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have tried to prioritize the development of safe 
and effective anti–SARS‑CoV‑2 medications and 
vaccines. The latter have been the most effective 
means of preventing the virus spread and poor 
outcome, and both BNT162b2 and mRNA‑1273 
vaccines have shown almost excellent efficacy in 
the general population.4 However, patients re‑
ceiving immunosuppressive regimens were ex‑
cluded from the initial licensing clinical trials of 
COVID‑19 vaccines. In addition, accumulative 
data have shown lower immunogenic response 
in SOT recipients, as compared with the gener‑
al population,5-7 attributable mainly to the use 

INTRODUCTION  Coronavirus disease, caused 
by SARS‑CoV‑2, has been spreading globally 
since December 2019, leading to high morbid‑
ity and mortality,1 particularly among immu‑
nocompromised patients, such as those with 
solid organ transplantation (SOT), including 
liver transplant (LT) recipients.2 In addition, 
several studies have shown that SOT recipients 
characterized by prolonged viral shedding af‑
ter SARS‑CoV‑2 infection, pose a risk of muta‑
tions and emergence of new variants.3 As a re‑
sult, health care systems, which have been se‑
verely impacted by the COVID‑19 pandemic, 
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ABSTRACT

INTRODUCTION  Although it is well established that 2 doses of COVID‑19 vaccines are associated with 
reduced immune responses in liver transplant recipients (LTRs), studies regarding their immunogenicity 
and tolerability after a booster dose are limited.
OBJECTIVES  We aimed to review the available literature data regarding antibody responses and safety 
of the third dose of COVID‑19 vaccines in LTRs.
PATIENTS AND METHODS  We searched PubMed and Google Scholar for eligible studies. The primary 
outcome was to compare the rates of seroconversion after the second and third dose of COVID‑19 vac‑
cine in LTRs. This meta‑analysis was performed using a generalized linear mixed model and the Clopper 
and Pearson method was employed to calculate the 2‑sided CIs.
RESULTS  Six prospective studies involving 596 LTRs met the inclusion criteria. The pooled rate of anti‑
body response before the third dose was 71% (95% CI, 56%–83%; heterogeneity, I2 = 90%; P <0.001), 
while after the third dose it was 94% (95% CI, 91%–96%; heterogeneity, I2 = 17%; P = 0.31). There was 
no difference in antibody responses after the third dose in relation to the use of calcineurin inhibitors 
(P = 0.44) or mammalian target of rapamycin inhibitors (P = 0.33), while the pooled rate of antibody 
responses in the patients on mycophenolate mofetil (MMF) was 88% (95% CI, 83%–92%; heterogeneity, 
I2 = 0%; P = 0.57). It was significantly lower (P <0.001), as compared with those on MMF‑free im‑
munosuppression (pooled rate, 97%; 95% CI, 95%–98%; heterogeneity, I2 = 30%; P = 0.22). No safety 
concerns were reported for the booster dose.
CONCLUSIONS  Our meta‑analysis demonstrated that the  third dose of COVID‑19 vaccines induced 
adequate humoral and cellular immune responses in LTRs, while MMF remained a negative predictor of 
immunologic responses.
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literature about serologic response of LTRs after 
the third dose of a COVID‑19 vaccine. We also 
searched the reference lists of relevant papers 
to identify related papers. The studies were con‑
sidered eligible if: 1) they included adult LTRs 
either exclusively or as a subgroup of the whole 
study population, and 2) provided data for LTRs 
regarding serological response before and after 
the third dose of a COVID‑19 vaccine. The studies 
which did not provide results separately for LTRs 
were excluded. The search of the published liter‑
ature was conducted across PubMed and Google 
Scholar databases using the keywords three dos‑
es or third dose or booster or third COVID‑19 vac‑
cine AND solid‑organ transplant recipients or liv‑
er transplant recipients AND COVID‑19 vaccine 
or messenger RNA vaccine or mRNA vaccine or 
Pfizer or mRNA‑1273 or BNT162b2 or COVID‑19 
mRNA vaccine or SARS‑CoV‑2 vaccine. Two re‑
viewers (AG and VL) independently searched for 
relevant studies, based on the title and abstract 
of each article, and extracted data using a pre‑
defined form. Any disagreement was resolved by 
the third reviewer (EC). The Newcastle–Ottawa 
scale was used to assess the quality of the in‑
cluded studies.13

Data extraction  The following data were extracted 
by 2 independent reviewers (AG and VL): the first 
author, the country of origin, the type of study, 
sample size of LTRs, sex, mean or median age, 
time between LT and vaccination, as well as time 
between the second and the third dose, the type 
of vaccine used, the type of test used for evalua‑
tion of serological response, the agents of immu‑
nosuppression, the number of LTRs seropositive 
after the second dose, the number of LTRs sero‑
positive after the third dose, the cellular response, 
and side effects after the third dose.

