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Abstract: Background: The role of tailored immunosuppression (IS) in the development of the
humoral response (HR) to SARS-CoV-2 mRNA-based vaccination in liver transplant (LT) recipients
is unknown. Methods: This is a single-centre prospective study of patients who underwent LT
between January 2015 and December 2021 and who have received three doses of mRNA-based
SARS-CoV-2 vaccination. Patients undergoing Tacrolimus-based immunosuppression (TAC-IS) were
compared with those undergoing Everolimus-based immunosuppression (EVR-IS). Patients receiving
the TAC-EVR combination were divided into two groups based on trough TAC concentrations, i.e.,
above or below 5 ng/mL. HR (analysed with ECLIA) was assessed at 30 to 135 days after vaccination.
The primary outcome was the presence of a positive antibody titre (≥0.8 U/mL). Secondary outcomes
were the presence of a highly protective antibody titre (≥142 U/mL), median antibody titre, and
incidence of COVID-19. Results: Sixty-one participants were included. Twenty-four (40%) were
receiving TAC-IS and thirty-seven (60%) were receiving EVR-IS. At the median follow-up of 116
(range: 89–154) days, there were no significant differences in positive antibody titre (95.8% vs. 94.6%;
p = 0.8269), highly-protective antibody titre (83.3% vs. 81.1%; p = 0.8231), median antibody titre (2410
[IQ range 350–2500] vs. 1670 [IQ range 380–2500]; p = 0.9450), and COVID-19 incidence (0% vs. 5.4%;
p = 0.5148). High serum creatinine and low estimated glomerular filtration rate were risk factors for a
weak or absent HR. Conclusions: Three doses of mRNA-based SARS-CoV-2 vaccination yielded a
highly protective HR in LT recipients. The use of TAC or EVR-based IS does not appear to influence
HR or antibody titre, while renal disease is a risk factor for a weak or null HR.
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1. Introduction

The SARS-CoV-2 pandemic had a large impact on most of the world’s population, but
it primarily and more deeply affected vulnerable patients with poor prognostic factors.
Liver transplantation (LT) is the only effective life-saving treatment for end-stage liver
disease and malignant hepatic neoplasms. However, recipients require life-long immune-
suppression (IS), which places them in the “fragile” category. There are several effective IS
regimens and, today, they are usually tailored to the individual patient [1,2]. In general,
tacrolimus (TAC) has been the historical cornerstone of most therapies and has recently
been found to be “protective” in COVID-19 disease compared to other IS regimens [3,4].
This is an important finding as COVID-19 has high rates of hospitalisation, intensive care
admission, and mortality in non-vaccinated LT patients [5–8]. SARS-CoV-2 vaccination
may have a large impact on the development of disease. For this reason, it is important
to investigate whether certain IS regimens influence the immune response to vaccination.

J. Clin. Med. 2023, 12, 6913. https://doi.org/10.3390/jcm12216913 https://www.mdpi.com/journal/jcm

https://doi.org/10.3390/jcm12216913
https://doi.org/10.3390/jcm12216913
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcm
https://www.mdpi.com
https://orcid.org/0000-0002-4636-3478
https://orcid.org/0000-0002-1280-8029
https://orcid.org/0000-0001-9218-1176
https://orcid.org/0000-0002-3439-7750
https://doi.org/10.3390/jcm12216913
https://www.mdpi.com/journal/jcm
https://www.mdpi.com/article/10.3390/jcm12216913?type=check_update&version=1


J. Clin. Med. 2023, 12, 6913 2 of 10

Mycophenolate seems to be particularly harmful in this regard, while some studies have
reported benefits of maintaining low TAC levels [9,10]. As TAC is the most commonly
used IS regimen in LT patients, we sought to further investigate the role of TAC-based IS
(TAC-IS) on the immune response to SARS-CoV-2 vaccination. Humoral response (HR)
can be easily measured with common laboratory tests and is therefore the most commonly
used surrogate for immune response. However, it does not give a measure of other aspects
of the immune response, such as cellular immunity. The aim of this study was to compare
the HR to SARS-CoV-2 mRNA vaccines in LT patients taking TAC-IS and those taking
Everolimus (EVR-IS).

