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In the context of the Italian severe acute respiratory syndrome coronavirus 2 vaccination
program, liver transplant (LT) recipients were prioritized for vaccine administration, although
the lower response to vaccines is a well-known problem in this population. We aimed to
evaluate immunogenicity of BNT162b2 mRNA vaccine in LT recipients and healthy controls and
to identify factors associated with negative response to vaccine.
METHODS:
 In a cohort of adult patients with LT, we prospectively evaluated the humoral response (with
anti-Spike protein IgG-LIAISON SARS-CoV-2 S1/S2-IgG chemiluminescent assay) at 1 and 3
months after 2-dose vaccination. A group of 307 vaccinated health care workers, matched by
age and sex, served as controls.
RESULTS:
 Overall, 492 LT patients were enrolled (75.41% male; median age, 64.85 years). Detectable
antibodies were observed in the 75% of patients, with a median value of 73.9 AU/mL after 3
months from 2-dose vaccination. At multivariable analysis, older age (>40 years; P [ .016),
shorter time from liver transplantation (<5 years; P [ .004), and immunosuppression with
antimetabolites (P [ .029) were significantly associated with non-response to vaccination.
Moreover, the LT recipients showed antibody titers statistically lower than the control group
(103 vs 261 AU/mL; P < .0001). Finally, in both controls and LT patients, we found a trend of
inverse correlation between age and antibody titers (correlation coefficients: L0.2023
and L0.2345, respectively).
CONCLUSIONS:
 Three months after vaccination, LT recipients showed humoral response in 75% of cases. Older
age, shorter time from transplantation, and use of antimetabolites were factors associated with
non-response to vaccination, and LT recipients at risk of non-response to vaccination needed to
be kept under close monitoring.
Keywords: COVID-19; Immunosuppression; Liver Transplantation; SARS-CoV-2 Vaccination.
The coronavirus disease 2019 (COVID-19)
pandemic rapidly spread in the first months of

2020, and at the end of 2020, an mRNA vaccine
(BNT162b2) was approved.1,2 Solid organ transplant
recipients are considered a vulnerable group at
increased risk of severe disease and death in case of
hip. bAuthors share co-senior authorship.

er: COVID-19, coronavirus disease 2019;
; IQR, interquartile range; LT, liver trans-
te respiratory syndrome coronavirus 2.
infection.3 For this reason, this group of patients has
been prioritized in the timeline schedule of the National
Vaccination Program. Data about immunogenicity of
vaccination in liver transplant (LT) recipients are poor
because this population was excluded from clinical
trials. Additionally, lower response to vaccination is a
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What You Need to Know

Background
Liver transplant recipients showed poor humoral
response to coronavirus disease 2019 vaccination
when compared with healthy subjects.

Findings
The factors associated with a non-response response
to coronavirus disease 2019 vaccination are older
age, shorter time from liver transplantation, and
immunosuppression regimens including
antimetabolites.

Implications for patient care
This study identified liver transplant recipients at
risk of non-response to vaccination to be kept under
close monitoring.
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well-known problem in immunocompromised solid or-
gan recipients due to the chronic immunosuppressive
state.4 Nonetheless, national and international transplant
societies have recommended to prioritize vaccination for
all recipients with a follow-up of more than 3 months
post-liver transplant.5–7

Previous studies in the setting of influenza vaccina-
tion suggest that, despite lower antibody and cell-
mediated immunity elicited by solid organ transplant
recipients, vaccination has been significantly associated
with lower rates of severe infection and complications.7

Concordant low immunogenicity has been reported
by different recent studies conducted in LT recipients
analyzing small series of patients with a great hetero-
geneity in terms of timing of post-vaccine response
assessment, of vaccine administered (Moderna, Pfizer,
Astra-Zeneca, or Johnson & Johnson), and of type of
response (humoral and/or cellular) analyzed.8–16

In this scenario, the primary objective of the present
study was to evaluate immunogenicity and safety of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
vaccination with Pfizer-BioNTech in a cohort of LT re-
cipients by quantifying the humoral response after 1 and 3
months. Secondary objectives were: (1) to compare the
antibody response in LT recipients with a group of healthy
subjects; (2) to explore the impact of different factors (ie,
age, type of immunosuppression, steroid treatment,
comorbidities, etc) on elicited humoral immune responses
to better stratify those at-risk for seronegative response;
and (3) to study clinical reactogenicityof Pfizer-BioNTechas
well as breakthrough infections in vaccinated LT recipients.

Methods

Study Design and Target Population

This is a prospective study evaluating the effective-
ness of SARS-CoV-2 vaccination with Pfizer-BioNTech in
a cohort of adult LT recipients regularly followed up at 2
referral hospitals in Southern Italy (Cardarelli Hospital
and Federico II Academic Hospital) in accordance with
the Declaration of Helsinki.

The protocol was approved by the local ethic board of
the promoting center (Federico II University of Naples, n
214/2021). All patients and controls involved in the
study provided written informed consent to participate.

