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Immune responses and clinical outcomes after COVID-19

vaccination in patients with liver disease and liver

transplant recipients

Sam M. Murray1, Elisa Pose2,3, Melanie Wittner4,5, Maria-Carlota Londoño2,3, Golda Schaub4,5, Jonathan Cook6, Stavros Dimitriadis7,
Georgina Meacham7, Sophie Irwin7, Zixiang Lim7, Paul Duengelhoef5, Martina Sterneck5, Ansgar W. Lohse4,5, Valeria Perez2,3,8, Palak Trivedi9,10,
Khush Bhandal10, Benjamin H. Mullish11,12, Pinelopi Manousou11,12, Nicholas M. Provine7, Emma Avitabile2,3, Miles Carroll13, Tom Tipton13,
Saoirse Healy13, Patrizia Burra14, Paul Klenerman1,7,15, Susanna Dunachie1,15,16, Barbara Kronsteiner1,15,16, Agnieszka Katarzyna Maciola17,
Giulia Pasqual17,18, Virginia Hernandez-Gea2,3,8, Juan Carlos Garcia-Pagan2,3,8, Pietro Lampertico19,20, Massimo Iavarone19, Pere Gines2,3,
Marc Lütgehetmann5,21, Julian Schulze zur Wiesch4,5, Francesco Paolo Russo14, Eleanor Barnes1,15,*,†,‡, Thomas Marjot22,23,*,†,‡, on behalf of the
OCTAVE Collaborative Group, PITCH study, and the EASL supported COVID-Hep vaccine network+

Journal of Hepatology 2023. vol. - j 1–15

Background & Aims: Comparative assessments of immunogenicity following different COVID-19 vaccines in patients with
distinct liver diseases are lacking. SARS-CoV-2-specific T-cell and antibody responses were evaluated longitudinally after one to
three vaccine doses, with long-term follow-up for COVID-19-related clinical outcomes.
Methods: A total of 849 participants (355 with cirrhosis, 74 with autoimmune hepatitis [AIH], 36 with vascular liver disease [VLD],
257 liver transplant recipients [LTRs] and 127 healthy controls [HCs]) were recruited from four countries. Standardised immune
assays were performed pre and post three vaccine doses (V1-3).
Results: In the total cohort, there were incremental increases in antibody titres after each vaccine dose (p <0.0001). Factors
associated with reduced antibody responses were age and LT, whereas heterologous vaccination, prior COVID-19 and mRNA
platforms were associated with greater responses. Although antibody titres decreased between post-V2 and pre-V3 (p = 0.012),
patients with AIH, VLD, and cirrhosis had equivalent antibody responses to HCs post-V3. LTRs had lower and more heterogenous
antibody titres than other groups, including post-V3 where 9% had no detectable antibodies; this was heavily influenced by in-
tensity of immunosuppression. Vaccination increased T-cell IFNc responses in all groups except LTRs. Patients with liver disease
had lower functional antibody responses against nine Omicron subvariants and reduced T-cell responses to Omicron BA.1-
specific peptides compared to wild-type. 122 cases of breakthrough COVID-19 were reported of which 5/122 (4%) were se-
vere. Of the severe cases, 4/5 (80%) occurred in LTRs and 2/5 (40%) had no serological response post-V2.
Conclusion: After three COVID-19 vaccines, patients with liver disease generally develop robust antibody and T-cell responses to
vaccination and have mild COVID-19. However, LTRs have sustained no/low antibody titres and appear most vulnerable to se-
vere disease.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

The rapid development and deployment of vaccinations against
SARS-CoV-2, alongside a degree of naturally acquired immu-
nity from past infection, has transformed the landscape of the
COVID-19 pandemic. At a population level, vaccination has
been shown to reduce SARS-CoV-2 infection and protect
against hospitalisation and death from severe COVID-19.1,2

However, understanding the immunogenicity and effective-
ness of vaccination programmes in vulnerable cohorts with
functional or pharmacological immunosuppression remains an
important clinical priority.3 This is particularly relevant given the
continuing emergence of novel viral variants of concern (VoC).
In the pre-vaccination era, patients with a range of liver con-
ditions were shown to be at increased risk of SARS-CoV-2
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infection and severe COVID-19. This included high rates of
mortality in cohorts with cirrhosis, greater intensive care unit
requirements in liver transplant recipients (LTR), and an
elevated risk of SARS-CoV-2 infection and severe complica-
tions in patients with vascular liver disease (VLD).4–7 Epidemi
ological studies have since demonstrated a benefit of COVID-
19 vaccination in some of these groups. This includes retro
spective analysis of electronic health record data showing that
three doses of mRNA vaccination are associated with a sig-
nificant reduction in rates of SARS-CoV-2 infection and severe
COVID-19 in patients with cirrhosis.8 In addition, there have
been several studies exploring immune responses to vaccina-
tion in liver cohorts.9–11 However, these studies have often
examined responses after only one or two vaccine doses and
overall conclusions have been hampered by small sample
sizes, differing sampling timepoints, cross-sectional design,
heterogeneity in laboratory assays, absence of VoC analysis,
and lack of healthy control datasets. As a result, considerable
uncertainty remains within the literature regarding vaccine
immunogenicity across the various vaccine platforms and liver
disease phenotypes.10 Data relating to T-cell responses after
vaccination are also lacking, except for some small, detailed
studies in individual liver groups.12 This requires further inves-
tigation in patients with liver disease given that cellular re-
sponses are an important correlate of protection against severe
COVID-19.13,14 Lastly, to date, studies have tended to be
single-centre and have interrogated solitary vaccine types
which limits their widespread generalisability.

As a result, we sought to deliver a European multicentre
prospective cohort study evaluating T-cell and antibody re-
sponses following COVID-19 vaccination in LTRs, patients with
cirrhosis, autoimmune hepatitis (AIH), or VLD, and healthy
controls (HCs). Herein, we performed longitudinal immunolog-
ical assessments in these groups using standardised assays at
multiple timepoints following up to three doses of differing
COVID-19 vaccine regimens. It also involved assessments of
vaccine responses to some of the most up-to-date viral vari-
ants including multiple sublineages of Omicron. In addition,
patients were followed long-term to establish the occurrence
and severity of breakthrough SARS-CoV-2 infection af-
ter vaccination.

Patients and methods

Study design and sampling protocol

We evaluated the humoral and cellular immune response after
COVID-19 vaccination delivered as part of clinical care to Eu-
ropean patients with cirrhosis, AIH, or VLD, or LTRs. Patients
were prospectively recruited across two multicentre consortia;
the EASL supported COVID-Hep vaccine network and the UK
OCTAVE (Observational Cohort trial T-cells, Antibodies and
Vaccine Efficacy in SARS-CoV-2) study. Both studies had
identical inclusion criteria; >16 years of age, eligibility for
COVID-19 vaccination with BNT162b2, mRNA-1273, or ChA-
dOx1 nCoV-19 (AZD1222, ChAdOx1) vaccine platforms, and an
anticipated life expectancy >6 months. Healthy controls were
recruited via the UK PITCH (Protective Immunity from T Cells in
Healthcare workers) consortium. All studies included clinical
and demographic data collection at baseline followed by lon-
gitudinal collection of serum and peripheral blood mononuclear

cells (PBMCs) at standardised timepoints throughout the
vaccination schedule, although sample availability at each
timepoint was variable. A subset of data included in this work
has been previously reported.14–16 However, these studies
included: i) patients who had received a single vaccine type
such that comparisons of immunogenicity and vaccine effec-
tiveness between vaccine types could not be made,16 ii) pa-
tients who received only two vaccine doses and no booster
vaccines14,15 and iii) did not include any data on SARS-CoV-2
infection rates and disease severity data.15,16

Ethical and regulatory approvals

All centres involved in the EASL supported COVID-Hep vaccine
registry recruited participants through local ethics approvals. All
studies were conducted in compliance with relevant ethical
regulations for work with human participants according to the
principles of the Declaration of Helsinki (2008) and written
informed consent was obtained for all included participants.
Additional methods are available in the supplementary materials.

