S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Research Article JOURNAL
Liver Transplantation OF HEPATOLOGY

Past COVID-19 and immunosuppressive regimens affect
the long-term response to anti-SARS-CoV-2 vaccination
in liver transplant recipients

Graphical abstract Authors

Pierluigi Toniutto, Edmondo Falleti,
Sara Cmet, ..., Francesco Curcio,
Median anti-SARS-CoV-2 S-RBD Impact of MMF use in conditioning the percentage of Laura Regattln, Lucrez]a Grlllone

1gG antibody titer patients developing a positive (20.8 1U/ml) or strong
(2100 Ul/ml) antibody response to COVID-19 vaccination

6 months after
second dose

Pre-vaccination

R°°°;/efe‘:_ n=6 20.8 Ul 100 100 100 100 Correspondence
asymptomatic 2,835

S.XRS"_CW_Z 198 U/ml Ui s00um | 833 100 833 833 pierluigi.toniutto@uniud.
a':‘::t':‘r’l';";z n=6 10,05 208 UmI 100 100 100 100 it (P. Toni

P 225 Ulm @ Ufml 100Um | 100 100 100 100 it (P. Toniutto).

VACCINE
o Lay summary

The immunogenicity of anti-SARS-
CoV-2 vaccination in liver trans-
o ae e plant recipients is currently un-
15 known. Herein, we show that liver
transplant recipients who have not
1 s W = ycprt s previously had COVID-19 are less
likely to mount effective antibody
responses to vaccination than a
Lo control population. The main
Highlights determinant of vaccination failure

e The long-term immunogenicity of anti-COVID-19 mRNA vaccines in ~ Was the use of the immunosup-

LT recipients remains unknown. pressive drug mycopheno-
late mofetil.

1 month after
second dose
4 months after
second dose
6 months after
second dose

3 weeks after
first dose

SARS-CoV-2 n=73 63.1 20.8 Umi
naive LT <0.4 Ulml o
patients 2100 U/ml
n=131 n=>58 20.8 U/ml

242
sum CWE_S G o

@
O | &
w

=

o|~N|o |«
o | ©
o =
o |w»

a | ©
= B
SRS
& | ©
N|a
w | ®

@
o
en
IS

e COVID-19-naive LT recipients maintained antibody responses 6
months after Pfizer-BioNTech® BNT162b2 vaccination in 78.8%
of cases.

e All COVID-19-recovered LT recipients were antibody responders 6
months after the Pfizer-BioNTech® BNT162b2 vaccine.

e The daily dose of mycophenolate mofetil was the main determinant
of vaccination failure in COVID-19-naive patients.
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Background & Aims: The long-term immunogenicity of anti-
SARS-CoV-2 vaccines in liver transplant (LT) recipients is un-
known. We aimed to assess the long-term antibody response of the
Pfizer-BioNTech® BNT162b2 vaccine in LT recipients compared
to controls.

Methods: LT recipients underwent anti-SARS-CoV-2 anti-recep-
tor-binding domain protein IgG (anti-RBD) and anti-
nucleocapsid protein IgG antibody (anti-N) measurements at
the first and 1, 4 and 6 months after the second vaccination dose.
Results: One hundred forty-three LT recipients and 58 controls
were enrolled. At baseline, 131/143 (91.6%) LT recipients tested
anti-N negative (COVID-19 naive), and 12/143 (8.4%) tested
positive (COVID-19 recovered) compared to negative controls.
Among COVID-19 naive, 22.1% were anti-RBD positives 1 month
after the first vaccine dose, while 66.4%, 77%, and 78.8% were 1, 4
and 6 months following the second vaccine dose. In contrast,
100% of controls were positive at 4 months (p <0.001). The me-
dian anti-RBD titer 4 months after the second vaccine dose was
significantly lower (32 U/ml) in COVID-19 naive than in controls
(852 U/ml, p <0.0001). A higher daily dose of mycophenolate
mofetil (MMF) (p <0.001), higher frequency of ascites (p = 0.012),
and lower serum leukocyte count (p = 0.016) were independent
predictors of anti-RBD negativity at 6 months. All COVID-19
recovered patients tested positive for anti-RBD at each time
point. The median antibody titer was similar in those taking
MMF (9,400 U/ml, 11,925 U/ml, 13,305 U/ml, and 10,095 U/ml) or
not taking MMF (13,950 U/ml, 9,575 U/ml, 3,500 U/ml, 2,835
U/ml, p = NS) 3 weeks after the first and 1, 4 and 6 months after
the second vaccine dose, respectively.

Conclusions: In COVID-19-naive LT recipients, the immunoge-
nicity of anti-SARS-CoV-2 vaccination was significantly lower
than that in controls. MMF was the main determinant of vacci-
nation failure in SARS-CoV-2-naive patients.
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Lay summary: The immunogenicity of anti-SARS-CoV-2 vacci-
nation in liver transplant recipients is currently unknown.
Herein, we show that liver transplant recipients who have not
previously had COVID-19 are less likely to mount effective anti-
body responses to vaccination than a control population. The
main determinant of vaccination failure was the use of the
immunosuppressive drug mycophenolate mofetil.