FromMarch2021, transplant recipientswereprioritzed
in Italy to receive the Pfizer-BioNTech BNT162b2 vaccine,
administered in 2 doses given 3weeks apart, in the context
of the national COVID-19 vaccination program launched in
January2021. The administrationofvaccinewas conducted
according to the vaccination schedule specified in the
BNT162b2 vaccine summary of product characteristics.17

In this prospective cohort, all consecutive LT patients
who completed the 2-dose BNT162b2 vaccine series
before May 20, 2021 were included and followed-up
until August 15, 2021.
After signing the informed consent, blood samples
were collected at 3 time points: prior to first dose and 1
month and 3 months after the second dose of the
BNT162b2 vaccine for detecting anti-Spike protein IgG
(DiaSorin, Italy).18

Exclusion criteria for receiving the vaccine and
entering the study included age <18 years, trans-
plantation within the last 3 months, and active SARS-
CoV-2 infection. Of note, LT patients with simultaneous
kidney (or other solid organ) transplantation have been
excluded according to study design.

History of previous COVID-19 was not an exclusion
criterion, and patients were considered for vaccination 3
months after the infection.

Clinical data was obtained from patients’ medical
records and routine blood tests up to 3 months prior to
the day of first dose administration. In particular, the
following data were collected for analysis: age, gender,
body mass index, comorbidities, transplant date, immu-
nosuppressive drugs, use of steroids, and history of
retransplantation.
Control Group

Health care workers of the Cardarelli Hospital and
Federico II Academic Hospital who were offered the
vaccination with BNT162b2 in-hospital served as con-
trols. History of previous COVID-19 was registered. None
of them received immunosuppressive treatment or had
major comorbidities. Because the 2 populations were not
matched for age and sex, a subgroup within the trans-
planted patients was selected and matched in a 1:1 ratio
by sex and age class with controls. Accordingly, we
selected 2 subpopulation consisting of 307 cases (LT
recipients) and 307 controls (health care workers).

Details about quantification of humoral response,
previous COVID-19 exposure, safety report,



Figure 1. Study flowchart.
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breakthrough COVID-19 infections, and statistical anal-
ysis are reported in the Supplementary Materials
(including Supplementary Methods, Supplementary
Results, and Supplementary Tables 1 and 2).

Results

A total of 916 patients who were actively followed at
Cardarelli Hospital and Federico II Academic Hospital
after liver transplantation were initially screened for
BNT162b2 vaccine and the final population included 492
patients. All of these patients received the 2 doses within
the 20th of May, and they were prospectively and
consecutively included in the study. A study flowchart is
depicted in Figure 1.

Characteristics of LT Recipients

Characteristics of the 492 enrolled patients are
described in Table 1. Overall, 371 LT recipients (75.41%)
were male, and the median age at the time of vaccination
was 64.85 years (interquartile range [IQR], 57.2–70.09
years). One hundred patients (20.33%) were obese, ac-
cording to body mass index �30 kg/m2. All patients had
stable graft function prior to the vaccination. Fourteen
patients had a history of retransplantation.

The major indication for LT was viral infection
(76.4%), followed by hepatocellular carcinoma (HCC)
(39%). Overall, 293 patients (59.55%) received a single
immunosuppressant agent, with calcineurin inhibitors as
the predominant immunosuppressants (80.28%). In
particular, 286 patients (58.13%) were on tacrolimus,
alone or in combination, 109 patients (22.15%) were on
cyclosporine A alone or in combination, 168 patients
(34.15%) were on mycofenolate mofetil alone or in
combination, and 137 patients (27.85%) were on mTOR
inhibitors (everolimus or sirolimus), alone or in
combination.

The median time from LT to COVID-19 vaccination
was 14.08 years (IQR, 5.71–20.07 years), and 386 pa-
tients (78.45%) had been transplanted more than 5
years before vaccination, whereas 13 patients (2.64%)
received transplantation within 1 year. No patient
transplanted during the past year (during the COVID-19
pandemic) received livers from SARS-CoV-2 positive
donors; however, there was no information about pre-
vious SARS-CoV-2 infection in 3 donors.

In relation to comorbidities, 79 patients (16.12%) had
cardiovascular disease, 51 patients (10.39%) had chronic
kidney disease, and 107 patients (21.75%) had diabetes.
Multiple comorbidities were not very frequent, with 75
patients (15.24%) having 2 or more comorbidities
(Table 1).

Humoral Response of LT Recipients

Detectable levels of antibodies were observed in 333
of 444 patients (75%), with a median value of 99.05 AU/
mL (IQR, 25.05–278 AU/mL) at 1 month (median, 28
days; IQR, 28–31 days), and in 336 of 444 patients
(75.67%) with a median value of 73.9 AU/mL (IQR,
25.75–156 AU/mL) at 3 months (median, 88 days; IQR,
86–91 days) after 2-dose vaccination, respectively.