Outcome measures and sample size calculations

The two primary outcomes of this study were levels of anti-
SARS-CoV-2 IgG antibodies and the magnitude of the T-cell
responses to wild-type (WT) SARS-CoV-2 peptides following
COVID-19 vaccination. The study was powered to detect a
difference in SARS-CoV-2 IgG anti-S antibody titres 28 days
after V2 between disease cohorts (cirrhosis, AIH, VLD, LTR)
and HCs. Sample size calculations were performed a priori

based on available data at the time of study conception
relating to COVID-19 vaccine immunogenicity in phase III trials
and historic data showing diminished vaccine responses to a
range of other viruses in LTRs and patients with cirrhosis. To
allow for comparisons between vaccine platforms and
assuming a 20% reduction in antibody titres in patients rela-
tive to controls we estimated that at least 100 patients per
disease group would be required to detect a difference with
90% power and an alpha of 0.05. Secondary outcomes
included the magnitude of the T-cell responses specifically to
SARS-CoV-2 Omicron BA.1 peptides, IgG binding and inhi-
bition of angiotensin-converting enzyme 2 (ACE2) binding to
SARS-CoV-2 VoC, and rates and severity of breakthrough
SARS-CoV-2 infection after COVID-19 vaccination.

Clinical phenotyping and definitions

Clinical data for all participants were uploaded electronically
from participating sites using REDCap (Research Electronic
Data Capture) databases hosted by the University of Oxford or
University of Birmingham, UK. Clinical data comprised infor-
mation on demographics, vaccination type, comorbidities, and
disease-specific phenotyping including Child-Pugh (CP) class
and aetiology of cirrhosis, and type and dose of immunosup-
pression for patients with AIH and LTRs. Previous SARS-CoV-
2 infection was defined as a patient-reported episode of
confirmed COVID-19 or a positive antibody or T-cell response
to SARS-CoV-2 nucleocapsid antigen at the first timepoint at
which a patient was sampled. Nucleocapsid antibody titres
were additionally assessed at post-V1, and post-V3 time-
points. Model for end-stage liver disease (MELD) score
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included serum sodium, creatinine, bilirubin and international
normalised ratio.17

Anti-SARS-CoV-2 Ig analysis

For all participants, the magnitude of anti-SARS-CoV-2 anti-
bodies was measured using identical Roche Elecsys® Anti-
SARS-CoV-2-S (anti-S) and Roche Elecsys® Anti-SARS-CoV-
2-N (anti-N) assays. The Roche Anti-SARS-CoV-2-S assay
measures the presence and the amount of serum antibodies to
the spike receptor binding domain (RBD) antigen of SARS-
CoV-2. Seroconversion was manufacturer defined as anti-S
antibodies >

−
0.8 U/ml and anti-N antibodies >1U/ml. The up-

per limit of detection for anti-S antibodies was 25,000 U/ml.
Low response was defined as <380 U/ml as per.14 Assays for all
samples were completed at the University of Hamburg or the
UKHSA Laboratories at Porton Down.

Anti-SARS-CoV-2 VoC IgG binding and ACE2 inhibition

IgG titres and ACE2 inhibition were measured against the spike
or RBD of WT SARS-CoV-2 and the nine most prevalent Om-
icron subvariants as of February 2023 (B.1.1.529/BA.1/BA.1.15,
BA.2.75, BA.2.75.2, BA.4.6, BA.5, BF.7, BQ.1, BQ.1.1, and
XBB.1), using multiplexed Meso Scale Discovery immunoassay
panels 32 and 33 (K15668U and K15679U). Assays were per-
formed as per manufacturer recommendations in a subset of
patients and HCs, who were selected to include a range of
post-V2 anti-RBD Ig titres. Additional methods are available in
the supplementary materials.

IFNc T-cell ELISpot assay

IFNc ELISpots were performed using Human IFNc ELISpot
Basic kit (Mabtech) as previously described.18 Wells included
200,000 thawed PBMCs and stimulation conditions included
overlapping peptide pools (18 mers with 10 amino acid over-
lap), negative control (DMSO only) or positive control (CEF and
concanavalin A). IFNc ELISpots for liver disease groups were all
performed at one laboratory at the University of Oxford. IFNy
ELISpots for healthy controls were performed separately at the
University of Oxford. Samples were only included in the anal-
ysis if the IFNc response to DMSO was <50 spot-forming units
(SFU)/106 PBMCs and positive responses were detected in the
positive controls. Additional methods are available in the sup-
plementary materials.

Breakthrough SARS-CoV-2 infection after COVID-19

vaccination

Information regarding breakthrough SARS-CoV-2 infection af-
ter vaccination was also collected by screening electronic
hospital records and/or contacting individual patients and
included date of infection and COVID-19 severity. Data was
collected up until December 2022. Severe COVID-19 was
defined according to the World Health Organisation classifi-
cation or based on hospitalisation status.19 Additional methods
are available in the supplementary materials.

Statistical methods

Descriptive statistics are presented as n (%) or median (IQR),
unless otherwise indicated. A nominal 2-sided 5% significance

level was adopted unless otherwise stated. Kruskal-Wallis test
followed by post hoc Dunn’s testing with Holm-Bonferroni
multiplicity adjustment was used for multiple pairwise com-
parisons. Mann-Whitney U test, Wilcoxon matched-paired
signed rank test, Pearson’s Chi-Square, and Fisher’s exact
test were used where required as per figure legends. Multiple
comparisons corrections were made as per individual figure
legends (Holm-Bonferroni adjustments). Spearman’s correla-
tions or linear regressions of log10 transformed values investi-
gated relationships between variables of interest. Spearman’s
correlations were used to quantify the association between
variables and linear regression models were used to model
effects of clinical or immunological factors on anti-RBD Ig re-
sponses. Multivariable models (linear or logistic as per legends)
were used to model multivariate effects of clinical and immu-
nological factors on log10 transformed anti-RBD Ig responses
(linear) or odds ratio of seropositivity (>0.8 AU/ml, logistic)
at post-v2 in the whole cohort or in specific disease groups.
Models were created as per figure legends. Statistical
analyses were performed using R (v4.2.1) or in GraphPad Prism
(v9.4.0). Figures were prepared using R (v4.2.2 (2022-10-31))
with RStudio 2023.03.1+446 or in GraphPad Prism (v9.4.0).
R packages used included: ggplot2, rstatix, Hmisc, gtsum-
mary, lme4.

Results

Cohort characteristics

Between March and September 2021, a total of 849 individuals
(722 patients with liver disease and 127 HCs) were prospec-
tively recruited from the UK, Italy, Germany, and Spain. The
liver disease patient cohort comprised 355 (49%) individuals
with cirrhosis, 257 (36%) LTRs, 74 (10%) individuals with AIH,
and 36 (5%) with VLD. In the entire cohort, the primary two-
dose vaccination course included ChAdOx1 (n = 246),
BNT162b2 (n = 460), and mRNA-1273 (n = 118). An additional
13 individuals received heterologous vaccination with ChA-
dOx1 for first vaccination followed by an mRNA platform
(BNT162b2 or mRNA-1273) for the second vaccination. Data
were available for 307 participants after a third vaccination
which included 187 (61%) receiving BNT162b2, 110 (36%)
receiving mRNA-1273, and 10 (3%) where the vaccine type
was unknown.