Study objectives  The primary outcome of inter‑
est was to compare the rates of seroconversion af‑
ter the second and third COVID‑19 vaccine dose, 
while secondary outcomes included identification 
of risk factors associated with poor antibody re‑
sponse, as well as evaluation of cellular immuni‑
ty and vaccine safety after the third dose.

Statistical analysis  This meta‑analysis was per‑
formed using a generalized linear mixed model.14 
The Clopper and Pearson method was used to cal‑
culate the 2‑sided CIs for the single proportions of 
each study.15 The interstudy variance component 
(τ2) was estimated with the maximum likelihood 
method, based on marginal distribution.16 Hetero‑
geneity was quantified using I2, while a random 
effects or a fixed effect model was applied, de‑
pending on the presence or lack of significant het‑
erogeneity across studies, respectively.17 Pooled 
proportions, 95% CIs, and the prediction inter‑
vals were calculated.18 The analysis was conduct‑
ed with R v4.1.2 software (R Foundation for Sta‑
tistical Computing, Vienna, Austria), using meta
‑packages and metaprop functions.19

of immunosuppression. A recent systematic re‑
view / meta‑analysis of 29 studies and 11 713 re‑
cipients of SOT documented reduced serocon‑
version rates after 2 doses of COVID‑19 vaccine 
(44.9% [0%–79.1%] seroconversion rate for an‑
tispike antibodies and 22.6% [0%–47.5%] for 
neutralizing antibodies).8 Regarding liver trans‑
plant recipients (LTRs), there are robust and 
sufficient literature data concerning their im‑
mune responses after 2 doses of COVID‑19 vac‑
cine, whereas a recent meta‑analysis focused on 
this setting confirmed lower antibody response 
rates of LTRs, as compared with healthy con‑
trols (HCs), or patients with chronic liver dis‑
ease (CLD) (risk ratio and 95% CI for LTRs, 0.68 
and 0.59–0.77 vs HCs or CLD, 0.96 and 0.9–1.02; 
P = 0.14).9

Based on these literature findings, indicating 
lower vaccine seroconversion, a complete immu‑
nization schedule with an additional booster dose 
against COVID‑19 for SOT recipients is recom‑
mended by the current guidelines.10,11 The effi‑
cacy of this approach in SOT recipients has been 
recently evaluated in a systematic review / meta
‑analysis,12 which confirmed low seroconversion 
rates following the second dose of COVID‑19 vac‑
cine, but also showed improved immunogenicity 
after a booster dose (34% vs 66% seropositivity 
after the second and third dose, respectively). In 
this meta‑analysis,12 no separate data for LTRs 
were provided, as the included studies were not 
focused on LTRs. However, heterogeneity in se‑
roconversion rates among SOT recipients after 
COVID‑19 vaccination, depending on the type 
of transplanted organ, is well established,6 indi‑
cating the need for studies reporting data sepa‑
rately for each organ recipient group. In fact, only 
recently, studies including solely LTRs have been 
published regarding the immunogenicity and tol‑
erability after a booster dose of COVID‑19 vac‑
cine in the LT setting. Therefore, focusing on this 
knowledge gap, we aimed to review the current 
available data regarding antibody response of 
LTRs, as well as the safety profile of a third dose 
of COVID‑19 vaccine.