© 2022 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Introduction

The new coronavirus pathogen, SARS-CoV-2, has been identified
as the cause of COVID-19.! Preliminary reports indicated that in
liver transplant (LT) recipients, the clinical outcome following
COVID-19 was better compared to other solid organ transplant
recipients? and not per se worse compared to the general pop-
ulation.> However, more recent reports indicate that mortality
in LT recipients remains particularly elevated.*” Two anti-SARS-
CoV-2 vaccines based on mRNA technology (Pfizer-BioNTech®
BNT162b2 and Moderna® mRNA-1273)%7 have been approved.
After the administration of 2 doses of these vaccines in immu-
nocompetent patients, nearly all of them developed neutralizing
antibodies against SARS-CoV-2 s-receptor-binding domain
(RBD) protein.® The development of neutralizing antibodies
seems to reduce the risk of symptomatic severe SARS-CoV-2-
related disease in immunocompetent patients.” However, in LT
recipients, the short-term (up to 3 months) humoral immune
response induced by SARS-CoV-2 mRNA vaccines seems to be
lower than that in immunocompetent patients.'°~'? At present,
no data are available regarding the rate and duration of the
immune response after vaccination in the long term (up to 6
months) in this population. Despite this, all scientific societies
recommend that LT patients should undergo 2 anti-SARS-CoV-2
doses with mRNA vaccines 3-6 months after LT, when immu-
nosuppression can be reduced,”>~"> with the possibility of a
third booster dose.!® The aim of this prospective study was to
assess the safety and the long-term (up to 6 months) humoral
immune response induced by 2 doses of the Pfizer-BioNTech®
BNT162b2 vaccine in a cohort of LT recipients compared to
healthy controls.
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Materials and methods

Study protocol

The staff at the academic hospital in our Italian region launched the
anti-SARS-CoV-2 vaccination program for all LT recipients, adopt-
ing 2 doses of the Pfizer-BioNTech® BNT162b2 vaccine, in March
2021. Both vaccine doses were administered directly in the hospital
for all LT recipients who were in long-term follow-up at the hospital
hepatology and liver transplantation unit. Patients fulfilling this
condition along with their demographic and clinical characteristics
were extracted from the electronic database. The exclusion criteria
were aged <18 years at transplant, pregnancy, past known SARS-
CoV-2 infection, and LT performed less than 3 months before
vaccination. A group of physicians and nurses without known past
SARS-CoV-2 infection who followed patients in the clinic served as
controls. All patients and controls provided written informed
consent to the vaccination protocol and to participate in this study,
which was approved by the regional Ethics Committee and con-
formed to the ethical guidelines of the 1975 Declaration of Helsinki
as reflected in a priori approval by the institution’s human
research committee.

Before vaccination, both patients and controls completed a
detailed interview reporting the presence of signs and/or
symptoms (i.e., fever, cough, anosmia, and diarrhea), suggesting
recent or past SARS-CoV-2 exposure. In addition, controls were
periodically tested for SARS-CoV-2 infection via real-time
reverse transcription PCR (RT-PCR) on nasopharyngeal swabs.
A vaccination self-reported side effects questionnaire was
administered to participants within 30 days of receipt of the
second vaccination dose.

In all patients, a blood sample was collected at the following
time points: at the first and the second vaccine doses (performed
19 days after the first) and at 1 (3142 days), 4 (12545 days), and 6
months (16544 days) thereafter. One blood sample was collected
4 months (134415 days) after the second vaccine dose in controls
(Fig. 1). Anti-SARS-CoV-2-N protein IgM and IgG antibodies
(iFlash® - Shenzhen Yhlo Biotech Co. Ltd) and anti-spike glyco-
protein-specific immunoglobulin G receptor-binding domain (s-
RBD) antibodies (Roche Elecsys®, F. Hoffmann-La Roche Ltd)
were measured in blood samples collected at every time point in
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both LT patients and controls. In accordance with the manufac-
turer’s inserts, cut-off values used to identify positive patients
were >10.0 KAU/L and >0.8 U/ml for the anti-SARS-CoV-2 N and
s-RBD protein antibodies, respectively.

Statistical analysis

Statistical analysis was performed by means of Stata 15.1 statis-
tical software (StataCorp. 2017. Stata Statistical Software: Release
15. College Station, TX: StataCorp LLC). Since normality testing of
continuous variables failed in approximately half of the cases, a
non-parametric rank-sum (Mann-Whitney) test was used, and
data are presented as medians and IQRs. The comparison of
categorical variables was carried out using the Pearson chi-
square test, and data are presented as frequencies (%). Stepwise
logistic regression analysis with a forward approach was used to
select independent predictors for the development of a positive
anti-SARS-CoV-2 vaccine-induced humoral response. All vari-
ables showing a p value <0.10 in the univariate analysis were
included. Pseudo R?, the area under the ROC curve, and the
percentage of correct classification are presented as quality es-
timations of the regression model. Multivariate linear regression
analysis with a stepwise forward approach was used to
discriminate the best fitting variables in predicting the antibody
response after vaccination, considering antibody titer as a
continuous variable. All variables significantly associated with
antibody response post-vaccination in the univariate regression
test were selected to run in the multivariate linear model.

Results

Patients

One hundred and sixty-four LT recipients were selected for
enrollment in the study. Among them, 19 (11.6%) declined to
participate in the vaccination program, and 2 did not receive the
second vaccine dose: 1 died due to the progression of hepato-
cellular carcinoma recurrence, and the other was lost to follow-
up. Thus, 143 LT recipients and 58 healthy controls were ulti-
mately evaluated. LT recipients were more frequently male
(71.7% vs. 32.9%, p <0.001) and older (67.7 vs. 47.6 years, p <0.001)
than controls.