Across the entire liver disease cohort, the median age was
60 years (IQR 52–68), 425 (59%) were male, and 76 (11%) had
previous evidence of SARS-CoV-2 infection. In the HC cohort,
the median age was 36 years (IQR 25–45), 40 (31%) were male,
and 40 (31%) had evidence of previous SARS-CoV-2 infection.
Nineteen patients became newly positive for nucleocapsid
antibody at the post-V3 timepoint. Clinical information for each
specific disease category is presented in Table 1. For the
analysis, 21 (29%) patients with AIH and concurrent cirrhosis
were included in the AIH group and not the cirrhosis group.

Antibody responses

Antibody responses across liver disease phenotypes and vac-

cine platforms

Longitudinal assessment of antibody responses using the
Roche anti-RBD assay across all liver disease phenotypes and
HCs is presented in Fig. 1A. Prior SARS-CoV-2 infection was
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Table 1. Clinical characteristics.

LT (n = 257) AIH (n = 74) Cirr (n = 355) VLD (n = 36) HC (n = 127) Total (N = 849)

Age (years, IQR) 60 (50-67) 61 (49-69) 62 (55-69) 46 (40-49) 36 (25-45) 58 (46-66)
Unknown 2 (0.8%) 0 (0%) 2 (0.6%) 0 (0%) 1 (0.8%) 5 (0.5%)

Sex
Female 98 (38%) 61 (82%) 123 (35%) 15 (42%) 86 (68%) 383 (45%)
Male 159 (62%) 13 (18%) 232 (65%) 21 (58%) 40 (31%) 465 (55%)
Unknown 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1 (0.8%) 1 (0.1%)

Ethnicity
Asian 1 (0.4%) 5 (6.8%) 7 (2.0%) 0 (0%) 16 (13%) 29 (3.4%)
Black 2 (0.8%) 0 (0%) 8 (2.3%) 1 (2.8%) 1 (0.8%) 12 (1.4%)
Other 3 (1.2%) 2 (2.7%) 7 (2.0%) 4 (11%) 4 (3.1%) 20 (2.4%)
White 132 (51%) 65 (88%) 293 (83%) 31 (86%) 84 (66%) 605 (71%)
Unknown 119 (46%) 2 (2.7%) 40 (11%) 0 (0%) 22 (17%) 183 (22%)

Obesity
No 156 (61%) 51 (69%) 220 (62%) 31 (86%) 82 (65%) 540 (64%)
Yes 49 (19%) 14 (19%) 116 (33%) 4 (11%) 5 (3.9%) 188 (22%)
Unknown 52 (20%) 9 (12%) 19 (5.4%) 1 (2.8%) 40 (31%) 121 (14%)

Smoking status
Never smoked 227 (88%) 44 (59%) 188 (53%) 25 (69%) 117 (92%) 601 (71%)
Previously smoked 28 (11%) 22 (30%) 107 (30%) 2 (5.6%) 10 (7.9%) 169 (20%)
Currently smoke 2 (0.8%) 8 (11%) 60 (17%) 9 (25%) 0 (0%) 79 (9.3%)

Diabetes
Yes 25 (9.7%) 10 (14%) 102 (29%) 2 (5.6%) 0 (0%) 139 (17%)

Hypertension
Yes 87 (34%) 12 (16%) 136 (38%) 0 (0%) 3 (2.9%) 238 (29%)

Prior SARS-CoV-2 infection
No confirmed infection 241 (94%) 68 (92%) 307 (86%) 30 (83%) 87 (69%) 733 (86%)
Previously infected 16 (6.2%) 6 (8.2%) 48 (14%) 6 (17%) 40 (31%) 116 (14%)

Vaccine type - dose 1
ChAdOx1 nCoV-19 73 (28%) 38 (51%) 112 (32%) 0 (0%) 39 (31%) 262 (31%)
BNT162b2 175 (68%) 23 (31%) 176 (50%) 0 (0%) 87 (69%) 461 (54%)
mRNA-1273 7 (2.7%) 13 (18%) 64 (18%) 36 (100%) 1 (0.8%) 121 (14%)
Unknown 2 (0.8%) 0 (0%) 3 (0.8%) 0 (0%) 0 (0%) 5 (0.6%)

Vaccine type - dose 2
ChAdOx1 nCoV-19 66 (26%) 37 (50%) 104 (29%) 0 (0%) 39 (31%) 246 (29%)
BNT162b2 180 (70%) 22 (30%) 180 (51%) 0 (0%) 87 (69%) 469 (55%)
mRNA-1273 9 (3.5%) 14 (19%) 64 (18%) 33 (92%) 1 (0.8%) 121 (14%)
Unknown 2 (0.8%) 1 (1.4%) 7 (2.0%) 3 (8.3%) 0 (0%) 13 (1.5%)

Vaccine type - dose 3*
BNT162b2 88 (85%) 4 (24%) 70 (52%) 0 (0%) 25 (89%) 187 (61%)
mRNA-1273 9 (8.7%) 13 (76%) 61 (46%) 24 (100%) 3 (11%) 110 (36%)
Unknown 7 (6.7%) 0 (0%) 3 (2.2%) 0 (0%) 0 (0%) 10 (3.3%)

<2 years post LT
Yes 37 (14%) — — — — —

Indication for LT
Acute liver failure 21 (8%) — — — — —

Decompensated cirrhosis 99 (39%) — — — — —

HCC 33 (13%) — — — — —

Other 40 (16%) — — — — —

Unknown 64 (25%) — — — — —

IS
Azathioprine 16 (6.2%) 21 (29%) 2 (0.6%) — — —

Sirolimus 6 (2.3%) 0 (0%) — — — —

Everolimus 44 (17%) 0 (0%) — — — —

6-MP 5 (1.9%) 27 (37%) 1 (0.3%) — — —

MMF 79 (31%) 9 (12%) 1 (0.3%) 1 (3%) — —

MTX — — 2 (0.6%) — — —

Corticosteroids 50 (19%) 33 (43%) 1 (0.3%) 1 (3%) — —

Ciclosporin 41 (16%) 0 (0%) — — — —

Tacrolimus 195 (76%) 6 (8.2%) — — — —

No. IS therapies
0 3 (1.2%) 8 (11%) — — — —

1 95 (37%) 36 (49%) — — — —

2 132 (51%) 23 (32%) — — — —

3 27 (11%) 6 (8.2%) — — — —

IS combinations
CNI only 81 (32%) — — — — —

mTori only 13 (5.1%) — — — — —

(continued on next page)
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associated with a significant increase in anti-RBD titres across
all disease groups (Fig. S1) and therefore previously infected
individuals were removed from the primary analysis (n = 76 with
liver disease and n = 40 HCs excluded).

Across the total liver disease cohort, there was a stepwise
incremental increase in median antibody titres after each
consecutive vaccine dose (6.24 U/ml [0.4–44.9] post-V1 vs. 846
U/ml [158–2,653] post-V2 vs. 12,746 U/ml [2,508–25,000] U/ml
post-V3; p < 0.0001). This observation remained significant
after excluding 19 patients who had become newly positive for
nucleocapsid antibody between enrolment and post-V3
(Fig. S1B). A decrease in antibody titre between the post-V2
and pre-V3 timepoint was also observed in both liver disease
and HC groups and was subsequently boosted by the admin-
istration of a third vaccine dose (Table S1). mRNA platforms
were associated with significantly higher post-V2 anti-RBD ti-
tres compared to ChAdOx1 in both liver disease (953
[158–3,214] mRNA vs. 593 U/ml [114–1521] ChAdOx1; p =

0.0005) and HC cohorts (15,634 U/ml [10,829–21,445] mRNA
vs. 1,198 U/ml [855–1,546] ChAdOx1; p < 0.001). Thirteen pa-
tients who received heterologous first and second vaccines
had significant elevations in post-V2 antibody titres compared
to homologous ChAdOx1 (p = 0.0002) and homologous mRNA
regimens (p = 0.004) (Fig. 1B). In cohorts where data were
available for both BNT162b2 or mRNA-1273 vaccinated in-
dividuals, there were no significant differences in anti-RBD at
the post-V2 timepoint; therefore, both mRNA vaccines were
grouped for further analysis (Fig. S2). Within the entire study
cohort (patients and HCs) multivariable analyses showed that
the factors significantly associated with lower antibody
response after V2 were advancing age and inclusion in the LTR
group, and factors associated with greater response were
mRNA vaccination, heterologous vaccination (V1 + V2) and
previous COVID-19 infection (Fig. 1C, Table S2).