MATERIALS AND METHODS  Data sources, study 
selection, and quality assessment  We searched 
for studies published in English from December 
2019 to August 2022, according to the Preferred 
Reporting Items for Systematic Reviews and 
Meta‑Analyses checklist to identify all medical 

WHAT’S NEW

Low immunogenicity response following the second dose of COVID‑19 vac‑
cine in the liver transplant (LT) setting is well established. This meta‑analysis 
supports the administration of a booster dose of a COVID‑19 vaccine in LT 
recipients, which is associated with excellent efficacy and very good safety. 
However, during the vaccination period for the booster dose, mycophenolate 
mofetil should be reduced or withdrawn temporary if feasible, since its ad‑
ministration is a risk factor for low immune response.
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RESULTS  In total, there were 6 studies, all pro‑
spective (2 from the United States, 3 from Eu‑
rope [Spain, Germany, and Italy], and 1 from Is‑
rael) meeting the inclusion criteria.20-25 The ini‑
tial search retrieved a total of 7 studies, but 1 of 
them was excluded because it provided no data 
regarding serological response after the second 
dose.26 The main characteristics of the 6 includ‑
ed studies are presented in TABLES 1 and 2. A total 
of 596 LTRs were evaluated. Based on the avail‑
able data, 373 were men, and 528, 188, 61, and 
52 patients were on calcineurin inhibitors (CNIs), 
mycophenolate mofetil (MMF), steroids, and 
mammalian target of rapamycin (mTOR) inhib‑
itors respectively.

The mean time between LT and vaccination was 
7.3 (2.5) years, the time between the second and 
the third dose ranged from 4 to 6 months, and 
the type of the vaccine was mainly mRNA one 
(Pfizer‑BioNTech BNT162b2 or 1273 Moderna) 
in all but 3 LTRs; all 3 LTRs who received a viral 
vector vaccine as a booster dose were included in 
the same study.21

Seroconversion rates: humoral immune responses  
Antibody seropositivity before and after receiv‑
ing the third dose of the vaccine ranged between 
36%–88% and 91%–98%, respectively (TABLE 1). 
The pooled rate of antibody response before 
the  third dose was 71% (95% CI, 56%–83%; 
heterogeneity, I2 = 90%; P <0.001), while after 
the third dose it was 94% (95% CI, 91%–96%; het‑
erogeneity, I2 = 17%; P = 0.31), indicating a signif‑
icant increase (P <0.001) (FIGURE 1).

Cellular immunity to COVID‑19 vaccine  Unfortu‑
nately, cellular immunity after COVID‑19 vaccina‑
tion is poorly investigated in the literature, prob‑
ably due to the complexity and cost of the lab‑
oratory techniques evaluating T‑cell respons‑
es. Two studies evaluated cellular response of 
the LTRs after administration of the third dose 
of the vaccine. One study reported improved re‑
sponses after the booster dose,24 while the oth‑
er study showed that the third dose enhanced 
the cellular immunity but to a lesser extent than 
in HCs.20 Specifically, Harberts et al20 assessed 
the vaccine‑induced SARS‑CoV‑2 spike‑specific 
T‑cell response in LTRs using a commercial, stan‑
dardized interferon γ release assay (IGRA, EU‑
ROIMMUN), and a sensitive assay measuring cy‑
tokine production following in vitro expansion 
of spike‑specific T cells. The latter showed 72% 
response rate after the third dose, as compared 
with 32% after the second dose of the vaccine. 
In the study by Odriozola et al,24 the assessment 
of SARS‑CoV‑2 T‑specific response was based on 
the surface expression of activation‑induced mark‑
ers after exposure to specific SARS‑CoV‑2 peptide 
pools, using flow cytometry. The assay was per‑
formed in the LTRs who remained seronegative af‑
ter the third dose of the vaccine, and it was found 
that 25% of them had vaccine‑specific T‑cell re‑
sponse.24 However, it should be mentioned that TA
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(FIGURE 3B), indicating that DM did not adversely 
affect immunogenicity.

Safety of the third dose  In total, 4 studies report‑
ed data regarding safety of the booster dose, with 
the most common adverse events being mild, 
mainly local pain at the injection site in about 
38%, and fatigue in about 28% of the LTRs18,19,21,23 
(TABLE 2). Importantly, no graft rejection epi‑
sodes were reported. For example, in the study 
by Harberts et al,19 the most frequent side ef‑
fects were pain or swelling at the injection site, 
followed by low grade systemic reactions, such as 
headache or fatigue. Similarly, Chauhan et al,21 as 
well as Davidov et al,23 reported good tolerabili‑
ty of the booster dose, frequently identifying lo‑
cal adverse reactions and fatigue.