6 months (165 * 4 days) -
First dose of Second dose of Tl bl.OOd
vaccine and 3 weeks vaccine and 4 months (125 * 5 days) Fourth blood sampling
samplin
basal bl!ood (19 days) | second Il_)lood 1 month Third blood pling
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Fig. 1. Timing schedule of the administration of the Pfizer-BioNTech® BNT162b2 vaccine doses and of the measurements of serum anti-SARS-CoV-2
antibodies in blood samples collected in liver-transplanted patients and controls.
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Prevalence of prevaccination anti-SARS-CoV-2-N protein
antibodies in LT recipients and controls

None of the LT recipients nor controls reported in the interview as
having a current or recovered SARS-CoV-2 infection. A positive
anti-SARS-CoV-2-N antibody test, suggesting a history of asymp-
tomatic previous SARS-CoV-2 infection, was detected only in the
sample collected before vaccination in 12/143 (8.4%) LT recipients
and in none of the controls. Table 1 reports the main demographic
and clinical characteristics of patients with regard to the results of
the anti-SARS-CoV-2-N protein antibody test. Antibody-positive
patients presented a higher BMI (28.8 vs. 26.0 kg/m?, p = 0.010),
were less frequently transplanted for alcohol-related liver disease
(33.3% vs. 44.3%) and more frequently for hepatitis B (25% vs. 16%)
(p=0.036), and had a higher prevalence of diabetes mellitus (66.7%
vs. 35.1%, p = 0.031) or recurrent post-transplant cirrhosis with

Liver Transplantation

esophageal varices (25% vs. 4.6%, p = 0.005) than antibody-negative
patients. No significant differences between the 2 groups regarding
either the immunosuppressive treatment schedule or the serum
levels of immunosuppressive drugs were recorded. Considering
this unexpected finding, these 2 groups of LT recipients were
analyzed separately and classified as COVID-19-naive (n = 131) and
COVID-19-recovered (n = 12).

Anti-SARS-CoV-2 s-RBD antibody response after BNT162b2
vaccination in COVID-19 naive patients and controls

The median (IQR) time from LT to vaccination was 94 (49-189)
months. At 4 and 6 months after the second vaccine dose, data
were available in 126/131 (96.2%) and 123/131 (93.9%) LT re-
cipients, respectively, since 5 and 3 patients were lost to follow-
up at each time point. The number of LT recipients who tested

Table 1. Baseline demographic and clinical characteristics of the studied population.

COVID-19-naive (n = 131)

COVID-19-recovered (n = 12) p value

Age at LT (years) 57.9 (51.8-62.8) 57.5 (52.5-59.8) 0.453
Male sex 92 (70.2) 10 (83.3) 0.337
BMI (kg/m?) 26.0 (23.5-28.7) 28.8 (27.2-30.8) 0.010
Months between LT and vaccination 94 (49-189) 157 (87-203) 0.192
Etiology: HCV, HBV, NASH, AH, Al other (%) 28, 21, 0, 58, 13, 11 (21.4, 16.0, 0.0, 44.3, 9.9, 8.4) 2,3,1,4,1,1(16.7, 25.0, 8.3, 33.3, 8.3, 8.3) 0.036
HCC 47 (35.9) 2 (16.7) 0.180
DM 46 (35.1) 8 (66.7) 0.031
Dyslipidemia 29 (22.1) 4(33.3) 0.378
Alcohol consumption >40 g/day 9(6.9) 1(8.3) 0.849
HTN 58 (44.3) 6 (50.0) 0.703
Presence of esophageal varices 6 (4.6) 3(25.0) 0.005
Presence of ascites 4 (3.1) 1(8.3) 0.341
IS treatment
Tacrolimus 85 (64.9) 8 (66.7) 0.901
Cyclosporine 31 (23.3) 4 (33.3) 0.456
MMF 58 (44.3) 6 (50.0) 0.703
Everolimus 12 (9.2) 0 (0.0) 0.273
Prednisone 13 (9.9) 1(8.3) 0.859
Double-triple IS including MMF 51 (38.9) 6 (19.5) 0.454
MMF+T;+C;+E;+P;+T+P;+C+P (%) 30,16, 2, 1,0, 2 (22.9,12.2, 1.5, 0.8, 0.0, 1.5) 4,1,0,0,1,0(33.3, 83, 0.0, 0.0, 8.3, 0.0)
Double-triple IS excluding MMF 14 (10.7) 0 (0.0) 0.233
T+E, T+A, T+P, C+P, T+E+P (%) 3,1,71,2(23,0.8,53,038,15) 0,0,0,0,0
Any double IS therapy 61 (46.6) 5 (41.7) 0.745
Any triple IS therapy 4(3.1) 1(8.3) 0.341
IS levels with respect to reference”
Below 63 (48.1) 7(58.3) 0.497
Above 6 (4.6) 0 (0.0) 0.449
Serum IS drug levels or daily dose®
Tacrolimus (ng/ml) 3.05 +0.82 412 +0.62 0.581
Cyclosporine (ng/ml) 17.2 +8.0 11.8 +2.2 0.440
MMF (g/day) 0.73 +0.08 0.88 £0.27 0.602
Everolimus (ng/ml) 0.0 0.0 043 +0.14 0.321
Prednisone (mg/day) 0.42 +0.42 0.51 #0.15 0.860
Hemoglobin (g/dl) 13.5 (12.1-14.8) 12.5 (12.0-14.6) 0.378
Leukocytes (n/ul) 5,640 (4,500-6,590) 6,420 (4,825-7,610) 0.214
Neutrophils (n/pl) 3,357 (2,725-4,175) 3,687 (2,736-4,424) 0.749
Albumin (g/dl) 4.23 (4.07-4.53) 4.08 (3.75-4.29) 0.067
Total bilirubin (mg/dl) 0.60 (0.42-0.90) 0.67 (0.54-0.86) 0.340
eGFR (ml/min/1.73 m?) 59.1 (45.9-75.6) 55.2 (45.5-68.6) 0.600
AST (1U/ml) 18 (15-24) 24 (18-27) 0.082
ALT (IU/ml) 16 (11-23) 19 (15-28) 0.206
INR 1.04 (0.98-1.13) 1.02 (0.96-1.11) 0.664
25-0OH-Vitamin D (ng/ml) 31 (26.0-35.0) 33.3 (27.8-41.6) 0.224

Patients were divided with regard to the presence (COVID-19-recovered) or absence (COVID-19-naive) of prevaccination anti-SARS-CoV-2-N protein IgG/IgM antibodies.
Categorical variables are presented as frequencies (%), and the Pearson chi-square test was used for statistical comparisons. Continuous variables are presented as medians

(IQR), and immunosuppressive drug serum levels are presented as the means (+SE). The rank-sum test (Mann-Whitney) was used for statistical comparisons.