2. Materials and Methods

Eligible patients were identified from a prospectively maintained database and prospec-
tively enrolled in the HR assessment. The study was conducted according to the interna-
tional ethical recommendations on clinical research established by the Helsinki Declaration
and in accordance with the STROBE criteria (https://strobe-statement.org (accessed on 10
April 2023)) [11]. The study was approved by the centre’s independent ethical committee
and registered at ClinicalTrial.Gov (Identifier: NCT05490342).

2.1. Patients

All patients with available follow up who underwent LT at AOU Policlinico Tor Vergata
between 1 January 2015 and 31 December 2021 were evaluated for the study. Inclusion criteria
were as follows: (i) patients older than eighteen years of age who underwent LT for any un-
derlying aetiology and had received three doses of SARS-CoV-2 vaccination with BNT162b2
(Pfizer-BioNTech) or mRNA-1273 (Moderna-NIAID) SARS-CoV-2 and (ii) patients who re-
ceived de novo EVR and TAC after LT, including those who were subject to IS minimisation
during their follow up in accordance with the Italian Consensus Guidelines [12]. Additionally,
exclusion criteria were as follows: (i) patients diagnosed with COVID-19 before vaccination;
(ii) patients who did not receive vaccination; (iii) patients who had received fewer than or
more than three doses; and (iv) patients under mycophenolate.

2.2. Study Design

This is a prospective single-centre study comparing the HR to SARS-CoV-2 vaccination
of LT recipients taking different IS regimens. Patients who were taking TAC-IS at the time
of vaccination were compared with patients taking EVR-based IS. TAC-IS was defined
as either TAC monotherapy or a TAC serum trough concentration above 5 ng/mL when
also taking Everolimus (EVR) (Certican, Novartis Pharma, Basel, Switzerland). EVR-IS
was defined as either TAC-free therapy or as combined therapy with a TAC serum trough
concentration below 5 ng/mL [3,13]. The TAC serum trough concentration used to group
the patients was measured during the vaccination cycle. If patients did not have such
measurements, the most recent TAC concentration was used. If they had multiple TAC
level tests during the vaccination cycle, the average concentration was used. The study
involved no modification of IS management by the transplant team.

2.3. HR Assessment Methodology

HR testing was performed between 30 and 135 days after administration of the third
vaccine dose. In all patients, HR was evaluated by electrochemiluminescence immunoassay
(ECLIA), which determines the level of in vitro antibodies, including IgG, to the SARS-
CoV-2 spike protein (S) anti-RBD (receptor-binding domain) in serum and plasma samples.
Specifically, the tool used was Elecsys® SARS-CoV-2 S, Roche, Basel, Switzerland. The
results were obtained either in U/mL or binding antibody units (BAU)/mL and considered
to be comparable regardless of the unit of measurement used (without need for conversion)
as per the World Health Organisation (WHO) international standard for anti-SARS-CoV-2
immunoglobulin (NIBSC code 20/136) [14].

https://strobe-statement.org
ClinicalTrial.Gov
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2.4. Outcome Measures

The primary outcome was the presence of a positive antibody titre, defined as a
titre ≥ 0.8 U/mL. Secondary outcomes were the presence of highly protective antibody
titres; the median antibody titres; and the subsequent development of COVID-19. A highly
protective antibody titre was defined as a titre ≥ 142 U/mL. Predictive factors for a highly
protective antibody response were also investigated.

2.5. Study Variables

Pre-vaccination data included the following factors: age, gender, IS regimen, LT data,
BMI, comorbidities, previous SARS-CoV-2 infection, and laboratory tests. Post-vaccination
data collected included the type of vaccine administered; the vaccine–ECLIA interval; and
whether the patient subsequently contracted COVID-19.