DISCUSSION  Several recent studies have 
shown a  reduced immunogenicity response 
among SOT recipients after the first and sec‑
ond mRNA vaccine doses for COVID‑19, as com‑
pared with the general population,12 which sup‑
ported the need for the third dose.27-29 In fact, 
a recent meta‑analysis30 showed that a booster 
dose of COVID‑19 vaccine results in significant 
immune response, with a considerable increase 
in the neutralizing antibodies in the SOT recipi‑
ents, with good safety profile. However, no sep‑
arate data regarding LTRs were provided, and 
the factors associated with poor response in this 
setting were not evaluated.30 Thus, the current 
meta‑analysis is the first one that investigated 

in both studies the T‑cell response after the third 
dose of the vaccine was evaluated in a small num‑
ber of patients (n = 39 and n = 4, respectively). 
Thus, more studies are needed in order to clar‑
ify this issue.

Risk factors for poor antibody response  Immuno-
suppressive agents  There was no difference in 
the antibody response in relation to the use of 
the main immunosuppressive regimens such as 
CNIs (P = 0.44) or mTOR inhibitors (P = 0.62) 
(FIGURE 2A and 2B  ), but the serological respons‑
es after the third dose were found to differ sig‑
nificantly in relation to the use of MMF. In par‑
ticular, the pooled rate of the antibody respons‑
es in the patients on MMF was 88% (95% CI, 
83%–92%; heterogeneity, I2 = 0%; P = 0.57), 
significantly lower (P <0.001) than in those on 
MMF‑free immunosuppression (pooled rate, 
97%; 95% CI, 95%–98%; heterogeneity, I2 = 30%; 
P = 0.22) (FIGURE 2C).

Other potential risk factors  The difference in 
the pooled seroconversion rates by sex was not 
significant (FIGURE 3A), as 95% (95% CI, 92%–97%) 
of male and 93% (95% CI, 88%–96%) of female 
LTRs were seropositive after the  third dose 
(P = 0.34).

We further compared the seroconversion rates 
in the patients with and without diabetes mel‑
litus (DM), as it may affect the vaccination re‑
sponse rates. Again, there was no significant dif‑
ference in relation to the DM status (P = 0.45) 

TABLE 2  Published studies with available data on serological response after the second and third dose of COVID‑19 vaccine based on 
immunosuppression in liver transplant recipients

Study, 
year

Responders /  
nonresponders  
on CNIs

Responders /  
nonresponders  
on MMF

Responders /  
nonresponders  
on mTORi

Type of test used for evaluation of serological 
response

Safety

Chauhan 
et al,21 
2022

30/4 – – Antibodies against receptor binding domain to 
SARS‑CoV‑2 spike protein using the Roche 
electrochemiluminescence and Elecsys LabCorp 
semiquantitative immunoassay

No serious side 
effects / most 
commonly pain at the 
injection site (43%) 
and fatigue (11%)

Strauss 
et al,22 
2022

116/10 37/6 24/1 Roche Elecsys Anti–SARS-CoV‑2 enzyme 
immunoassay
or EUROIMMUN EIA

–

Davidov 
et al,23 
2022

60/1 17/1 7/0 “In‑house” ELISA against the RBD Only mild side effects 
(37% local pain, 
fatigue)

Odriozola 
et al,24 
2022

113/2 29/3 9/1 Anti–SARS‑CoV-2 S1 antibodies by chemiluminescent 
microparticle immunoassay (Roche, Mannheim 
Germany) and the SARS‑CoV‑2 IgG II Quant assay 
(Abbot, Chicago, Illinois, United States)

–

Harberts 
et al,20 
2022

97/9 45/4 – DiaSorin LIAISON XL anti–SARS‑CoV‑2 TrimericS IgG 
ChemiLuminescent ImmunoAssay Roche Elecsys 
anti–SARS‑CoV‑2 S Ig and ElectroChemiLuminescent 
ImmunoAssay (anti‑S RBD)

Only mild side effects 
(60% local side effects, 
35% fatigue)

Toniutto 
et al,25 
2022

86/9 38/8 10/0 Anti–SARS‑CoV‑2‑N protein (iFlash – Shenzhen Yhlo 
Biotech Co. Ltd., China) and antispike glycoprotein
‑specific IgG RBD antibodies (Roche Elecsys, F. 
Hoffmann-La Roche Ltd., Mannheim, Germany)