A, azathioprine; AH, alcoholic hepatitis; Al, autoimmune hepatitis; ALT, alanine aminotransferase; AST, aspartate aminotransferase; C, cyclosporine; DM, diabetes mellitus; E,
everolimus; eGFR, estimated glomerular filtration rate; HCC, hepatocellular carcinoma; HTN, arterial hypertension; INR, international normalized ratio; IS, immunosup-
pressive; LT, liver transplantation; NASH, non-alcoholic steatohepatitis, MMF, mycophenolate mofetil; P, prednisone; T, tacrolimus.

*#reference blood levels evaluated within 1 month before vaccination for each IS drug were calculated in accordance with Cillo et al.>”
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positive for anti-s-RBD after each vaccination time point was as
follows: 29/102 (22.1%) 3 weeks (19 days) after the first vaccine
dose, 87/44 (66.4%) after 1 month (312 days), 97/29 (77%) after
4 months (12545 days), and 97/26 (78.8%) after 6 months (1654
days) compared to 58/58 (100%) of controls evaluated 4 months
(134415 days) following the second vaccine dose. Ten patients
developed a late (between the first and fourth months) positive
antibody response after vaccination, and none of the tested
positive patients became antibody-negative within 6 months
post-vaccination. The median anti-s-RBD antibody titers at 4 (32
U/ml) and 6 (28.5 U/ml) months remained stable in LT recipients,
but were significantly lower (32 U/ml) than those in the controls
(852 U/ml, p <0.0001) at 4 months (Fig. 2).

Factors influencing the anti-SARS-CoV-2 s-RBD IgG response
after BNT162b2 vaccination in COVID-naive patients

In the multivariate analysis, independent predictors of immune
response failure (anti-SARS-CoV-2 s-RBD IgG antibody titer <0.8 U/
ml) 3 weeks after the first dose of vaccination were alcohol con-
sumption >40 g/day (p <0.001), taking a higher daily dose of
mycophenolate mofetil (MMF) (p = 0.002), and having a lower
estimated glomerular filtration rate (eGFR) (p = 0.016) (Table 2). In
addition to taking a higher daily dose of MMF, immunosuppression
employing >2 drugs, having lower serum leucocytes and being
older at LT were selected as independent predictors of unsuccessful
antibody response 1 and 4 months after the second vaccine dose,
respectively (Table S1 and S2). A higher daily MMF dose assump-
tion (p <0.001), a more frequent presence of ascites (p = 0.012) and
having a lower number of leukocytes (p = 0.016) were selected as
independent predictors of the negative antibody response 6
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months after vaccination (Table 3). Moreover, patients treated with
immunosuppressive schedules, including MMF, compared to those
excluding MMF, presented significantly lower median antibody
titers at each time point after vaccination (Fig. 3). The contribution
of each immunosuppressive drug as well as any combination of
immunosuppressive drugs in influencing the anti-SARS-CoV-2 s-
RBD antibody titer, evaluated at each time point after vaccination, is
presented in Table S3. In the stepwise multiple linear analysis, the
daily dose of MMF and age at LT were selected as independent
regressors of the entire span of anti-SARS-CoV-2 s-RBD antibody
titers at every time point after vaccination. An eGFR and alcohol
consumption >40 g/day were selected factors associated with the
anti-SARS-CoV-2 s-RBD antibody titer at 3 weeks after the first
vaccine dose and at 1 month after the second vaccine
dose (Table S4).

To identify patients who developed a strong antibody
response after the full course of vaccination, the anti-SARS-CoV-
2 s-RBD IgG antibody cut-off titer was selected at 100 U/ml. This
was derived from the observation that adoptive transfer of pu-
rified polyclonal IgG from convalescent macaques robustly pro-
tected naive recipient rhesus macaques against challenge with
SARS-CoV-2 when the antibody titer was at least 100 U/ml."”
Considering this cut-off level, the number of patients who
tested positive for anti-SARS-CoV-2 s-RBD IgG antibodies at 1, 4
and 6 months after the second vaccine dose was 51 (38.9%), 45
(35.7%) and 36 (29.3%), respectively. In the multivariate analysis,
independent predictors of the achievement of a strong antibody
response (>100 U/ml) were a younger age at LT (p = 0.0013),
alcohol consumption <40 g/day (p <0.001) and taking a lower
daily dose of MMF (p <0.001) at 1 month and no alcohol
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Fig. 2. Anti-SARS-CoV-2 s-RBD antibody titers evaluated in COVID-19-naive patients and controls. In COVID-19-naive patients, the antibody titers were
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Table 2. Association of prevaccination demographic and clinical characteristics with antibody responses 3 weeks after the first dose of the Pfizer BTN162b2 vaccine.