2.6. Statistical Analysis

A non-parametric approach was preferred in the statistical analysis due to the limited
sample size. Continuous variables were described using the median and first and third
quartiles. Categorical variables were described using absolute frequencies and percentages.
Group comparisons were made using Fisher‘s exact test and the Wilcoxon rank-sum test
for continuous variables. An ANOVA test was fitted to predict the variables associated
with a highly protective antibody titre. All analyses were performed using SPSS version
19.0 (SPSS, Chicago, IL, USA).

3. Results

Two hundred and eight patients underwent LT between January 2015 and December
2021 at our centre. One-hundred and forty-seven patients were excluded from the current
analysis because they did not fulfil the inclusion criteria or they did not consent to partici-
pate in the study. The study cohort included 61 LT recipients (Figure 1). Twenty-four (40%)
patients were undergoing TAC-IS, while 37 (60%) were undergoing EVR-IS.
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3.1. Patient Demographics

The baseline characteristics of the two groups are summarised in Table 1. TAC-IS
patients had a lower average BMI (p = 0.0275). However, the median age at transplant and
the baseline liver and renal function were similar between the groups. In addition, both
groups received vaccination after a median time of three years after LT (p = 0.28). In the
TAC-IS group, twenty-three (96%) patients received the BNT162b2 vaccination and one
(4%) received mRNA-1273, while, in the NO-TAC-IS group, 35 (95%) patients received
BNT162b2 and two (5%) received heterologous vaccinations (two BNT162b2 doses and one
mRNA-1273 dose). In the TAC-IS group, 9 patients (37%) were taking TAC monotherapy,
while 15 (63%) took TAC in combination with EVR. Furthermore, in the EVR-IS group,
14 patients (38%) were taking EVR monotherapy, while 23 (62%) were taking TAC-EVR
combination therapy.

Table 1. Patients’ baseline characteristics.

TAC-IS (n = 24) EVR-IS (n = 37) p-Value

AGE (years) 58.5 (±8.8) 60.3 (±10.8) 0.50
SEX (%, male) 75% (18) 86% (32) 0.32

Time elapsed between LT and III DOSE (years) 3.4 (±2.2) 3.1 (±1.9) 0.28
MELD at LT 23.3 (±4) 22.7 (±5.6) 0.52
BMI (kg/m2) 25.4 (±3.4) 28.0 (±5.1) 0.0275
DIABETES (n, %) 6 (25%) 8 (22%) 0.77
TAC MONOTHERAPY (n, %) 9 (37%) - -
EVR MONOTHERAPY (n, %) - 14 (38%) -
TAC-EVRCOMBINATION THERAPY (n, %) 15 (63%) 23 (62%) 1
TAC trough blood concentration (ng/mL) 6.3 (±1.4) 3.6 (±1) 0.0001
EVR trough blood concentration (ng/mL) 1.9 (±1.1) 2.9 (±1.6) 0.0159
Hb (g/dL) 13.8 (±1.9) 13.5 (±1.8) 0.56
LEUKOCYTES (/µL) 6008 (±1765) 5858 (±2406) 0.79
PLT (×1000/µL) 185.4 (±50.5) 202.3 (±79.1) 0.36
SERUM IRON (µg/dL) 86.9 (±41.7) 63.8 (±33.4) 0.0197
AST (U/L) 33.3 (±16.9) 31.1 (±11.7) 0.56
ALT (U/L) 37.9 (±24.7) 30.4 (±17.2) 0.17
γGT (UI/L) 44.1 (±38.9) 51 (±51.1) 0.57
ALKALINE PHOSPHATASE (UI/L) 118.3 (±101) 106 (±44.7) 0.52
T-BILIRUBIN (mg/dL) 0.7 (±0.3) 0.8 (±0.4) 0.47
CREATININE (mg/dL) 1.1 (±0.3) 1.4 (±0.7) 0.06
eGFR (mL/min) 70.1 (±18.9) 62.5 (±24.4) 0.20