Our study allowed us to compare antibody responses
relating to specific combinations of disease and vaccine types.
At the post-V2 and post-V3 timepoints LTRs mounted lower
antibody titres compared to all other disease groups and HCs
regardless of vaccine type (Table S3). mRNA-vaccinated pa-
tients with cirrhosis had reduced post-V2 antibody titres
compared to mRNA-vaccinated HCs, but ChAdOx1-vaccinated
patients with cirrhosis had comparable post-V2 titres to ChA-
dOx1-vaccinated HCs.

We observed variable non-response rates across disease
groups depending on vaccine type and timepoint (Table S4).
No HCs were seronegative after either two or three vaccine
doses. LTRs had the highest rates of serological non-response
with 18/52 (35%) and 52/179 (29%) having absent responses
after two doses of ChAdOx1 and mRNA vaccines, respectively.
Non-response rates were reduced at the post-V3 timepoint in
all disease groups, with only 9/97 (9%) LTRs and 2/108 (2%)
patients with cirrhosis not having a serological response to
vaccine at the post-V3 timepoint.

Serological cross-reactivity of SARS-CoV-2 VoC

IgG binding to the spike protein of SARS-CoV-2 Omicron
subvariants was assessed at post-V2 and post-V3 timepoints
in selected samples from liver disease and HC cohorts (Fig. 2A).
Within the combined cohort (liver disease and HCs) at both
timepoints, serological titres to all Omicron subvariants (except
for BF.7 and BQ.1) were significantly lower compared to WT
SARS-CoV-2. The subvariants with the greatest decrease in
IgG binding compared to WT were BA2.75.2 (median fold
decrease: x8.93 post-V2 and x6.12 post-V3) and BA.4.6 (x4.46
post-V2 and x3.2 post-V3) which were both first identified in
autumn 2022. Notably, the magnitude of reduction in IgG
binding to Omicron subvariants relative to WT was lower
following V3 compared to post-V2. The same trends were

Table 1. (continued)

LT (n = 257) AIH (n = 74) Cirr (n = 355) VLD (n = 36) HC (n = 127) Total (N = 849)

CNI + MMF (+/- other) 79 (31%) — — — — —

CNI + other (+/- other) 81 (32%) — — — — —

Cirrhosis severity
MELD score (median, IQR) — — 7.25 (6.67, 8.43) — — —

Unknown — — 60 (17%) — — —

Child-Pugh class
A — 19 (26%) 232 (65%) — — —

B — 2 (2.7%) 82 (23%) — — —

C — 1 (1.4%) 31 (8.7%) — — —

No cirrhosis — 52 (70%) 0 (0%) — — —

Unknown — — 10 (2.8%) — — —

Cirrhosis aetiology
NAFLD — 1 (5%) 98 (28%) — — —

ALD — 1 (5%) 152 (43%) — — —

HCV — 2 (9%) 80 (22%) — — —

HBV — 1 (5%) 24 (6.7%) — — —

PBC — 2 (9%) 12 (2.8%) — — —

PSC — 2 (9%) 12 (3.1%) — — —

Unknown — 15 (68%) 33 (9.3%) — — —

VLD aetiology
NCPVT — — — 16 (44%) — —

BCS — — — 9 (25%) — —

PSVD — — — 11 (31%) — —

6-MP, 6-mercaptopurine; AIH, autoimmune hepatitis; ALD, alcohol-related liver disease; BCS, Budd-Chiari syndrome; Cirr, cirrhosis; CNI, calcineurin inhibitor; HCs, healthy
controls; HCC, hepatocellular carcinoma; IS, immunosuppression; LT, liver transplant; MMF, mycophenolate mofetil; mTORi, mTOR inhibitor; MTX, methotrexate; NAFLD, non-
alcoholic fatty liver disease; NCPVT, non-cirrhotic non-tumoral portal vein thrombosis; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; PSVD, porto-
sinusoidal vascular disorder; VLD, vascular liver disease. *Numbers only given for individuals with third dose anti-RBD Ig titre data available.
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observed when IgG binding was split by liver disease aetiology
(Fig. 2B and Fig. S3A). However, HCs had less of a decrease in
IgG binding to Omicron subvariants relative to WT than seen in
patients with liver disease. Serum from most participants
inhibited ACE2 binding to WT RBD at post-V2 and post-V3
(Fig. 2C), whereas there was a significant decrease in inhibi-
tion across all Omicron subvariants relative to WT. Again, the
decrease in ACE2 binding post-V3 was less pronounced
compared to post-V2. There was also less of a decrease at the

post-V2 and post-V3 timepoints in HCs compared to patients
with liver disease (Figs 2D and S3B). The ratio of IgG binding to
WT spike compared to VoC spike was significantly increased
by a third vaccine in the liver disease group, but no change was
observed between two and three vaccine responses in HCs
(Fig. S3C). We observed significant positive correlations at
post-V2 and post-V3 timepoints when comparing the Roche
anti-RBD titre with VoC binding IgG, ACE2 inhibition, and with
the ratio between WT to VoC binding IgG (Fig. S4A-C).
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Fig. 1. COVID-19 vaccine-induced anti-SARS-CoV-2 RBD total Ig in SARS-CoV-2-naïve individuals. (A) Assessment of COVID-19 vaccine responses at baseline
(BL), post first vaccine (V1), 28 days after second vaccine (V2), immediately prior to third vaccine (pre-V3) and 28 days after third vaccine (V3). All participants had an
mRNA vaccine as their third dose, individuals vaccinated with a heterologous vaccine regimen were excluded. (B) Comparison of vaccination platforms at the post-V2
timepoint. (C) Forest plot depicting results from multivariable linear regression model of post-V2 log10 transformed anti-SARS-CoV-2 RBD Ig in all participants. (A,B)
Boxes represent median and IQR, whiskers represent +/- 1.5x IQR. (C) Point represents odds ratio, whiskers 95% CI. (B) Mann-Whitney U test with Holm-Bonferroni
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Liver transplant recipients

Antibody responses to two and three vaccine doses in LTRs
are presented in Fig. 3A and are separated according to class
of immunosuppression. This shows a downward trend in post-
V2 anti-RBD titres associated with increasing intensity of
immunosuppression, with significant reductions observed in
patients on a calcineurin inhibitor (CNI) plus mycophenolate
mofetil (MMF) vs. a CNI alone, and in patients on a CNI plus
another immunosuppressant other than MMF, compared to

CNI alone. LTRs on MMF additionally had significantly reduced
responses compared to those on thiopurines (p = 0.011,
Fig. S5A), and an increasing daily dose of MMF was signifi-
cantly associated with decreased anti-RBD titres at the post-V2
timepoint (p = 0.031) (Fig. S5B). A third vaccine dose signifi-
cantly improved antibody responses across all groups, except
with mTOR inhibitor monotherapy where cohort numbers were
small (Fig. 3A). LTRs had high rates of antibody non-response,
with non-response rates at the post-V2 timepoint of 4/12 (33%)
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Fig. 2. COVID-19 vaccine-induced serological responses to Omicron subvariants. (A,B) IgG to subvariant spike protein and (C,D) inhibition of ACE2 binding to
subvariant RBD in 68 individuals. (A,C) Includes all individuals split by timepoint and (B,D) are post-V2 responses separated by liver disease (inc. liver transplant) and
HCs. Mann-Whitney U test with Holm-Bonferroni adjustment. Boxes represent median and IQR, whiskers represent +/- 1.5x IQR. Fold-change of median depicted. *p <