Univariate analysis Multivariate analysis
Anti-s-RBD IgG negative (n = 102) Anti-s-RBD IgG positive (n = 29) p value OR 95% CI p value
Age at LT (years) 59.5 (54.1-63.4) 54.6 (48.3-59.1) 0.008
Male sex 74 (72.6) 18 (62.1) 0.276
BMI (kg/m?) 25.5 (23.4-28.7) 26.4 (23.8-29.3) 0.407
Months between LT and vaccination 84.8 (36.7-189) 153.9 (72.4-194.6) 0.040
Etiology: HCV, HBV, AH, Al other (%) 21, 18, 49, 7, 7 (20.6, 17.6, 48.0, 6.9, 6.9) 7,3,9, 6,4 (241,103, 31.0, 20.7, 13.8) 0.092
HCC 38 (37.3) 9 (31.0) 0.538
DM 37 (36.3) 9 (31.0) 0.602
Dyslipidemia 23 (22.6) 6 (20.7) 0.831
Alcohol consumption >40 g/day 9(8.8) 0(0.0) 0.097 <0.001 <0.001-<0.001 <0.001
HTN 44 (43.1) 14 (48.3) 0.623
Presence of esophageal varices 5(4.9) 1(3.5) 0.741
Presence of ascites 3(2.9) 1(3.5) 0.889
IS treatment
Tacrolimus 63 (61.8) 22 (75.9) 0.160
Cyclosporine 26 (25.5) 5(17.2) 0.356
MMF 57 (55.9) 1(17.1) <0.001
Everolimus 10 (9.8) 2 (4.9) 0.632
Prednisone 11 (10.8) 2 (6.9) 0.537
Double-triple IS including MMF 50 (49.0) 1(3.5) <0.001
MMEF+T; +C; +E; +P; +C+P (%) 29,16, 2,1, 2 (284, 15.7, 2.0, 1.0, 2.0) 1,0,0,0,0 (3.4, 0.0, 0.0, 0.0, 0.0)
Double-triple IS excluding MMF 12 (11.8) 2 (6.9) 0.454
T+E, T+A, T+P, C+P, T+E+P (%) 3,1,5/1,2 (29, 1.0, 4.9, 1.0, 2.0) 0,0,2,0,0(0.0, 0.0, 6.9, 0.0, 0.0)
Any double IS therapy 58 (56.9) 3(10.3) <0.001
Any triple IS therapy 4 (3.9) 0(0.0) 0.279
Serum IS drug levels or daily dose™
Tacrolimus (ng/ml) 4.26 +0.46 3.63 +0.46 0.678
Cyclosporine (ng/ml) 12.4 +2.52 9.62 +4.68 0.467
Everolimus (ng/ml) 0.45 +0.16 0.34 +0.25 0.523
MMF (g/day) 0.93 +0.09 0.034 +0.03 <0.001 0.121 0.032-0.461 0.002
Prednisone (mg/day) 0.56 +0.18 0.34 +0.27 0.554
IS levels with respect to reference”
Below 48 (47.1) 15 (51.7) 0.657
Above 6 (5.9) 0 (0.0) 0.181
Hemoglobin (g/dl) 13.2 (12.1-14.8) 14.0 (12.9-14.7) 0.296
Leukocytes (n/ul) 5,780 (4,500-6,610) 5,540 (4,680-6,330) 0.727
Neutrophils (n/ul) 3,340 (2,770-4,180) 3,420 (2,700-4,100) 0.775
Albumin (g/dl) 4.24 (4.03-4.53) 4.23 (4.10-4.50) 0.857
Bilirubin (mg/dl) 0.59 (0.42-0.89) 0.69 (0.43-1.01) 0.351
eGFR (ml/min/1.73 m?) 58.0 (45.3-70.6) 72.9 (50.7-84.2) 0.009 1.031 1.005-1.058 0.016
AST (U/ml) 18 (14-23) 21 (16-26) 0.098
ALT (U/ml) 15 (11-23) 19 (14-21) 0.041
INR 1.04 (0.98-1.10) 1.10 (1.00-1.20) 0.083
25-0OH-Vitamin D (ng/ml) 31.0 (25.6-35.0) 32.0 (26.7-36.2) 0.437

Logistic model estimation parameters: pseudo R? = 0.319; area under the ROC curve = 0.866; correct classification = 85.5%.

Association between prevaccination demographic and clinical characteristics of COVID-19-naive liver transplanted patients (n = 131) with regards to the development of a positive (0.8 U/ml) or negative (<0.8 U/ml) anti-SARS-CoV-2
s-RBD antibody response, as assessed 3 weeks (19 days) after the first dose of the Pfizer BTN162b2 vaccine. Categorical parameters are presented as frequencies (%), and the Pearson chi-squared test was used for statistical
comparisons. Continuous variables are presented as medians (IQR), and serum immunosuppressive drug levels are presented as the means (+SE). The rank-sum test (Mann-Whitney) was used for statistical comparisons. Stepwise
regression with a forward approach was used to discriminate independent predictive variables to achieve a positive antibody response after vaccination in a multivariate logistic model analysis.

A, azathioprine; AH, alcoholic hepatitis; Al, autoimmune hepatitis; ALT, alanine aminotransferase; AST, aspartate aminotransferase; C, cyclosporine; DM, diabetes mellitus; E, everolimus; eGFR, estimated glomerular filtration rate;
HCC, hepatocellular carcinoma; HTN, arterial hypertension; INR, international normalized ratio; IS, immunosuppressive; LT, liver transplantation; NASH, non-alcoholic steatohepatitis, MMF, mycophenolate mofetil; P, prednisone;
T, tacrolimus.

*reference blood levels evaluated within 1 month before vaccination for each IS drug were calculated in accordance with Cillo et al.>
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Table 3. Association of prevaccination demographic and clinical characteristics with antibody responses 6 months after the second dose of the Pfizer BTN162b2 vaccine.