Among patients with detectable antibody titer at 1
month, 16 of 333 patients (4.8%) fell below the
threshold of positivity at 3 months, whereas antibody
titer increased in 20 of 333 patients (6%), decreased in
142 of 333 patients (42.64%), and remained stable in
155 of 333 patients (46.54%). On the other hand, among
those with undetectable titer at 1 month, 19 of 111 pa-
tients (17.1%) developed detectable antibody titers at 3
months.

Among those with a high-positive titer at 1 month
(>400 AU/mL), 17 of 83 patients (20.48%) dropped to a
titer below 200 AU/mL, and 38/83 (45.78%) remained
strongly positive at 3 months.

Data from the 48 patients who were seropositive at
timepoint 0, indicating previous SARS-CoV-2 infection,
were analyzed separately.

Factors Associated With Negative Serology
Among LT Recipients

At univariable analysis, comparing patients with
negative vs positive serology to SARS-CoV-2 vaccination,
the factors statistically significant associated with
absence of humoral response were older age (>40 years;



Table 1. Characteristics, Medications, and Comorbidities of LT Recipients, Overall Population, and Stratified by Subsequent
Humoral Response to 2-dose BNT162b2 Vaccine or Previous SARS-CoV-2 Exposure

Characteristics Overall (n ¼ 492)

Negative serology to
SARS-CoV-2

vaccination (No
previous COVID-19)

(n ¼ 108)

Positive serology to
SARS-CoV-2

vaccination (No
previous COVID-19)

(n ¼ 336)
Previous COVID-19

(n ¼ 48)

Age, y 64.85 (57.20–70.09) 65.57 (59.40–70.96) 65.17 (56.93–70.13) 63.51 (51.25–67.48)
<40 41 (8.33) 1 (0.91) 31 (9.22) 9 (18.75)
40–65 206 (41.87) 50 (46.29) 136 (40.47) 20 (41.67)
>65 245 (49.80) 57 (52.80) 169 (50.31) 19 (39.58)

Male sex 371 (75.41%) 83 (76.85) 249 (74.1) 39 (81.25%)

BMI, kg/m2 26.50 (24–29) 26 (23–28.50) 26.25 (24–29) 27.25 (25.25–30)
25–30 224 (45.53) 52 (48.15) 147 (43.75) 25 (52.08)
�30 100 (20.33) 17 (15.78) 70 (20.83) 13 (27.68)

Smoke history 122 (24.95) 33 (30.55) 74 (22.02) 15 (31.25)

Indication to LT
HCC 192 (39.02) 53 (49.07) 120 (35.71) 19 (39.58)
Advanced chronic liver disease 300 (60.98) 55 (50.93) 216 (64.29) 29 (60.42)

Etiology of liver diseasea

Viral infection 376 (76.42) 85 (78.7) 257 (76.49) 34 (70.83)
ALD 38 (7.72) 9 (8.33) 25 (7.44) 4 (8.33)
NAFLD 8 (1.63) 3 (2.78) 5 (1.49) 0 (0.00)
Autoimmune liver diseases 22 (4.47) 4 (3.70) 14 (4.17) 4 (8.33)
Other 50 (10.16) 6 (5.56) 37 (11.01) 7 (14.58)

History of re-transplantation 14 (2.85) 3 (2.77) 10 (2.97) 1 (2.08)

History of rejection 113 (22.97) 28 (25.93) 73 (21.73) 12 (25)

Time from transplantation, y 14.08 (5.71–20.07) 9.96 (3.65–16.74) 15.17 (6.56–20.84) 13.96 (5.85–21.57)
<1 13 (2.64) 7 (6.49) 5 (1.48) 1 (2.08)
1–5 93 (18.9) 28 (25.92) 55 (16.36) 10 (20.83)
6–10 80 (16.26) 19 (17.59) 55 (16.36) 6 (12.50)
>10 306 (62.20) 54 (50) 221 (65.8) 31 (64.58)

Immunosuppressive drugs
Calcineurin inhibitor 395 (80.28) 87 (80.56) 270 (80.36) 38 (79.17)
Antimetabolite 168 (34.15) 53 (49.07) 98 (29.17) 17 (35.42)
mTor inhibitor 137 (27.85) 36 (33.33) 82 (24.40) 19 (39.58)

Single drug 293 (59.55) 43 (39.81) 225 (66.96) 25 (52.08)

Two or more drugs 199 (40.45) 65 (60.19) 111 (33.04) 23 (47.92)

Steroids 35 (7.11) 9 (8.33) 19 (5.65) 7 (14.58)

Comorbidities
Cardiovascular disease 79 (16.12) 25 (23.14) 47 (13.98) 7 (14.58)
Diabetes mellitus 107 (21.75) 26 (24.07) 73 (21.72) 8 (16.67)
Active cancer 16 (3.25) 3 (2.77) 10 (2.97) 3 (6.25)
Previous cancer 71 (14.43) 15 (13.88) 46 (13.69) 10 (20.83)
Chronic kidney disease 51 (10.39) 12 (11.11) 34 (10.11) 5 (10.42)
Respiratory disease 10 (2.03) 3 (2.77) 6 (1.78) 1 (2.08)
Two or more comorbidities 75 (15.24) 18 (16.66) 51 (15.17) 6 (12.50)