0.05, **p < 0.01, ***p < 0.001, ****p <0.0001. ACE2, angiotensin-converting enzyme 2; HCs, healthy controls; RBD, receptor binding domain; WT, wild-type.
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in the mTOR inhibitor only group, 13/75 (17%) in the CNI only
group, 20/70 (29%) in the CNI plus other immunosuppression
group and 33/78 (42%) in the CNI plus MMF group. The rate of
serological non-responsiveness was significantly higher in the
CNI plus MMF group compared to the CNI alone group. A third
vaccine dose led to improvement in rates of non-response
across all subgroups of immunosuppression (mTOR inhibitor
only 1/5 [20%]; CNI only 1/21 [5%]; CNI plus other immuno-
suppression 3/34 [9%]; CNI plus MMF 4/39 [10%]).

Among LTRs, both univariable and multivariable analyses
showed that the factors significantly associated with reduced
odds of seropositivity after V2 were age (65-74 age group) and
CNI plus MMF (Fig. 3B, Table S5). LTRs with previous SARS-
CoV-2 infection were removed from the logistic regression, as
all of these patients had a detectable response after V2.

Patients with autoimmune hepatitis

Patients with AIH had higher post-V2 antibody responses
than LTRs with both ChAdOx1 and mRNA platforms despite
both groups being immunosuppressed and being of similar
age (61 years [49–69] vs. 60 years [52–68]). Unlike LTRs,
there were no significant differences in serological response
between class and intensity of immunosuppression at post-
V2, despite the fact some patients with AIH (6/8 with MMF
dose data) were on high dose (2 g/day) MMF (Fig. S6A).
There were also no differences in response when the AIH
cohort was split by the presence or absence of cirrhosis
(Fig. S6B). Univariable and multivariable analyses showed
that the factors significantly associated with higher antibody
responses after V2 were mRNA vaccination and previous
COVID-19 (Fig. 3C, Table S6).
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Fig. 3. Serological responses to COVID-19 vaccines in immunosuppressed patients with LT and AIH. (A) Magnitude of anti-SARS-CoV-2 RBD Ig in SARS-CoV-2
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charts. (B) Forest plot of multivariable logistic regression showing odds of seropositivity at the post-V2 timepoint within the liver transplant cohort and (C) results of
multivariable linear regression of log10 anti-SARS-CoV-2 RBD Ig at post-v2 timepoint in autoimmune hepatitis cohort. (A) Boxes represent median and IQR, whiskers
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Patients with cirrhosis

Antibody responses in patients with cirrhosis at post-V1, post-
V2, and post-V3 are presented in Fig. 4A and are separated
according to vaccination type and CP class. This revealed a
dynamic interaction between number of doses, severity of
cirrhosis, and vaccine type. At post-V1 there were no differ-
ences in antibody titres between compensated (CP-A) and
decompensated (CP–B/C) cirrhosis when vaccinated with
ChAdOx1. However, CP-A did have higher antibodies than CP-
B/C at post-V1 when vaccinated with mRNA. At post-V1, both
CP-A and CP-B/C had lower antibody titres than HC with both
vaccine types. At post-V2, there were no significant differences
between CP-A and CP-B/C or between patients and HCs when

vaccinated with ChAdOx1. Whereas at post-V2 for mRNA, HCs
had higher titres than patients with cirrhosis irrespective of CP
class. At post-V3, there were no significant differences between
any groups. Broadly, this suggested an association between
liver disease severity and reduced antibody responses when
vaccinated with mRNA but not the ChAdOx1 platform, partic-
ularly early in the vaccination course. To explore the interaction
between disease severity and vaccine type further we plotted
the correlation between MELD score and anti-RBD titres
(Fig. 4B). At post-V1, this again showed that increasing disease
severity was associated with decreased anti-RBD titres when
vaccinated with mRNA platform but not with ChAdOx1. This
trend persisted after V2 and V3, although it was non-significant.
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Fig. 4. Serological responses to COVID-19 vaccines in patients with cirrhosis. (A) Magnitude of vaccine responses in SARS-CoV-2 infection-naïve patients with
cirrhosis and healthy controls. Vaccine type is for first two vaccine doses. (B) Spearman correlation of MELD score with anti-SARS-CoV-2 RBD Ig in same cirrhosis
patients as A. (C) Forest plot depicting results of multivariable linear regression of log10 anti-SARS-CoV-2 RBD Ig at post-V2 timepoint in cirrhosis cohort. (A) Boxes
represent median and IQR, whiskers represent +/- 1.5x IQR. (B) Line represents linear regression. (C) Point represents odds ratio, whiskers 95% CI. (A) Kruskal-Wallis
with post hoc Dunn’s test adjusted with Holm-Bonferroni method. (C) Dark blue indicates significantly associated variables (p <0.05). n.s., non-significant, **p < 0.01,
***p < 0.001, ****p < 0.0001. ALD, alcohol-related liver disease; CP, Child-Pugh class; HC, healthy control; NALFD, non-alcoholic fatty liver disease.
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Fig. 6. Breakthrough SARS-CoV-2 infection after two COVID-19 vaccines in liver disease cohort (n = 442). (A) Reported SARS-CoV-2 infection after second dose
vaccine split across recruitment site countries. Frequency of SARS-CoV-2 and Omicron subvariants per country per week with cumulative proportion of infected
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Among patients with cirrhosis, both univariable and multivari-
able analyses showed that age over 75 years and increasing
MELD score were associated with a lower antibody response,
whereas mRNA platform and previous COVID-19 were asso-
ciated with higher titres (Fig. 4C, Table S7).

Patients with vascular liver disease

All patients with VLD were vaccinated with an mRNA platform.
The VLD cohort had lower post-V2 responses compared to
mRNA-vaccinated HCs but equivalent titres post-V3. Patients
with VLD had higher post-V2 antibody titres compared to
mRNA-vaccinated LTRs (p < 0.0001), and patients with
cirrhosis (p = 0.004) and AIH (p < 0.0001) (Tables S1 and S2).

T-cell responses

T-cell responses to WT SARS-CoV-2 across liver dis-

ease phenotypes

T-cell IFNc responses to WT virus for a subset of infection-
naïve participants from each disease group are presented in
Fig. 5A and Fig. S7. The majority of patients across the entire
cohort had positive T-cell responses (>26 SFU/106 PBMCs)
after at least one dose of vaccination. Within the liver disease
cohort all patients generated a positive T-cell response after V2
except for 3/10 (30%) LTRs, 4/24 (17%) with cirrhosis, and 1/12
(8%) with AIH. Despite significant heterogeneity, all groups
except for LTRs had a significant increase in the magnitude of
IFNc responses after two or three vaccine doses (Fig. 5A).
Within the total liver disease cohort, patients with previous
COVID-19 had significantly higher IFNc responses after V1, V2,
and V3 (Fig. 5B). There were positive correlations between
post-V2 T-cell responses to WT spike, anti-RBD binding anti-
bodies to WT, and functional antibody responses to all variants
(ACE2 binding inhibition) (Figs 5C and S4A).