Univariate analysis

Multivariate analysis

Anti-s-RBD IgG negative (n = 26) Anti-s-RBD IgG positive (n = 97) p value OR 95% CI p value
Age at LT (years) 60.5 (57.7-65.8) 57.4 (50.8-61.8) 0.014
Male sex 16 (61.5) 72 (74.21) 0.203
BMI (kg/m?) 26.0 (23.5-228.7) 25.5 (23.4-28.5) 0.923
Months between LT and vaccination 54.1 (18.9-98.4) 118 (59.1-189) 0.006
Etiology: HCV, HBV, AH, Al other (%) 6, 6, 8, 3,3 (23.1, 231, 30.8, 11.5, 11.5) 20, 15, 46, 8, 8 (20.6, 15.5, 47.4, 8 2,82) 0.636
HCC 9 (34.6) 8 (39.2) 0.671
DM 8 (30.8) 34 (.5.1) 0.683
Dyslipidemia 7 (26.9) 20 (20 6) 0.490
Alcohol consumption >40 g/day 3 (11.5) 7(7.2) 0.474
HTN 11 (42.3) 45 (46.4) 0.710
Presence of esophageal varices 2 (7.7) 4(4.1) 0.453
Presence of ascites 3 (11.5) 1(1.0) 0.007 0.036 0.003-0.486 0.012
IS treatment
Tacrolimus 18 (69.2) 63 (65.0) 0.683
Cyclosporine 7 (26.9) 21 (21.7) 0.569
MMF 23 (88.5) 29 (29.9) <0.001
Everolimus 1(3.9) (11 3) 0.253
Prednisone 4 (15.4) 8 (8.3) 0.276
Double-triple IS including MMF 22 (84.6) 24 (24.7) <0.001
MMF+T; +C; +E; +P; +C+P (%) 16,4,0,1,1 (615,154, 0, 3.8, 3.8) 11,10, 2, 0,1 (11.3,10.3, 21 0,1)
Double-triple IS excluding MMF 2(7.7) 11 (11.3) 0.591
T+E, T+A, T+P, C+P, T+E+P (%) 0,0,1,0,1(0,0,38,0,3.8) 3,1,511(31,1, 5 2,1,1)
Any double IS therapy 22 (84.6) 33 (34.0) <0.001
Any triple IS therapy 2(7.7) 2(21) 0.151
Serum IS drug levels or daily dose™
Tacrolimus (ng/ml) 4,02 +0.59 435 +0.82 0.276
Cyclosporine (ng/ml) 530 +2.34 11.8 £2.72 0.561
MMF (g/day) 1.54 +0.14 0.48 +0.08 <0.001 0.282 0.140-0.564 <0.001
Everolimus (ng/ml) 0.18 +0.18 0.57 £0.18 0.277
Prednisone (mg/day) 0.0.67 +0.36 0.46 £0.17 0.303
IS levels with respect to reference”
Below 13 (50.0) 6 (47.4) 0.815
Above 0 (0.0) 5(5.2) 0.237
Hemoglobin (g/dl) 12.7 (11.6-13.6) 13.6 (12.8-15.0) 0.007
Leukocytes (n/ul) 4,550 (3,700-5,630) 5,980 (4,840-6,950) 0.001 1.001 1.000-1.001 0.016
Neutrophils (n/pl) 2,850 (1,890-3,780) 3,540 (2,910-4,310) 0.016
Albumin (g/dl) 4.50 (4.07-4.61) 424 (4.10-4.42) 0.182
Bilirubin (mg/dl) 0.57 (0.37-0.73) 0.63 (0.43-0.97) 0.202
eGFR (ml/min/1.73 m?) 52.0 (45.3-70.6) 63.1 (48.4-80.1) 0.072
AST (IU/L) 15 (13-19) 20 (16-25) 0.001
ALT (IU/L) 11.5 (9-17) 18 (12-27) 0.001
INR 1.04 (0.96-1.14) 1.04 (0.98-1.11) 0.733
25-0OH-Vitamin D (ng/ml) 32.2 (28.6-35.0) 31 (25.0-35.0) 0.296

Logistic model estimation parameters: pseudo R?

= 0.393; area under the ROC curve = 0.905; correct classification = 88.6%.
Association between prevaccination demographic and clinical characteristics of COVID-19 naive liver transplanted patients (n = 123) with regards to the development of a positive (>0.8 U/ml) or negative (<0.8 U/ml) anti-SARS-CoV-2
s-RBD antibody response, as assessed 6 months (165+4 days) after the second dose of the Pfizer® BTN162b2 vaccine. Categorical parameters are presented as frequencies (%), and the Pearson chi-squared test was used for statistical
comparisons. Continuous variables are presented as medians (IQR), for serum immunosuppressive drug levels, they are presented as the means (+SE), and the rank-sum test (Mann-Whitney) was used for statistical comparisons.
Stepwise regression with a forward approach was used to discriminate independent predictive variables to achieve a positive antibody response after vaccination in a multivariate logistic model analysis.
A, azathioprine; AH, alcoholic hepatitis; Al, autoimmune hepatitis; ALT, alanine aminotransferase; AST, aspartate aminotransferase; C, cyclosporine; DM, diabetes mellitus; E, everolimus; eGFR, estimated glomerular filtration rate;
HCC, hepatocellular carcinoma; HTN, arterial hypertension; INR, international normalized ratio; IS, immunosuppressive; LT, liver transplantation; NASH, non-alcoholic steatohepatitis, MMF, mycophenolate mofetil; P, prednisone;
T, tacrolimus.
*reference blood levels evaluated within 1 month before vaccination for each IS drug were calculated in accordance with Cillo et al.
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Fig. 3. Anti-SARS-CoV-2 s-RBD antibody titers evaluated in COVID-19-naive patients who did or did not receive mycophenolate mofetil. Antibody titers
were measured 3 weeks (19 days) after the first dose of Pfizer-BioNTech® BNT162b2 vaccine, and after 1 month (3142 days), 4 months (125+5 days), and 6 months
(165%4 days) following the second vaccine dose with regards to the inclusion (light blue circles) or the exclusion (white circles) of mycophenolate mofetil
monotherapy or in combination with other immunosuppressive drugs. Positive responders to vaccination were defined as those having reached an antibody titer
>0.8 U/ml. Medians of antibody titers are reported for each time point, and the statistical analysis was performed by means of a non-parametric rank-sum (Mann-
Whitney) test.
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sponders to vaccination were defined as those having reached an antibody titer 20.8 U/ml. Medians of antibody titers are reported for each time point.
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consumption at 4 months after the second vaccine dose (Table S5
and S6, respectively). A lower daily dose of MMF (p = 0.006) in
addition to a younger age at LT (p = 0.012), alcohol consumption
<40 g/day (p <0.001) and higher hemoglobin serum levels (p =
0.047) were selected as independent predictors of a strong
antibody response 6 months after vaccination (Table S7).