Note: Data are presented as number (percent) or median (interquartile range).
ALD, Alcoholic liver disease; BMI, body mass index; COVID-19, coronavirus disease 2019; HCC, hepatocellular carcinoma; LT, liver transplant; NAFLD, nonal-
coholic fatty liver disease; SARS-CoV 2, severe acute respiratory syndrome coronavirus 2.
aOne patient can have more than one cause of liver disease, so the sum of etiologies did not necessarily sum to 100%.
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P ¼ .016), history of HCC as indication for LT (P ¼ .014),
shorter time from liver transplantation (<5 years; P ¼
.004), presence of cardiovascular disease as comorbidity
(P ¼ .028), immunosuppressive regimens with multiple
drugs (P < .001), and antimetabolite therapy (P < .001)
(Table 2). At multivariable analysis, only age, baseline
immunosuppression, and time from LT were significantly
associated with vaccination non-response (Table 2).



Table 2. Univariable and Multivariable Analysis on Factors Associated With Positive Serology to BNT162b2 Vaccine in LT
Recipients According to Antibody Titers 3 Months After 2-dose Vaccination (Dependent Variable: Positive Serology)

Characteristics Univariable, OR (95% CI) P value Multivariable, OR (95% CI) P value

Age, y (continuous) 0.98 (0.95–0.99) .016
<40 Ref Ref
40–65 0.09 (0.01–0.66) .018 0.12 (0.02–0.99) .049
>65 0.09 (0.01–0.72) .022 0.11 (0.01–0.86) .036

Male sex 0.86 (0.52–1.43) .568

BMI, kg/m2 (continuous) 1.03 (0.97–1.08) .307
<25 ref
25–30 0.93 (0.57–1.49) .755
�30 1.35 (0.71–2.56) .36

Smoke history, yes 0.64 (0.39–1.04) .069

Indication to LT
HCC 192 (39.02) .014 0.77 (0.46–1.28) .327
Advanced chronic liver disease 300 (60.98) .014 Omitteda

Etiology of liver disease
Viral infection 0.88 (0.52–1.48) .634
ALD 0.88 (0.39–1.96) .762
NAFLD 0.53 (1.12–2.25) .388
Autoimmune liver diseases 1.13 (0.36–3.51) .832
Other 2.10 (0.86–5.13) .102

History of re-transplantation 1.07 (0.29–3.97) .915

History of rejection 0.79 (0.48–1.31) .366

Time from transplantation, y
<1 Ref Ref
1–5 2.75 (0.80–9.45) .108 2.33 (0.64–8.43) .195
5–10 4.05 (1.15–14.29) .03 3.53 (0.93–13.39) .063
>10 5.73 (1.75–18.75) .004 4.55 (1.24–16.60) .022

Immunosuppressive drugs
Calcineurin inhibitor 0.98 (0.57–1.70) .964
Antimetabolite 0.42 (0.27–0.66) < .00 0.51 (0.28–0.93) .029
mTor inhibitor 0.64 (0.40–1.03) .069

Single drug Ref

Two or more drugs 0.32 (0.20–0.51) < .00 0.58 (0.31–1.03) .082

Steroids 0.66 (0.29–1.50) .322

Comorbidities
Cardiovascular disease 0.54 (0.31–0.93) .028 0.58 (0.32–1.03) .065
Diabetes mellitus 0.87 (0.52–1.46) .61
Active cancer 1.07 (0.29–3.97) .915
Previous cancer 0.98 (0.52–1.84) .958
Chronic kidney disease 0.90 (0.45–1.81) .776
Respiratory disease 0.63 (0.15–2.58) .528
Two or more comorbidities 0.89 (0.49–1.60) .71

Note: Estimates were derived from multivariable logistic regression models adjusted for all the outcome variables. Only the variables found to be significant in the
monovariate analysis were added in the multivariate.
Note: Boldface P values indicate statistical significance.
ALD, Alcoholic liver disease; BMI, body mass index; CI, confidence interval; HCC, hepatocellular carcinoma; LT, liver transplant; NAFLD, nonalcoholic fatty liver
disease; OR, odds ratio.
aOmitted because of collinearity
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Additional analysis was separately conducted in pa-
tients with positive serology to vaccine comparing
strongly positive patients (antibody titer >400 AU/mL)
vs other positive patients (antibody titer between 25 and
400 AU/mL) to identify factors associated with higher
humoral response. At univariable analysis, the factors
statistically significant associated with a stronger hu-
moral response were younger age (<40 years; P > .001),
and indication to LT (P ¼ .029 for viral infection and P ¼
.005 for “other indication” to LT [ie, indication not
including viral infection, alcoholic and non-alcoholic liver
disease, or HCC]). At multivariable analysis, only younger