T-cell responses to Omicron BA.1 SARS-CoV-2 across liver

disease phenotypes

To determine the cross-reactivity of vaccine-induced cellular
responses we additionally assessed IFNc T-cell responses to
peptides covering the Omicron (BA.1) spike protein (Fig. 5D).
Compared to the WT antigen, T-cell responses to BA.1 spike
were well preserved regardless of disease group at post-V2
and post-V3 timepoints. However, when only assessing re-
sponses to peptides that differed between WT and BA.1 spike
(mutated peptide pools; “minipools”) there were significant re-
ductions in BA.1 peptide-specific reactivity compared to WT in
all groups (Fig. 5E), indicating that T-cell responses specifically
to mutated epitopes were reduced but overall responses
were maintained.

Breakthrough SARS-CoV-2 infection after vaccination

SARS-CoV-2 infection status after COVID-19 vaccination was
available for 442/722 (57%) of the entire liver disease cohort
(Fig. 6A). Of these cases, 122/442 (28%) developed break-
through infection after at least two vaccines; 40/122 (33%) after
V2 and 47/122 (39%) after V3, and 35/122 (29%) after fourth
vaccine (Fig. 6B). In those developing breakthrough infections,
117/122 (96%) were mild-moderate and 5/122 (4%) were se-
vere. The majority (101/122, 83%) of breakthrough infections
occurred after the emergence of Omicron as the dominant

SARS-CoV-2 variant in each recruiting country. A breakthrough
infection occurred in 51/181 (28%) LTRs, 46/179 (26%) pa-
tients with cirrhosis, 18/47 (38%) with AIH and 8/35 (23%) with
VLD. Of those with severe breakthrough COVID-19, 4/5 (80%)
were LTRs, two of whom were immunosuppressed with MMF
and had absent anti-RBD responses after V2. Although sample
size prevented robust statistical comparisons, the median
post-V2 anti-RBD titre was numerically lower in those with
severe COVID-19 compared to mild-moderate disease (565 U/
ml [0-1,234] severe; 1,032 U/ml mild-moderate [432-4,212])
(Fig. S8). Two of five individuals with severe symptomatic
breakthrough infection had PBMCs available at the post-V2
timepoint and had similar T-cell responses to WT spike (163
SFU/106 PBMCs and 65 SFU/106 PBMCs) as other LTRs
(median 65 SFU/106 PBMCs) (Fig. 5A).

Discussion

In a large, international, prospective study we assess humoral
and cellular immune responses to multiple COVID-19 vaccine
platforms across a range of liver disease types and severities
using standardised timepoints and laboratory assays. We
report on functional antibody and cellular responses to novel
viral variants including a number of the most up-to-date Omi-
cron subtypes, and assess COVID-19 infection rates and dis-
ease severity.

Longitudinal serum sampling demonstrated a stepwise in-
crease in the magnitude of anti-SARS-CoV-2 RBD antibodies
following one, two and three vaccine doses, and following past
SARS-CoV-2 infection. In our cohort, use of the mRNA platform
was associated with greater antibody titres compared to ChA-
dOx1 which is in line with other datasets in healthy and immu-
nosuppressed cohorts.20,21 In addition, as observed in healthy
populations,22 heterologous first and second vaccination was
associated with >5-fold increase in post-V2 antibody responses
compared to homologous vaccine delivery, suggesting that this
approach should also be considered in liver cohorts.

Our data identifies LTRs as a particularly vulnerable cohort,
having the lowest post-V2 antibody titres compared to all other
disease groups. Although the number of cases of severe break-
through infection in our cohort was small, it is notable that 4/5
(80%) were LTRs, two of whom received MMF therapy and had
absent anti-RBD responses after V2. Vaccine immunogenicity in
LTRs was heavily influenced by intensity of immunosuppressive
medication with MMF associated with low antibody titres and
high rates of non-response andMMF dose negatively associated
with anti-RBD titres. This supports evidence from other patient
groups that short-term discontinuation or dose reductions of
immunosuppressive therapy may help maximise antibody re-
sponses to vaccination.23,24 Although other studies have re-
ported suboptimal antibody responses in LTRs,25,26 our cohort is
notable for its size and geographic diversity. It also allows for
direct comparisons with immunosuppressed patients with AIH
who have more robust antibody responses despite being of
similar age. This is most likely accounted for by the predominant
use of thiopurines and corticosteroids, and the absence of MMF
plus CNI dual therapy in patients with AIH. Reassuringly, irre-
spective of immunosuppressive status, antibody titres and rates
of seroconversion were universally improved in all groups
following the third vaccination, thoughsomeLTRs remained non-
responsive to vaccination.
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In parallel with increasing serological titres to WT SARS-
CoV-2, the cross-reactivity of vaccine-induced antibodies to
VoC also improved across the liver disease cohort between
post-V2 and post-V3 timepoints. This suggests that increasing
the magnitude of serological response through a third vacci-
nation maximises the likelihood that a proportion of antibodies
will cross-react with VoC even in individuals who may have
reduced capacity to produce high-affinity class-switched or
somatically hypermutated antibodies.27 Despite improvements
in antibody function with repeat vaccination, there was still a
significant decrease in IgG binding and ACE-2 binding inhibi-
tion to nearly all Omicron subvariants in patients with liver
disease after V2 and V3 relative to WT virus. This immune
escape may partly account for the clear stepwise increments in
breakthrough infection rates observed in our cohort.

Early in the vaccination course, severity of cirrhosis (indicated
by CP class and MELD score) was associated with lower anti-
body responses tomRNA but not ChAdOx1. Although this effect
was ultimately overcome by repeated vaccine doses it does
point towards differential immunological mechanisms governing
antibody response according to vaccine type. mRNA and
adenoviral vector platforms are thought to induce antibody
production through varying biological pathways which may be
differentially impacted by cirrhosis-associated immune
dysfunction.28,29 Further work is required to decipher the com-
plex interplay betweencirrhosis-associated immunedysfunction
and immune responses to COVID-19 vaccination. Nonetheless,
it is important to note that mRNA vaccines still induce higher
antibody titres than ChAdOx1 at the post-V2 timepoint.

Despite heterogeneity in the magnitude of T-cell responses
across HCs (as observed elsewhere18) and disease cohorts, the
majority of assessed individuals (88%) mounted an IFNc
response to WT SARS-CoV-2 spike antigens after a single
vaccine dose which was preserved after V2 and V3. Notably,
nearly all infection-naïve participants had low-level T-cell re-
sponses detected at baseline, likely as a consequence of
cross-reactivity with seasonal human coronaviruses, or
possible undetected previous COVID-19 due to waning of post-
infection nucleocapsid antibodies.30–32 Patients with VLD had
particularly robust IFNc T-cell responses compared to other
disease cohorts, which is possibly related to the absence of
immunosuppressive medications, a possible unknown biolog-
ical mechanism, preserved liver function, and use of mRNA-
1273 vaccination which has previously been shown in healthy
individuals to be associated with higher CD4+ and CD8+
SARS-CoV-2-specific T-cell responses.21 Overall, T-cell re-
sponses in individuals with liver diseases were also well
maintained against the Omicron BA.1 variant, however reduced
responses to BA.1 minipools suggest that responses to spe-
cific mutated epitopes may be lost.33 The cellular immune
response to vaccination has emerged as a major determinant of
individual risk of developing severe COVID-19, including in
immunocompromised individuals.13,14 This may help explain
why the majority of breakthrough infections reported in the liver
disease cohort were mild-moderate with only 5/122 (4%) total

infections reported as severe. However, post-V2 T-cell re-
sponses were detectable in the two participants with severe
breakthrough COVID-19 and available PBMCs in this cohort,
and other factors including potentially reduced virulence of later
SARS-CoV-2 variants may additionally impact this.34