No safety concerns,
11% local side effects

Abbreviations: CNI, calcineurin inhibitor; ELISA, enzyme‑linked immunosorbent assay; Ig, immunoglobulin; MMF, mycopholate mofetil; mTORi, mTOR 
inhibitor; RBD, receptor binding domain
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it is reassuring that both humoral and cellu‑
lar responses were found to be sufficiently en‑
hanced after the third dose of the vaccine. It 
should be noted that the existing literature has 
more often focused on specific neutralizing an‑
tibodies, mainly due to difficulties in assessing 
T‑cell responses, although the latter may be ro‑
bust and provide adequate protection. Inter‑
estingly, available data suggest some coordi‑
nation between the humoral and cellular im‑
mune response to COVID‑19 vaccination, in‑
dicating the pivotal role of both types of re‑
sponse against COVID‑19.31,35 In addition, T‑cell 
responses to COVID‑19 vaccination may offer 
adequate protection against severe infection 
and death, although more studies are needed to 
confirm this.36 In this review, we were not able 
to perform a proper meta‑analysis on T‑cell re‑
sponses, since only 2 studies reported relevant 
data. However, both studies demonstrated suf‑
ficient cellular immune responses.20,23

Previous studies and meta‑analyses37-41 have 
revealed that factors such as age, treatment with 
MMF or with more than 2 immunosuppressants, 
the presence of DM, or renal dysfunction (ie, 
low estimated glomerular filtration rate [eGFR]) 
were associated with poor immunogenicity af‑
ter 2 doses of COVID‑19 vaccine in the SOT re‑
cipients. However, in a recent meta‑analysis re‑
garding the third dose of COVID‑19 vaccine in 
the SOT recipients,30 no pooled data were provid‑
ed regarding this issue. Thus, our meta‑analysis 
is the first one that assessed the factors that may 

the efficacy and safety of the third dose of a 
COVID‑19 vaccine in the LT setting. Neverthe‑
less, there are no well established antibody cut‑
off levels after vaccination against COVID‑19 
that provide complete protection against se‑
vere forms of the disease. Moreover, there are 
no literature data to confirm that higher anti‑
body levels after COVID‑19 vaccination are as‑
sociated with superior protection and more fa‑
vorable disease outcome.31 Nevertheless, a re‑
cent study investigating the impact of prior 
COVID‑19 vaccination status on the clinical 
course of SARS‑CoV‑2 infection in SOT recip‑
ients showed reduced mortality among already 
fully vaccinated vs partially vaccinated or unvac‑
cinated patients.32 Another study also showed 
that partially vaccinated SOT recipients (with 1 
or 2 doses of a COVID‑19 vaccine) had similar 
severity of COVID‑19 to the unvaccinated pa‑
tients, indicating the importance of the third 
dose of the COVID‑19 vaccine.33 Thus, adher‑
ence to the scheduled vaccinations seems to be 
crucial in this group of patients.

Our analysis of 6 prospective studies dem‑
onstrated that despite low antibody titers af‑
ter 2 doses of the COVID‑19 vaccine, seropos‑
itivity increased significantly after the third 
dose in the LTRs (from 71% before to 94% af‑
ter the third dose), which is in agreement with 
the findings of the recent studies including 
any SOT recipients.12,30,34 Since it remains un‑
clear whether humoral or cellular immunity 
offers the main protection against COVID‑19, 

Study, year

Random effects model
Prediction interval
Test for subgroup differences: χ2  

1  = 22.37; df = 1; P <0.01 

Vaccination = 2 doses

Vaccination = 3 doses

Random effects model

Random effects model

Heterogeneity: I2 = 90%; τ2 = 0.6133; P <0.01

Heterogeneity: I2 = 17%; τ2 = 0.0141; P = 0.31

 

Chauhan et al,21 2022
Strauss et al,22 2022
Davidov et al,23 2022
Odriozola et al,24 2022
Harberts et al,20 2022
Toniutto et al,25 2022