Figure 2. Humoral response to 2-dose BNT162b2 vaccine
after 1 and 3 months in LT patients and health care workers
(controls).
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age was still significantly associated with strong
response to the vaccine.
Humoral Response of Controls

A subpopulation consisting of 307 cases and 307
controls without prior infection with SARS-CoV-2,
matched in a 1:1 ratio by sex and age class, was
further analyzed. We compared the serology of the
selected 307 LT patients with a control group of 307
health care workers with no major comorbidities
matched for age class and gender (median age, 59.45
years; IQR, 51.91–64.64 years; 69.38% male). In the
control group, only 7 of 307 patients (2.28%) showed
negative serology 12 weeks after 2-dose vaccination,
whereas in the LT group, 70 of 307 patients (22.80%)
showed negative serology (P < .0001). After 3 months
from the 2-dose vaccination, antibody titers of controls
showed a median value of 261 AU/mL (IQR, 128–401
AU/mL), statistically higher than the LT patients (103
AU/mL; IQR, 28.6–246 AU/mL; P < .0001) (Figure 2). In
the entire population, both in the control and LT group,
we found a trend of inverse correlation between age and
antibody titers (correlation coefficient: �0.2023; P <
.0001 and �0.2345; P < .0001, respectively) (Figure 3).
Figure 3. Scatterplot cor-
relation between age and
antibody titers in LT re-
cipients (right panel) and
health care workers as
controls (left panel).
Finally, a multivariate analysis showed that factors
associated with a seronegative response to vaccination
were older age and liver transplantation (Supplementary
Table 2).

Data about characteristics and humoral response of
patients with previous SARS-CoV-2 infection, break-
through infections after vaccine, tolerability and safety of
BNT162b2 vaccination are reported in the
Supplementary Results.
Discussion

To our knowledge, this is the first study prospectively
evaluating humoral response to SARS-CoV-2 BNT162b2
vaccination in a large cohort of liver transplanted pa-
tients (492 LT patients) followed-up for 3 months after
the completion of the schedule. Our results showed a less
frequent positive humoral response in LT patients when
compared with healthy controls (77% vs 98%) and
identified the most vulnerable individuals among them
(ie, older age, shorter time from LT, and immunosup-
pression regimens including antimetabolites).

Although knowledge is limited due to the absence of
well-defined clinical trials in this special population, it is
well-established that the immune response elicited by
vaccines is multi-faceted and that usually antibody- and
cell-mediated responses in solid organ transplanted
subjects are less pronounced. In a systematic review,
response varied in relation to the type of vaccine, age,
and type of organ transplanted,4 whereas some studies
showed that additional doses or higher doses are useful
to increase immunogenicity.19 Nonetheless, it is impor-
tant to underline that the interpretation of immunolog-
ical response to vaccination in transplanted subjects is
complex and needs to consider several variables such as
the organ transplanted, timing from transplantation, age,
current or past treatment, and comorbidities. According
to this data, international and national societies recom-
mended SARS-CoV-2 vaccination in all solid organ
transplant recipients (12 years and older) as well as
priority vaccination of their household members and
caregivers to reduce infection risk for these vulnerable
patients.5,6
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The results of the present study are in line with
Boyarsky, showing that 67% of solid organ transplanted
patients mounted a positive humoral response to SARS-
CoV-2 vaccine after 3 months from the second dose.10

Similarly, Strauss reported 81% of seropositivity after
1 month from the 2-dose vaccination in a cohort of 161
LT patients,14 in contrast to initial results published by
Rabinovich, which showed a 47.5% rate after 1 month in
a cohort of 80 LT subjects.8 Additionally, they observed
negative serologic response in patients of older age (>63
years), the use of high-dose prednisone in the past 12
months, and in treatment with regimens including anti-
metabolites and triple immunosuppressive therapy.8 Our
results confirm that older age and use of antimetabolite
are factors associated with absence of humoral response
to the vaccine, but we also identified the shorter time
from liver transplantation as an additional risk factor,
confirming data reported by Strauss,14 Herrera,13 and
Mazzola.12 It is well-known that the “immunose-
nescence” (ie, an age-related dysregulation and decline of
the immune system) has been associated with a weak
response to vaccinations in older subjects.20 We showed
a correlation between age and antibody titer confirming
the effect of immunosenescence. The increased risk of
absent humoral response to SARS-CoV-2 vaccination in
the first years after transplantation can be explained
because of a higher level of immunosuppression during
induction and in the immediate post-transplant period.
Moreover, we showed a poor antibody response in LT
patients undergoing immunosuppressive regimes con-
taining antimetabolites. This finding has been observed
in different settings because mycophenolic acid inhibits
de novo purine biosynthesis in lymphocytes suppressing
antibody production and cell-mediated immune
activity.21–23 Finally, when compared with health care
workers, LT patients showed a significantly reduced
level of humoral response (103 AU/mL vs 260 AU/mL),
confirming data reported by Rabinovich.8