There are some limitations to our study. Firstly, despite
recruiting from four different countries with diverse immunisa-
tion regimens, certain vaccine platforms in particular groups are
lacking, including mRNA-1273-vaccinated HCs, third dose of
ChAdOx1 in HCs, and ChAdOx1-or BNT162b2-vaccinated
patients with VLD. Although it is tempting to extrapolate the
immunological principles identified across three vaccines, the
precise immune changes after multiple subsequent vaccine
doses remain to be determined. Another constraint of our
dataset is that the HC cohort is comprised of healthcare
workers who are significantly younger with fewer comorbidities
than the liver disease population. However, we have performed
a multivariable analysis of the entire cohort which accounts for
age in order to identify cofactors and disease groups associ-
ated with vaccine response. The breakthrough COVID-19 data
must also be interpreted with caution as asymptomatic infec-
tion may not have been identified and it remains impossible to
fully account for important confounding variables such as local
SARS-CoV-2 prevalence, viral load exposure, further vaccine
doses, and individual patient behaviours including shielding
measures. Furthermore, we were unable to systematically
collect accurate data on the use of antiviral medications and
recombinant antibodies due to incomplete documentation in
electronic hospital records and geographic variability in access
to these agents. As a result, we have opted to remain
descriptive with this domain of the study and have not per-
formed statistical analyses. Lastly, due to sampling limitations,
IFNc T-cell assay results were not available in all participants
with severe breakthrough infection.

In summary, we demonstrate that the three most widely
available vaccine platforms are immunogenic and appear to
protect against severe COVID-19 in a diverse group of pa-
tients with a variety of underlying liver conditions. Even pa-
tients with advanced cirrhosis mount robust immune
responses after two and three vaccine doses irrespective of
vaccine type. This will provide reassurance to patients with
chronic liver disease who were previously deemed at high risk
of severe COVID-19 and death during the pre-vaccination era.
In addition, our data will be encouraging in the event of future
unforeseen viral infections which may also require rapid vac-
cine development and delivery to patients with liver disease.
However, we show that LTRs mount lower antibody and T-cell
responses, related to intensity of immunosuppression and the
use of MMF, with most cases of severe COVID-19 occurring in
this patient group. We recommend that LTRs should be vigi-
lantly monitored for the development of severe COVID-19 if
infected, and prioritised for repeated vaccination, prophylactic
antiviral agents, and enrolment into trials exploring the role of
immunosuppressive dose modification and alternative vac-
cine strategies.
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Supplementary Methods 

Supplementary methods  

Ethical and regulatory approvals 
 

All centres involved in the EASL supported COVID-Hep vaccine registry recruited participants through 

local ethics approvals as follows: University Medical Center Hamburg-Eppendorf (approved by local 

ethics committee, Hamburg, Germany) ref No. PV7103 and PV7298; Foundation IRCCS Ca’ Granda 

Ospedale Maggiore Policlinico: part of PolImmuneCOVID study (No. 286_2021) approved by INMI 

“Lazzaro Spallanzani” Ethics Committee (Roma, Italy); University of Padova: URC code COVID16; 

University of Barcelona: Reg. No. HCB/2021/0632  approved by Comité de ética e investigación médica 

(CEIM). The UK OCTAVE study was approved by the UK Medicines and Healthcare Products 

Regulatory Agency and London and Chelsea Research Ethics Committee (REC reference: 

21/HRA/0489). The PITCH study is a sub-study of the SIREN study, which was approved by the 

Berkshire Research Ethics Committee, Health Research 250 Authority (REC reference: 20/SC/0230). 

All PBMCs collected at participating sites that were centralised to the University of Oxford were 

transferred and stored in accordance with the UK Human Tissue Act.   

 

Anti-SARS-CoV-2 VoC IgG binding and ACE2 inhibition 
 
In order to assess antibody responses to VoC, IgG titres to the spike protein of wild-type SARS-CoV-2 

and nine of the most prevalent Omicron subvariants (as of February 2023: B.1.1.529/BA.1/BA.1.15, 

BA.2.75, BA.2.75.2, BA.4.6, BA.5, BF.7, BQ.1, BQ.1.1, and XBB.1) were assessed using a multiplexed 

MSD® immunoassay (K15668U). In brief, antigens were spotted at 200−400 μg/mL in 96-well plates 

which were blocked with MSD® Blocker A for 30 minutes. Following washing plasma/serum samples 

were diluted 1:10,000 and 1:30,000 in diluent buffer and incubated for 2 hours. Samples were then 

washed and detected using a MESO® SECTOR S 600 Reader. Concentrations were expressed in 

Units/ml (U/mL).  

 

To assess functional antibody responses, a V-PLEX SARS-CoV-2 Panel 33 (ACE2) Kit (K15679U) was 

used to measure the ability of serum/plasma samples to inhibit angiotensin-converting enzyme 2 

(ACE2) binding to the RBD of wild-type and the same Omicron subvariants listed above. Assays were 

performed as per manufacturer’s instructions with 1:10 and 1:100 dilutions of serum/plasma. 

Percentage ACE2 inhibition was determined by comparison of chemiluminescence of sample spots 

compared to negative controls (blanks) on each plate.  

 

IFNγ T-cell ELISpot assay 
 
200,000 thawed PBMCs were rested for 3 hours and added to Multiscreen-IP filter plates (Millipore) 

coated with capture antibody (clone 1-D1K). Overlapping peptide pools (18-mers with 10 amino acid 

overlap, Mimotopes) representing wild-type S1 and S2 regions, membrane, and N proteins were added 

at a final concentration of 2ug/ml for 16–18hrs at 37°C. Selected samples also included pools covering 
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the entire Omicron (B.1.1.529, BA.1) S1 and S2 regions, and pools including only peptides which 

contained mutations in BA.1 spike, or the analogous peptides from wild-type (minipools). CEF and 

concanavalin A were used as positive controls, DMSO in Rab10 was used as a negative control. Plates 

were developed and then read using a CTL immunocapture (Cellular Technology Limited) plate reader, 

using Smartcount® settings. Mean spots from DMSO negatives are removed from stimulation to give 

antigen-specific responses. A positive IFNγ response was defined as mean DMSO + 2 standard 

deviations.   

 

Breakthrough SARS-CoV-2 infection after COVID-19 vaccination  
 

Rates of breakthrough infection were plotted over time for each of the 4 recruiting countries alongside 

the corresponding proportions of circulating viral variants. Country-specific proportions of SARS-CoV-

2 variants were calculated based on data shared via GISAID [1] EpiCoV database, downloaded 23 

March 2023. The date on which Omicron became the dominant variant (defined as representing >90% 

of circulating variants) was 1st January 2022 in the UK, 16th January 2022 in Italy and Spain, and 23rd 

January 2022 in Germany.  
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Fig. S1 

 
 
 
   

Fig. S1. A) Magnitude of anti SARS-CoV-2 RBD Ig in infection naïve and previously SARS-

CoV-2 infected individuals at post-V1 and post-V2 timepoints. B) Magnitude of anti SARS-

CoV-2 RBD Ig in Naïve individuals at post-V2 and post-V3 timepoints and in individuals who 

became nucleocapsid positive between second and third vaccines (Post-V3 Newly N+ve). 

Boxes represent median and IQR, whiskers represent +/- 1.5x IQR. Mann Whitney U test 

used, adjusted P value presented.  