Chauhan et al,21 2022
Strauss et al,22 2022
Davidov et al,23 2022
Odriozola et al,24 2022
Harberts et al,20 2022
Toniutto et al,25 2022
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FIGURE 1�  Proportion of seroconversion between the second and third dose of COVID‑19 vaccine in liver transplant recipients 
Abbreviations: df, degrees of freedom
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FIGURE 2�  Pooled seroconversion rate of antibody responses in liver transplant recipients on CNIs (A), mTOR inhibitors (B) 
Abbreviations: see TABLE 2
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with poor immune response after the third dose. 
We further analyzed the impact of sex on im‑
munogenicity after the vaccination, and found 
no association between the patient sex and vac‑
cine antibody response. We also demonstrat‑
ed no significant difference in the seroconver‑
sion rates of patients with or without DM, as 
opposed to the meta‑analysis in SOT recipients 
after the second dose.39 However, the latter ob‑
servation should not imply complacency con‑
cerning vaccination programs for LTRs, as DM 
patients are known to be at an increased risk for 
severe COVID‑19.

This is the first meta‑analysis that sought to 
assess the response of the LTRs after the third 
dose of COVID‑19 vaccine, but we acknowledge 
that it has some limitations, including a small 
number of patients assessed in each study, and 
a lack of evaluation of other possible risk factors 
of poor response (such as eGFR) due to missing 
data. Additionally, although the main studied 
outcome was immunogenicity to the third dose 
of the COVID‑19 vaccine, prevention of severe 
illness after SARS‑CoV‑2 infection elicited by 
vaccination of LTRs constitutes the outcome of 
the utmost importance.

In conclusion, based on the aforementioned 
data concerning mild side effects, as well as 
the findings on safety published by Efros et al,30 
it seems reasonable to support the administra‑
tion of at least 1, and when indicated, a second 
booster dose of COVID‑19 vaccine in the LTRs, 
in an effort to optimize the vaccination efficacy 

be potentially associated with seropositivity af‑
ter the third dose of a COVID-19 vaccine in LTRs. 
An interesting observation was the confirma‑
tion of MMF use as a risk factor for lower an‑
tibody response after the third dose. Thus, it 
seems that MMF remains a negative predictor of 
response not only after the second, but also af‑
ter the third dose of COVID‑19 vaccine in the LT 
setting. Understanding the mechanism of action 
of this drug may contribute to enhancement of 
the vaccine efficacy. It is known that MMF in‑
hibits proliferation of T and B lymphocytes, and 
thereby suppresses cell‑mediated immune re‑
sponses and antibody formation.42,43 Thus, al‑
though SARS‑CoV‑2 infection may have a gen‑
erally mild course in the LT setting,44 clinicians 
may consider a reduction of the daily dose (or 
[temporary] discontinuation, if feasible) of MMF 
during the COVID‑19 vaccination period on an 
individualized basis. The efficacy of this strategy 
was recently assessed in 19 LTRs who were sero‑
negative or had low antibody titers after 2 doses 
of the vaccine, but became seropositive and / or 
increased their antibody titers after MMF with‑
drawal.45 However, it should be mentioned that 
although the LTRs have a lower risk of graft re‑
jection after minimizing immunosuppression for 
a short period of time, as compared with lung or 
heart transplant recipients,46 this strategy is not 
recommended by the current guidelines.47 Nev‑
ertheless, further studies are needed to reach fi‑
nal conclusions. Fortunately, the use of CNIs or 
mTOR inhibitors was not found to be associated 

FIGURE 2�  Pooled seroconversion rate of antibody responses in liver transplant recipients on MMF (C) 
Abbreviations: see TABLE 2

Test for subgroup differences:  χ2  
1  = 0.59; df = 1; P = 0.44 

Test for subgroup differences: χ2  
1  = 0.94; df = 1; P = 0.33 

Test for subgroup differences: χ2  
1  = 14.37; df = 1; P <0.01 

Heterogeneity: I2 = 43%; τ2 = 0.2191; P = 0.12

Heterogeneity: I2 = 0%; τ2 = 2.898; P = 1

Heterogeneity: I2 = 0%; τ2 = 0; P = 1

Heterogeneity: I2 = 41%; τ2 = 0.0752; P = 0.17

Heterogeneity: I2 = 0%; τ2 = 0; P = 0.57

Heterogeneity: I2 = 30%; τ2 = 0.4213; P = 0.22

Study, year Events Total Proportion (95% CI)

Study, year Events Total Proportion (95% CI)

Study, year Events Total Proportion (95% CI)

