of the reports included in this study, we are able to show that
the middle-aged man with metabolic comorbidities represents the main target of COVID-19
among LT recipients, as is the case in nontransplanted patients. Gastrointestinal symptoms
are very common in LT recipients with COVID-19, and particular attention should be paid
to these complaints as a surrogate marker for COVID-19, even in the absence of fever or
respiratory problems. The outcome of the LT population is nevertheless similar to that of
the general population. This is, in part, also likely due to a more cautious management
of immunosuppressive therapy, paying particular attention to the use of MMF and TAC
while discouraging the complete discontinuation of all immunosuppression. LT recipients
should be vaccinated, and great attention to protective measures should be maintained in
these individuals even after a regular course of vaccination.
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