Anti-SARS-CoV-2 s-RBD antibody response after BNT162b2
vaccination in LT COVID-19-recovered patients

All 12 recovered COVID-19 patients presented a positive anti-
SARS-CoV-2 s-RBD antibody response before vaccination.
Furthermore, all increased their antibody titers following vacci-
nation, which were significantly higher than those reported in
COVID-19-naive patients (Fig. 4). Interestingly, the median anti-
body titers developed 3 weeks after the first vaccine dose were
significantly higher than those present before vaccination but
not significantly different from those developed 1 month after
the second vaccine dose. As reported for COVID-19 naive pa-
tients, the mean antibody titers remained stable 4 and 6 months
after vaccination, and none of the patients became antibody-
negative. Unlike COVID-19-naive patients, in COVID-19-
recovered patients, the positive antibody response rate was the
same in those receiving MMF (n = 6) as in those who did not (n =
6), and the median anti-SARS-CoV-2 s-RBD antibody titer was
evaluated both at baseline and at each time point after vacci-
nation (Fig. 5).
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Patients and controls reported side effects of anti-SARS-CoV-
2 vaccination

No severe side effects of vaccination were reported by either pa-
tients or controls. The more frequent reported side effect was
modest pain in the vaccination injection site. This was reported in
23/58 (39.7%) controls and in 61/143 (42.6%) patients (p = 0.695).
Considering both vaccination doses, the frequency of systemic
symptoms, such as fever, asthenia or myalgia, was reported in 12/
58 (20.6%) controls and in 7/143 (4.9%) patients (p <0.001). During
routine post-vaccination patient follow-up, no significant liver test
abnormalities or clinical alterations were recorded.

Discussion

The long-term antibody response to the full course of BNT162b2
vaccination was recorded in 78.8% of COVID-naive patients
compared to 100% of the controls. Moreover, the peak of
responder patients was reached 4 months after the second
vaccine dose and remained stable up to 6 months. Recent reports
indicated that the rate of antibody response to anti-SARS-CoV-2
vaccination in LT patients ranged from 45.5% to 82%,!"12/16.18-22
which is comparable to what we observed. However, all these
studies evaluated the early (up to 3 months) immune response to
vaccination. Our study presents, for the first time to our
knowledge, data regarding the persistence of the antibody
response to vaccination in the long term (up to 6 months). Our
findings could be considered unexpected, since the effect of
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Fig. 5. Anti-SARS-CoV-2 s-RBD antibody titers evaluated in COVID-19-recovered patients who did or did not receive mycophenolate mofetil. Anti-SARS-
CoV-2 s-RBD antibody titers evaluated in COVID-19-recovered (n = 12) patients before and after 3 weeks (19 days) of the first dose of Pfizer-BioNTech® BNT162b2
vaccine, as well as after 1 month (31£2 days), 4 months (12515 days), and 6 months (165+4 days) following the second vaccine dose. Patients were divided with
regard to adopting immunosuppressive treatment, including (light blue circles) or excluding (white circles) mycophenolate mofetil. Positive responders to
vaccination were defined as those having reached an antibody titer >0.8 U/ml. Medians of antibody titers are reported for each time point, and the statistical
analysis was performed by means of a non-parametric rank-sum (Mann-Whitney) test.
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immunosuppressive therapies could reduce antibody response
duration over time more rapidly compared to immunocompe-
tent patients. In a recent report conducted in healthcare pro-
fessionals, 6 months after a full course of BNT162b2 vaccine,
antibody titer decline was observed in approximately 89.6% of
cases, and approximately 45% of them became seronegative.”®
However, the peak response in these patients was reached 1
month after the second vaccine dose, which was earlier than
what we observed in our series. One possible explanation could
be that the vaccine-induced antibody response in immunosup-
pressed patients might be delayed and therefore detected to last
longer. Whether this kinetic antibody response might be used to
plan the vaccine booster dose would require appropriate clinical
studies. In any case, to maintain the immunological response to
vaccination for a long time, and in the hope of increasing the
number of patient responders, it is desirable that booster doses
are carried out in this category of patients. This strategy appears
to be further justified by the recent emergence of the Omicron
viral variant, whose clinical impact on LT recipients is not
yet known.

No sex differences in the rate of long-term vaccine antibody
response were detected. This agrees with previous reports'!'8:22
but is in contrast to what was reported in LT recipients by Her-
rera et al.,'® who documented a significantly lower response rate
in females. However, this difference may be due to the different
vaccine types (mRNA1273) adopted in these patients compared
to BNT162b2 adopted in our patients.