3.2. HR

After a median of 116 (range = 89–154) days from the third vaccination dose, 23 (95.8%)
patients had developed a positive antibody titre in the TAC-IS group compared to 35
(94.6%) in the EVR-IS group (p = 0.8269). A highly protective antibody titre was achieved
in 20 (83.3%) and 30 (81.1%) patients in the TAC-IS and EVR-IS groups, respectively
(p = 0.8231). The median antibody titres were 2410 (interquartile range: 350–2500) U/mL
and 1670 (interquartile range: 380–2500) U/mL in the TAC-IS and EVR-IS groups, respec-
tively (p = 0.9450). Figure 2 summarises the HR findings. In the EVR-IS group, 2 (5.4%)
patients contracted COVID-19 during follow up, 1 of which was asymptomatic. The other
had mild symptoms and did not require hospitalisation. No patient in the TAC-IS group
was infected with COVID-19 during the study period.



J. Clin. Med. 2023, 12, 6913 5 of 10
J. Clin. Med. 2023, 12, x FOR PEER REVIEW 6 of 11 
 

 

 
Figure 2. Neutralising antibody response in TAC-IS and EVR-IS patients. * Mann-Whitney test. 

3.3. Predictive Factors for a Highly Protective Antibody Titre 
The 50 patients (from both groups) with highly protective antibody titres were com-

pared with the 11 patients with a weakly protective or null HR (Table 2). Univariate anal-
ysis found that patients with a weak or null HR had a significantly higher creatininaemia 
(1.69 ± 1.01 vs. 1.16 ± 0.42 mg/dL; p = 0.0064) and lower eGFR (52.80 ± 28 vs. 68.23 ± 20.45 
mL/min p = 0.0385). Significant differences were also found in total bilirubinaemia and 
blood γGT, although in both groups the average values were within the normal range. 

Table 2. Characteristics of patients with a highly protective vs. weak/null HR. 

 Weak/Null 
HR (n = 11) 

Highly Protective 
HR (n = 50) 

p-
Value 

AGE (years) 61.2 (±10.2) 59.2 (±10) 0.55 
SEX (Male) 82% (9) 82% (41) 1 
Time elapsed between LT and III DOSE 
(years) 3.7 (±1.7) 3.2 (±2.1) 0.45 

MELD  21.1 (±2.7) 23.3 (±5.3) 0.18 
BMI (kg/m2) 27.5 (±3.2) 26.9 (±4.9)  0.70 
DIABETES (%) 27% (3) 24% (12) 1 
TAC trough blood concentration (ng/mL) 5.4 (±1.6) 4.9 (±1.9) 0.58 
EVR trough blood concentration (ng/mL) 2.7 (±1.2) 2.6 (±1.5) 0.77 
Hb (g/dL) 13.4 (±1.4) 13.6 (±2) 0.70 
LEUKOCYTES (/μL) 5192 (±2393) 6077 (±2100) 0.22 
PLT (×1000/μL) 188.3 (±74.6) 197.3 (±68.7) 0.70 
SERUM IRON (μg/dL) 58.1 (±30.3) 76.0 (±39.4) 0,18 

Figure 2. Neutralising antibody response in TAC-IS and EVR-IS patients. * Mann-Whitney test.

3.3. Predictive Factors for a Highly Protective Antibody Titre

The 50 patients (from both groups) with highly protective antibody titres were compared
with the 11 patients with a weakly protective or null HR (Table 2). Univariate analysis found
that patients with a weak or null HR had a significantly higher creatininaemia (1.69 ± 1.01
vs. 1.16 ± 0.42 mg/dL; p = 0.0064) and lower eGFR (52.80 ± 28 vs. 68.23 ± 20.45 mL/min
p = 0.0385). Significant differences were also found in total bilirubinaemia and blood γGT,
although in both groups the average values were within the normal range.

Table 2. Characteristics of patients with a highly protective vs. weak/null HR.