Furthermore, our results confirmed that 2-dose
vaccination with BNT162b2 elicits a vigorous immune
response in previously COVID-19-exposed LT patients
compared with SARS-CoV-2-naïve patients, as has
already been reported in the literature.24

Moreover, our 3 anecdotic cases of breakthrough
infection after 2-dose vaccination sustain the evidence
that BNT162b2 vaccine was effective in preventing
symptomatic COVID-19, according to data demonstrating
protection ranging between 70% and 95% in healthy in-
dividuals.25 Therefore, we would strongly recommend
COVID-19 vaccination in LT recipients, but we would like
to highlight the relevance of vaccinating also their close
contacts (family and caregivers) to reduce the risk of
exposure. Additionally, even if LT patients showed a weak
response to vaccination, they benefited in terms of
morbidity and mortality compared with unvaccinated LT
recipients.26 However, LT patients need to be aware that
they have a higher risk to be unprotected after vaccination
compared with healthy individuals, and thus, they should
continue to practice strict COVID-19 precautions, such as
social distancing and wearing masks. Furthermore, given
thatmany LT patients developweak SARS-CoV-2 antibody
responses after 2 doses of an mRNA-based vaccine, third
doses have been authorized for immunocompromised
subjects, improving the immunogenicity of the vaccine in
this vulnerable group, as showed by recent papers.27,28

Finally, we also showed that the BNT162b2 vaccine
was well tolerated by LT patients, and none reported or-
gan rejection or compromised graft function, even if there
has also been concern that COVID-19 vaccination might
contribute to organ rejection and graft dysfunction.29

The strengths of this study include its novelty. It is
the first published report about SARS-CoV-2 vaccination
in a large cohort of LT recipients (492 patients) under-
going the same vaccination schedule (BNT162b2). Sec-
ondly, to our knowledge, our data shows for the first
time the humoral response after 1 and 3 months from 2-
dose vaccination in LT recipients in comparison with a
large control group matched for age and sex.

Nonetheless, our study has some limitations. First, it did
not assess cell-mediated immune response to vaccination.
The response to vaccination relies on the development of
both humoral and cellular response. Furthermore, cellular
immunity, in the absence of positive antibody titers, can
prevent severe disease or death from COVID-19, as sug-
gested by some other reports.30,31 The lack of exploration
of the cellular immune response precludes us to address
the full spectrum of vaccine immunogenicity. Secondly, the
short follow-up period (3 months) is not sufficient to draw
definitive conclusions. Longer follow-up for clinical out-
comes and also the assessment of the cellular response in
this special setting are needed.

In summary, even if the immunological response to
vaccination is more complex beyond measuring antibody
titers, in this large cohort of LT recipients followed-up
for 3 months, we showed that antibody response to
completed SARS-CoV- 2 vaccination is more consistent
than that reported in preliminary studies evaluating it
after only 4 weeks (75% vs 47%).

Supplementary Material

Note: To access the supplementary material accom-
panying this article, visit the online version of Clinical
Gastroenterology and Hepatology at www.cghjournal.
org, and at http://doi.org/10.1016/j.cgh.2022.01.012.
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Supplementary Methods

Quantification of Humoral Response

Freshly collected blood in clot activator and gel tube
was centrifuged at 4500 rpm for 10 minutes. The sera
were separated and stored at �20 �C for the subsequent
analysis.

Collected samples were analyzed for detecting anti-
Spike protein IgG using LIAISON severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) S1/S2-IgG
chemiluminescent assay (DiaSorin, Italy) (range < 3.8
to >400 AU/mL).18 Of note, the manufacturer proposed
cutoffs were slightly modified based on the Federico II
laboratory experience (in-house standard operating
procedure). Accordingly, results below 18.0 AU/mL were
considered negative, those ranging between 18.0 and
25.0 AU/mL were considered as sub-optimal, and those
>25 AU/mL were considered as positive. For the pur-
pose of the analysis, borderline results (a total of 30
patients) were considered as negative. Additionally,
antibody titers at 3 months after full vaccination were
considered stable, in case of a titer change of less than
10% at 1 month.

Previous Coronavirus Disease 2019 (COVID-19)
Exposure

During the 7 days preceding first vaccination dose
injection, all patients were interviewed about previous
COVID-19 infection. Furthermore, baseline serology test
to detect IgG-antibodies against the nucleocapsid protein
subunit to ensure a SARS-CoV-2 negative status was
performed with chemiluminescent assays (positive test
was defined as an index signal �1.4 [Abbot Diagnostics,
Libertyville, IL]). Patients with positive anti-SARS-CoV-2
antibody status at baseline were included in the study
but were analyzed and presented separately.

Safety Report

After each dose, patients were asked with a phone
interview questionnaire if they experienced any local
symptoms such as pain, redness, swelling, and regional
lymphadenopathy, or any systemic symptoms such as
fever, chills, headache, fatigue, myalgia, arthralgia,
nausea, vomiting, or diarrhea. Additionally, they were
asked to report any development of anaphylaxis
requiring epinephrine, or any other medical illnesses, in
addition to those specifically asked.