A detrimental effect on the long-term antibody response to
vaccination was exerted by increasing the daily dose of MMF
rather than adopting double or triple immunosuppressive drug
combinations. This confirms data reported both in liver and in
other solid organ transplants.>* Rabinowich et al.'® showed that
the use of MMF, in addition to a triple immunosuppression
regimen, higher doses of steroids and lower eGFR were selected
as negative predictors of vaccination response. In our series, only
13/131 (9.9%) patients were taking prednisone at a dosage >5 mg
compared to 24/80 (30%) of those reported in the aforemen-
tioned study. Thus, the impact of steroids may be influenced by
the different number of treated patients between the 2 studies.
Furthermore, only 4 patients adopting triple immunosuppres-
sion were enrolled in our study. The influence of eGFR in con-
ditioning the antibody vaccine response has seldom been
evaluated in studies.'"'>'*?? In our series, a lower eGFR was
selected as a negative predictor of vaccine response only 3 weeks
after the first dose and not thereafter, which may be considered
in agreement with what has been demonstrated in other se-
ries.?? In addition to the use of MMEF, the presence of severe graft
dysfunction leading to ascites formation and a lower serum
leukocyte count were associated with a poor antibody response.
Patients with advanced liver disease frequently show a subop-
timal response to the anti-SARS-CoV-2 vaccine,'? which is also
observable when employing other types of vaccines, such as that
for hepatitis B.>> The detrimental combination of immunosup-
pressive treatment and the presence of graft cirrhosis after liver
transplantation may justify our results. This may also explain the
negative impact of a lower leukocyte count, which could be
considered a surrogate marker of drug-induced immunosup-
pression and severe portal hypertension.®

The strong vaccination response was evaluated adopting an
antibody cut-off value of 100 U/ml!” The percentage of
responder patients 6 months after vaccination decreased from
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78.8% if evaluated by an antibody cut-off of 0.8 U/ml to 29.3%.
Interestingly, alcohol consumption >40 g/day had a negative
impact on a strong vaccination response, in addition to previ-
ously reported negative predictors. This finding agrees with
studies indicating that alcohol consumption decreases the hu-
moral response to some vaccines, such as those against strep-
tococcal pneumonia.?’ Since alcohol relapse after LT is described
in up to 5% of recipients,?® the effectiveness of anti-SARS-CoV-2
vaccination in this category of patients may be further reduced.

In COVID-19-recovered patients in our series, higher BMI,
diabetes mellitus, and recurrent cirrhosis with portal hyperten-
sion were significantly more frequent than in COVID-19-naive
patients. In contrast, no significant differences were recorded
regarding which immunosuppression treatment was adopted,
particularly regarding the use of MMF. This may be expected,
since the presence of metabolic comorbidities has been associ-
ated with a worse clinical outcome for COVID-19 in LT recipients
but not as a factor leading to increased susceptibility to infec-
tion.2%3° Similar consideration may be made with regard to the
use of MMF, since it has been associated only with a more severe
form of COVID-19,>' whereas the use of tacrolimus has been
associated with a more benign course.>? Although in solid organ
transplant recipients, a robust antibody and T cell response can
be elicited regardless of COVID-19 severity,>>>* to our knowl-
edge, no data are available on the impact of MMF use on
developing natural immunity after SARS-CoV-2 infection in LT.
The novelty of our findings, although derived from a small
number of patients, is that among the COVID-19-recovered pa-
tients (50% treated with MMF), prevaccination anti-s-RBD pro-
tein antibody titers were detectable in all of them, independent
of the use of MMF. Moreover, after the first vaccine dose, the
antibody titer increased significantly and was comparable to that
obtained 1 month after the second vaccine dose and remained
positive up to 6 months, regardless of the use of MMF. This
finding, if confirmed in a larger series, seems to support the
observation that every immunosuppressive regimen adopted
after LT has no meaningful impact on the ability to mount nat-
ural antibody responses after SARS-CoV-2 infection.>*

Regarding vaccine safety in our study, no severe adverse events
were reported in either patients or controls, nor were any liver
biochemical abnormalities found during routine post-vaccination
patient follow-up. These observations agree with previous
studies performed in solid organ transplant recipients.'®!89

Our study has some limitations. First, we did not evaluate the
cellular immune response to vaccination. The correlation be-
tween humoral and cellular immune responses to anti-SARS-
CoV-2 vaccination remains unclear. In a recent report evalu-
ating 138 LT recipients, there was no evidence of a spike-specific
T cell response in the majority of those without any detectable
antibody response,?? suggesting that, in some cases, humoral
and cellular immune responses could overlap. Second, we did
not adopt systematic surveillance of patients to assess the effi-
cacy of vaccination in preventing SARS-CoV-2 infection.
Although this was not the aim of our study, we did not observe
symptomatic SARS-CoV-2 infections in vaccinated patients dur-
ing the follow-up period. Third, we enrolled patients with a long
interval between transplant and vaccination; thus, our results
may not be comparable to those obtainable when vaccination
has been performed close to transplant.

In conclusion, in COVID-19-naive LT patients, the anti-SARS-
CoV-2 vaccination antibody response rate, although significantly
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lower than that in controls, was maintained for at least 6 months.
The increasing daily dose of MMF remains the main determinant of
vaccination failure. This implies that modifying the daily dose of
MMEF in the immediate pre- and post-vaccination period may be
hypothesized in COVID-19-naive non-responders to increase the
immunogenicity of booster vaccine doses. In contrast, LT recipients
who recovered from COVID-19 had a full long-term antibody
response to vaccination that was detectable after the first vaccine
dose regardless of the use of MMF.

Abbreviations
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receptor-binding protein.
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