Random effects model
Prediction interval

CNIs = Yes

CNIs = No 

Random effects model

Random effects model

Chauhan et al,21 2022
Strauss et al,22 2022
Davidov et al,23 2022
Odriozola et al,24 2022
Harberts et al,20 2022
Toniutto et al,25 2022

Chauhan et al,21 2022
Strauss et al,22 2022
Odriozola et al,24 2022
Harberts et al,20 2022
Toniutto et al,25 2022

30
116
60

113
88
86

11
22
12
9

12

596

528

68

34
126
61

115
97
95

11
22
14
9

12

0.5 0.6 0.7 0.8 0.9 1

0.95 (0.91–0.97)

0.94 (0.9–0.96)

0.99 (0.45–1)

0.88 (0.73–0.97)
0.92 (0.86–0.96)
0.98 (0.91–1)
0.98 (0.94–1)
0.91 (0.83–0.96)
0.91 (0.83–0.96)

1 (0.72–1) 
1 (0.85–1) 
0.86 (0.57–0.98)
1 (0.66–1) 
1 (0.74–1) 

(0.81–0.99)

Random effects model
Prediction interval

mTOR inhibitors = Yes

mTOR inhibitors = No 

Random effects model

Random effects model

Strauss et al,22 2022
Davidov et al,23 2022
Odriozola et al,24 2022
Toniutto et al,25 2022

Strauss et al,22 2022
Davidov et al,23 2022
Odriozola et al,24 2022
Toniutto et al,25 2022

24
7
6

10

114
53

119
88

445

48

397

25
7
6

10

123
54

123
97

0.6 0.7 0.8 0.9 1

0.95 (0.91–0.97)

0.98 (0.87–1)

0.94 (0.91–0.97)

0.96 (0.80–1)
1 (0.59–1)
1 (0.54–1)
1 (0.69–1)

0.93 (0.87–0.97)
0.98 (0.90–1)
0.97 (0.92–0.99)
0.91 (0.83–0.96)

(0.87–0.98)

Fixed effect model
Prediction interval

MMF = Yes

MMF = No 

Fixed effect model

Fixed effect model

Strauss et al,22 2022
Davidov et al,23 2022
Odriozola et al,24 2022
Harberts et al,20 2022
Toniutto et al,25 2022

Strauss et al,22 2022
Davidov et al,23 2022
Odriozola et al,24 2022
Harberts et al,20 2022
Toniutto et al,25 2022

37
17
29
45
38

101
43
96
52
60

551

188

363

43
18
32
49
46

105
43
97
57
61

0.7 0.75 0.8 0.85 0.9 0.95 1

0.94 (0.92–0.96)

0.88 (0.83–0.92)

0.97 (0.95–0.98)

0.86 (0.72–0.95)
0.94 (0.73–1)
0.91 (0.75–0.98)
0.92 (0.80–0.98)
0.83 (0.69–0.92)

0.96 (0.91–0.99)
1 (0.92–1)
0.99 (0.94–1)
0.91 (0.81–0.97)
0.98 (0.91–1)

(0.71–0.99)

C



POLISH ARCHIVES OF INTERNAL MEDICINE  2023; 133 (9)8

ARTICLE INFORMATION

ACKNOWLEDGMENTS  None.

FUNDING  None.

CONTRIBUTION STATEMENT  Study design: AG, EC; statistical analysis: 
VL, GP; data interpretation: VL, GP. All authors revised and approved the fi‑
nal version of the manuscript.

CONFLICT OF INTEREST  None declared.

OPEN ACCESS  This is an Open Access article distributed under the terms 
of the Creative Commons Attribution‑NonCommercial‑ShareAlike 4.0 Inter‑
national License (CC BY‑NC‑SA 4.0), allowing third parties to copy and 

in this specific population in accordance with 
the current guidelines.48 Finally, as a small pro‑
portion of this vulnerable group of patients con‑
tinues to remain seronegative after the vacci‑
nation, future research should focus on the in‑
terventions to either improve the immune re‑
sponses, or to offer pre‑exposure prophylaxis 
against COVID‑19, for example by using mono‑
clonal antibodies.

FIGURE 3�  Pooled seroconversion rate of antibody responses in liver transplant recipients by sex (A) and diabetes mellitus (DM) status (B)
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