Weak/Null HR (n = 11) Highly Protective HR
(n = 50) p-Value

AGE (years) 61.2 (±10.2) 59.2 (±10) 0.55
SEX (Male) 82% (9) 82% (41) 1
Time elapsed between LT and III DOSE (years) 3.7 (±1.7) 3.2 (±2.1) 0.45
MELD 21.1 (±2.7) 23.3 (±5.3) 0.18
BMI (kg/m2) 27.5 (±3.2) 26.9 (±4.9) 0.70
DIABETES (%) 27% (3) 24% (12) 1
TAC trough blood concentration (ng/mL) 5.4 (±1.6) 4.9 (±1.9) 0.58
EVR trough blood concentration (ng/mL) 2.7 (±1.2) 2.6 (±1.5) 0.77
Hb (g/dL) 13.4 (±1.4) 13.6 (±2) 0.70
LEUKOCYTES (/µL) 5192 (±2393) 6077 (±2100) 0.22
PLT (×1000/µL) 188.3 (±74.6) 197.3 (±68.7) 0.70
SERUM IRON (µg/dL) 58.1 (±30.3) 76.0 (±39.4) 0,18
AST (U/L) 30.5 (±11.1) 32.3 (±14.5) 0.70
ALT (U/L) 28.4 (±12.9) 34.4 (±21.9) 0.38
γGT (UI/L) 74.8 (±73) 42.4 (±36.9) 0.0351
ALKALINE PHOSPHATASE (UI/L) 122.7 (±57) 108.2 (±74.9) 0.55
T-BILIRUBIN (mg/dL) 0.6 (±0.2) 0.8 (±0.1) 0.0028
CREATININE(mg/dL) 1.7 (±1) 1.2 (±0.4) 0.0064
eGFR (mL/min) 52.8 (±28.1) 68.2 (±20.5) 0.0385
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4. Discussion

The present study compared the HR of LT recipients receiving TAC vs. EVR to three
doses of vaccination against SARS-CoV-2 with BNT162b2 or mRNA-1273. This is the first
study to investigate whether the type of tailored IS regimen can predict the HR to SARS-CoV-
2 vaccination. Almost all patients achieved a protective HR, with no differences between
patients who received TAC-IS or EVR-IS after LT. Furthermore, a highly protective antibody
titre was also achieved in the majority of patients, with no difference between the groups.

The HR after SARS-CoV-2 vaccination is of great importance in the LT population
because the disease, as in other clinically vulnerable populations, may lead to severe
pneumonia and carry an increased risk of death. Several studies have shown that LT
patients infected with SARS-CoV-2 often develop severe COVID-19 disease, leading to
hospitalisation in 64–86% of cases; admission to the intensive care unit (ICU) in 10–31% of
cases; and mortality in 12–20% of cases [4,5,15–17]. Given the intrinsic clinical vulnerability
of LT patients and the uncertain effect of IS, obtaining a response to vaccination had been a
key concern at the beginning of the vaccination campaign. Early reports on solid organ
recipients have observed sub-optimal rates of positive response to the first vaccination
cycle [18,19]. There were significant improvements following the second vaccination cycle,
with 47.5–75% of LT recipients developing an HR, although titres were still markedly
lower than those of the healthy control group [20–22]. The benefit of a third dose has
been documented in numerous studies, both in solid organ transplantation in general
and, specifically, in the LT population, where positive HR rates as high as 91–98% have
been reported [23–26]. Our results (>90% positive antibody titres) are in line with these
findings. These excellent results may be due to the specificity of LT recipients in the
transplant panorama as they represent a privileged group due to the more often benign
graft–host interaction and reduced (and sometimes even absent) need for IS [1,27,28]. In
fact, studies on solid-organ recipients have found LT to be a predictive factor for a positive
HR [29,30]. Most recently, in a study on both humoral and cellular responses to vaccination
in liver and kidney recipients, Furian et al. [31] have confirmed that LT patients show a
markedly increased humoral response against all SARS-CoV-2 spike epitopes. The authors
also found that the vaccine elicited a humoral response recognising all strains of SARS-
CoV-2, particularly the original Wuhan strain. Due to the magnitude of the threat that
SARS-CoV-2 may pose to transplant patients, it is of great importance to identify the subset
of patients at risk of an absent response. Similarly, the identification of a weak, rather
than a highly protective response, could be critical. McMahan et al. [32] have identified
anti-RBD titres of >100 U/mL as the threshold for a highly protective response in macaques.
Other studies confirmed that as much as 3% of mean convalescent neutralising antibody
concentrations offered protection from infection [33]. For example, Dimeglio et al. have
found a concentration of 146 BAU/mL to be 90% protective in humans [34]. This was the
threshold used in this study.