Patients were asked to rate their symptoms on a
semiquantitative scale as none, mild, moderate, or severe.
In particular, mild symptoms were defined as symptoms
that did not interfere with daily activities, whereas mod-
erate symptoms were defined as those that caused some
interference with daily activity, and severe symptoms
were defined as those that prevented daily activity.
Breakthrough COVID-19 Infection

Polymerase chain reaction-confirmed SARS-CoV-2
diagnosis of COVID-19 after full vaccination (both doses)
was classified as a breakthrough infection.

Statistical Analysis

The Shapiro-Wilk test was performed to analyze
normal distribution. Continuous variables were
expressed as median and interquartile range. Categorical
variables were described as absolute frequency and
percentage. Descriptive statistics of the study variables
were performed using the Kruskal-Wallis equality-of-
populations rank test, the c2, and the Fisher exact test, as
appropriate. The correlation between continuous vari-
ables was investigated using the Spearman rank corre-
lation test. Antibody titers were compared between
patient groups using the Mann-Whitney U test, as
appropriate.

Estimation of vaccination non-response risk was
assessed by odds ratio and their 95% confidence in-
tervals by means of univariate logistic regression models
considering, for the liver transplant (LT) population, the
following independent variables: age, sex, body mass
index, active smoking, indication to LT, comorbidities,
time from transplantation, and regimens of immuno-
suppression. To identify independent factors predicting
non-response to vaccination, variables associated with
the chosen outcome with a P � .05 were finally entered
into a multivariable logistic model.

To evaluate the association between response to
vaccination and liver transplantation, a univariate logis-
tic analysis comparing data of LT recipients and health
care workers (controls) was performed. The multivariate
logistic analysis was performed by inserting as cova-
riates: age group, sex, and LT. The binary dependent
variable considered was the serological response to
BNT162b2 mRNA vaccine.

Statistical analyses were performed using STATA 15
statistical software (StataCorp, College Station, TX).

Supplementary Results

Characteristics and Humoral Response of
Patients With Previous Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) Infection

All liver transplant (LT) patients were tested for anti-
SARS-CoV-2 antibodies (IgG anti-nucleocapsid) before
vaccination. Among all 492 enrolled patients, 48 (9.7%)
tested positive for previous SARS-CoV-2 exposure (see
Table 1 for characteristics). None of them were diag-
nosed by chance based on the results of serology testing:
they had a known history of coronavirus disease 2019
(COVID-19). For the 48 patients with known previous
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COVID-19 infection, the median interval between infec-
tion and 2-dose vaccination was 149 days (interquartile
range [IQR], 112�187 days). In terms of clinical pre-
sentation, 27 patients were asymptomatic, whereas 16
had mild disease and were managed at home. Five pa-
tients were hospitalized (3 with moderate COVID-19 and
2 with critical/severe disease).

All these patients underwent BNT162b2 vaccination
with the standard schedule.

Detectable antibody titers were detected in 42 of 48
patients (87.5%) at 1 month (median, 29 days; IQR,
27–31 days) and at 3 months (median, 89 days; IQR,
86–92 days) after 2-dose vaccination, with median
values of 401 AU/mL (IQR, 152.5–401 AU/mL) and
383.5 AU/mL (IQR, 05.5–401 AU/mL), respectively
(statistically significantly higher than COVID-19 unex-
posed patients; P < .001). Among the 6 patients with
undetectable titer at 1 month, none developed detectable
antibody titers at 3 months.
Breakthrough Infections After 2-dose
Vaccination

During follow-up (median, 109 days since full vacci-
nation; IQR, 84–116 days), 3 (0.6%) of 492 vaccinated LT
recipients were diagnosed with COVID-19 (polymerase
chain reaction-confirmed SARS-CoV-2 infections). All of
them were asymptomatic. The 3 patients experienced a
close contact with a positive COVID-19 case (a family
member) and, therefore, they were subjected to
nasopharyngeal swab that tested positive after full
vaccination (median, 43 days; IQR, 38–46 days). Notably,
only 1 of the 3 patients with breakthrough infection had
undetectable antibody titers 1 month after full vaccina-
tion, whereas the other 2 patients showed positive
antibody titers (32.1AU/mL and 70.5 AU/mL). The pa-
tient with seronegative response to vaccination showed
2 of the 3 factors associated with negative antibody
response (age >65 years and immunosuppressive
regimen with antimetabolite). Of note, these 3 patients
were not included in the previous statistical analysis.
Tolerability and Safety of BNT162b2 mRNA
Vaccine

The vaccination was well-tolerated. No major adverse
events occurred in all enrolled patients.

There were no significant differences between the
first and the second dose for all the reported side effects.
In particular, the most commonly reported side effect
after both doses were local pain in the injection site
(334/492; 67.8%), followed by fatigue (188/492;
38.3%), headache (196/492; 39.8%), and myalgia/
arthralgia (104/492; 21.1%), consistent with the pivotal
trial. Overall local and systemic symptoms developed in
378 (76.8%) and 251 (51.1%) patients, respectively.
There was a similar rate of reported effects between
seropositive and seronegative LT patients (77.4% vs
76.1%), as well as between health care workers and LT
patients (72.1% vs 76.8%). See Supplementary Table 1
for details.