IS represents a major variable in LT patients which has not been specifically studied
so far, although some correlations have been previously identified. For instance, Mar-
ion et al. [22] reported that patients taking the EVR–TAC combination had improved
immune response compared to those taking tacrolimus and mycophenolate. Other studies
have confirmed the negative effect of mycophenolate on HR in LT recipients [9,19,21,35].
In this study, we therefore excluded all patients taking mycophenolate and focused on the
effect of IS based on TAC and EVR. We found that, in long-term LT recipients, HR is not in-
fluenced by whether they are taking Calcineurin inhibitors (CNIs) or mammalian-Target of
Rapamycin inhibitors (mTORis) as IS nor the dose. Our data confirmed that both TAC and
EVR blood levels were not different between highly protective responders and weak/null
responders, suggesting that the choice of IS based on either TAC or EVR can be safely
made according to the 2020 Italian Consensus Working Group guidelines [12] in relation
to vaccination response. On the other hand, even though the paucity of patients allowed
only univariate analysis, we identified poor renal function as the main determinant of the
development of a highly protective HR. This finding has been already reported by other
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investigators, reflecting the importance of renal function in immunologic mechanisms and
in LT patients [19,21,24]. Age was also previously identified as a factor influencing HR, but
this was not observed in our cohort [19–21]. This may be due to the fact that our cohort
was relatively young and numerically too small to detect subtle differences. Although
there were two COVID-19 cases in the EVR-IS group and none in the TAC-IS group, the
difference was not significant.

This is the first study addressing the role of tailored IS therapy, either TAC or EVR
based on the HR after SARS-CoV-2 vaccination in LT recipients. The study was designed
to include rigorous predefined thresholds for IS [12], the selection of only mRNA-based
vaccines, and the use of a single immunoassay (ECLIA) for all patients. This is also the first
study in which the role of monotherapy was investigated in regard to HR after vaccination.
In fact, about 30% of the cohort were taking monotherapy (TAC or EVR) and both regimens
seemed to not influence the HR or the antibody titres. This data must be confirmed in
a larger specific study on the minimisation or withdrawal of IS [2,36–38]. Following the
Italian Consensus Guidelines [12], in the present cohort, the choice of IS and their dose
was made by clinicians based on the indication for LT and the specific disease aetiology or
based on the expected IS side effects and patient comorbidities.

We acknowledge that this study carries some limitations. As in other similar studies,
the number of participants was relatively low [23,24] and this did not allow multivariate
analyses to be performed. The range of the time period between the 3rd dose and the
ECLIA was also large, possibly influencing antibody titres: they may have been lower
when measured early (at 30 days), having not reached a peak, or late (135 days), having
already reached a plateau and started to decrease [21]. As the study included only patients
taking TAC or EVR, it cannot be conclusive for patients receiving other IS regimens, such
as antimetabolites and corticosteroids. Moreover, only HR, and not cellular immunity, was
investigated. Most patients were on combination therapy and were assigned to the two
groups based on the blood concentration. We also only analysed one time point and do not
have data on changes in time; nonetheless, other studies have found that, while antibody
titres seem to wean faster in LT patients, a third-dose booster delivers acceptable durability
results [39–42].

5. Conclusions

In conclusion, a third dose of the SARS-CoV-2 vaccine yielded very high rates of a
positive HR and a highly protective HR. The use of either TAC-IS or EVR-IS in long-term
LT recipients did not significantly influence HR relative to the other. Lastly, renal disease
appears to be a risk factor for a weak or null HR.
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