No suspected or confirmed graft rejection, compro-
mised graft function, neurological events, or severe
allergic reaction were observed in the LT population
during the follow-up period (12 weeks after the second
dose of vaccination).



Supplementary Table 1. Evaluation of Reactogenity (Local and Systemic Symptoms) After SARS-CoV-2 Vaccination in LT
Patients and Health Care Workers

Overall LT patients
(n ¼ 492)

Negative
serology to
SARS-CoV-2
vaccination
(n ¼ 108)

Positive
serology to
SARS-CoV-2
vaccination
(n ¼ 336)

Previous SARS-
CoV-2 infection

(n ¼ 48)
Health care workers

(n ¼ 307)

Reported local side effects
After 1st dose
Pain 368 76 257 35 287

Mild 274 45 206 23 231
Moderate 93 31 50 12 56
Severe 1 0 1 0 0

Redness 44 12 27 5 24
Mild 31 9 18 4 18
Moderate 13 3 9 1 6
Severe 0 0 0 0 0

Swelling 31 6 22 3 32
Mild 19 2 14 3 28
Moderate 12 4 8 0 4
Severe 0 0 0 0 0

Regional lymphadenopathy 1 0 1 0 0
After 2nd dose
Pain 301 52 226 23 271

Mild 223 35 176 12 243
Moderate 78 17 50 11 27
Severe 0 0 0 0 0

Redness 35 8 21 6 21
Mild 25 5 16 4 19
Moderate 10 3 5 2 2
Severe 0 0 0 0 0

Swelling 27 4 19 4 24
Mild 19 4 12 3 19
Moderate 8 0 7 1 5
Severe 0 0 0 0 0

Regional lymphadenopathy 0 0 0 0 0

Reported systemic side effects
After 1st dose
Fatigue 216 51 147 18 259

Mild 104 23 70 11 184
Moderate 89 22 61 6 63
Severe 23 6 16 1 12

Myalgia/arthralgia 103 21 73 9 87
Mild 64 12 47 5 71
Moderate 36 8 24 4 15
Severe 3 1 2 0 1

Headache 185 32 129 24 174
Mild 140 23 98 19 135
Moderate 44 9 30 5 39
Severe 1 0 1 0 0

Fever/chills 63 12 46 5 41
Mild 42 7 32 3 28
Moderate 19 4 13 2 12
Severe 2 1 1 0 1

Nausea/vomiting 3 0 2 1 1
Diarrhea 8 2 4 2 2

After 2nd dose
Fatigue 161 43 99 19 201

Mild 57 19 33 5 123
Moderate 74 13 51 10 75
Severe 30 11 15 4 3

Myalgia/arthralgia 105 20 74 11 74
Mild 53 8 40 5 61
Moderate 48 11 31 6 13
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Supplementary Table 1.Continued

Overall LT patients
(n ¼ 492)

Negative
serology to
SARS-CoV-2
vaccination
(n ¼ 108)

Positive
serology to
SARS-CoV-2
vaccination
(n ¼ 336)

Previous SARS-
CoV-2 infection

(n ¼ 48)
Health care workers

(n ¼ 307)

Severe 4 1 3 0 0
Headache 207 41 140 26 171

Mild 102 17 74 11 138
Moderate 102 23 64 15 33
Severe 3 1 2 0 0

Fever/chills 71 14 50 7 58
Mild 29 4 23 2 34
Moderate 39 9 25 5 23
Severe 3 1 2 0 1

Nausea/vomiting 1 0 1 0 0
Diarrhea 4 1 2 1 1

Note: Data are presented as number.
LT, Liver transplant; SARS-CoV 2, severe acute respiratory syndrome coronavirus 2.

Supplementary Table 2. Univariable and Multivariable Analysis on Factors Associated With Positive Serology to BNT162b2
mRNA Vaccine in LT Recipients and Health Care Workers (Controls) According to Antibody Titers
After 3 Months From the 2-dose Vaccine (Dependent Variable: Positive Serology)

Characteristics Univariable, OR (95% CI) P value Multivariable, OR (95% CI) P value

Age, y
<40 Ref Ref
40–65 0.07 (0.02–0.23) < .00 0.16 (0.05–0.53) .003
>65 0.03 (0.00–0.09) < .00 0.17 (0.05–0.58) .005

Male sex 0.37 (0.24–0.58) < .00 0.86 (0.53–1.39) .55

LT 0.04 (0.02–0.08) < .00 0.07 (0.03–0.13) < .00

Note: Estimates were derived from multivariable logistic regression models adjusted for all the outcome variables.
Note: Boldface P values indicate statistical significance.
CI, Confidence interval; LT, liver transplant; OR, odds ratio.
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