A B 
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Fig. S2 

  

Fig. S2. Magnitude of anti-SARS-CoV-2 RBD Ig in BNT162b2 and mRNA=1273 (Moderna) 

vaccinated SARS-CoV-2 infection naive individuals from the cirrhosis and autoimmune 

hepatitis (AIH) disease groups at the post-V2 timepoint. Boxes represent median and IQR, 

whiskers represent +/- 1.5x IQR. Mann-Whitney U test used, adjusted P value presented. 
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Fig. S3 

 
  

A B 

Fig. S3. Post-v3 IgG (A) and ACE2 inhibition (B) to SARS-CoV-2 VoC, separated by liver 

disease versus healthy controls. C) Ratio of IgG binding to WT and each respective VoC at 

post-v2 and post-v3 timepoints in liver disease and HC. Two-sided Mann-Whitney U test 

adjusted with Holm-Bonferroni. Fold-change of median depicted. Boxes represent median and 

IQR, whiskers represent +/- 1.5x IQR. HC = healthy controls; ACE2 = angiotensin-converting 

enzyme 2, WT = wild-type. * = P<0.05, ** = P<0.01, *** = P<0.001, **** = P < 0.0001.  

C 
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Fig. S4 

 
  

A 

B 

Fig. S4. Correlation of immune assays at A) post-v2 and B) post-v3 timepoints. C) 

correlation of WT anti-RBD Ig with ratios of WT:VoC binding at post-V2 and post-V3 

timepoint. Only significant correlations (P<0.05) are shown. Spearman’s correlation. 

Size and shade of spots/squares represent r value. V2_Roche = post-V2 anti-RBD Ig; 

V3_Roche = post-V3 anti-RBD Ig 

C 



 14 

Fig. S5 

 
  

Fig. S5. A.) Anti-RBD Ig responses at the post-V2 timepoint in SARS-CoV-2 infection naive 

LT recipients who received either thiopurine (Azathioprine or 6-mercaptopurine) or 

Mycophenolate mofetil (MMF) as an immunosuppressive therapeutic. Participants may have 

received other immunosuppressive therapeutics in addition. B) MMF dose breakdown 

(gram/day) in SARS-CoV-2 infection naïve LT recipients at post-V2 timepoint. Linear model 

of log10 transformed Anti-RBD Ig compared with daily MMF dose. Line represents linear fit, 

shading represents 95% confidence interval. Boxes represent median and IQR, whiskers 

represent +/- 1.5x IQR. A) Statistical comparison with Mann-Whitney U test.  

A B 



 15 

Fig. S6 

 
  

A B 

Fig. S6. SARS-CoV-2 infection naïve patients with autoimmune hepatitis at post-v2 timepoint, 

comparing A) immunosuppressive therapies and B) presence of cirrhosis. Boxes represent 

median and IQR, whiskers represent +/- 1.5x IQR.  Kruskal Wallis (A) or Two-sided Mann-

Whitney U test (B).  Antimetabolites include 6-mercaptopurine and azathioprine. MMF = 

Mycophenolate mofetil.  
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Fig. S7 

 
  

Fig. S7. As in Figure 5A, magnitude of IFN-γ T cell response to wild-type SARS-CoV-2 spike 

peptides across time in a subgroup of SARS-CoV-2 naïve people with cirrhosis (Cirr, n = 24), 

liver transplant recipients (LT, n = 12), autoimmune hepatitis (AIH, n=12), vascular liver 

disease (VLD, n = 22) and healthy controls (HC, n = 28). Baseline data are from same 

individuals later timepoints. Vaccine type indicated by point of shape. Mann-Whitney U test.   
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Fig. S8 

 
  

Fig. S8. Anti-RBD Ig at post-v2 timepoint in individuals who did not get breakthrough SARS-

CoV-2 infection, had mild-moderate breakthrough SARS-CoV-2 infection or had severe 

SARS-CoV-2 breakthrough infection after vaccination.   
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Table S1 

 
  

  Baseline Post-V1 Post-V2 Pre-V3 Post-V3 

Vaccine 
Type 

Disease 
group 

N 
Median 
(IQR) 

N Median (IQR) P val
1
 N Median (IQR) Pval

2
 N Median (IQR) P val

3
 N Median (IQR) P val

4
 P val

5
 

ChAdOx1 

Cirr 15 0.4 (0.4-0.4) 34 19.6 (3.3-37.1) 1 85 1106 (395-1838) 7.2x10
-11

 4 637 (281-6956) 1 6 
15368 (11784-

22791) 
1 0.3 

AIH 6 0.4 (0.4-0.4) 20 15.1 (1.6-41.9) 1 34 498 (129-1323) 4.3x10
-4

 2 312 (237-387) 1 3 
15401 (11133-

20201) 
1 1 

LT 6 0.4 (0.4-0.4) 27 0.4 (0.4-19.0) 1 52 63 (0.4-608) 0.1 2 151 (133-170) 1 2 3133 (1572-4694) 1 1 

HC - - 10 
187.5 (87.0-

392) 
N/A 20 1198 (855-1546) 0.02 - - N/A - - N/A N/A 

mRNA 

Cirr 156 0.4 (0.4-0.4) 153 13.3 (2.5-55.6) 9.2x10
-11

 204 
1413.5 (578-

4140) 6.6x10
-23

 52 476 (214-958) 0.35 102 18015 (5927-25000) 1.5x10
-8

 2.2x10
-6

 

AIH 19 0.4 (0.4-0.4) 19 16.6 (1.8-71.6) 0.87 33 1341 (577-4605) 0.002 11 815 (316-2035) 1 10 
18280.5 (13784-

25000) 
0.73 1 

LT 117 0.4 (0.4-0.4) 119 0.4 (0.4-1.6) 0.09 179 114 (0.4-1113) 2.9x10
-13

 105 92 (7-390) 1 95 1861 (34-13534) 0.003 9.4x10
-5

 

VLD 30 0.4 (0.4-0.4) 29 147 (116-203) 0.10 27 4880 (3203-7663) 4.7x10
-4

 25 
1943 (1441-

2907) 
1 24 

25000 (25000-
25000) 

0.002 0.1 

HC - - 27 98.7 (57.2-148) N/A 35 
15634 (10829-

21445) 3.2x10
-11

 22 
2171 (1584-

3416) 
0.007 23 

25000 (18359-
25000) 2.1x10

-5
 1 

Table S1: In SARS-CoV-2 infection naïve individuals, Roche anti-RBD antibody response to 

one, two and three doses of COVID-19 vaccine, separated by vaccine type and disease group. 

1 
comparison of Baseline and Pre-V2, 

2
 comparison of Pre-V2 and Post-V2, 

3
 comparison of 

Post-V2 and Pre-V3, 
4
 comparison of Pre-V3 and Post-V3, 

4 
comparison of Post-V2 and Post-

V3. Kruskal Wallis with Dunn’s post-hoc test, adjusted for multiple comparisons using 

Bonferroni correction. Cir = Cirrhosis, AIH = Autoimmune hepatitis, LT = Liver transplant, Az 

= AstraZeneca vaccine.  
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Table S2 

 
  

 Univariable Multivariable 
Variable Estimate (95% CI) P value Estimate (95% CI) P value 

Age 45-64 -0.6 (-0.8 - -0.3) 4.81E-06 -0.3 (-0.6 - -0.1) 0.0034 
Age 65-74 -0.9 (-1.2 - -0.7) 5.22E-11 -0.5 (-0.8 - -0.3) 8.91E-05 
Age 75+ -1 (-1.4 - -0.7) 1.38E-07 -0.6 (-0.9 - -0.2) 0.001 
Male sex -0.3 (-0.5 - -0.1) 0.0030 -0.1 (-0.3 - 0) 0.12 
Obesity 0.2 (-0.1 - 0.4) 0.17 - NA 

Hypertension yes -0.3 (-0.5 - -0.1) 0.013 0 (-0.2 - 0.1) 0.75 
Current smoker 0.2 (-0.1 - 0.5) 0.21 -0.1 (-0.4 - 0.1) 0.33 
Previous smoker 0.2 (-0.1 - 0.4) 0.16 0.1 (-0.1 - 0.3) 0.29 

AIH -1 (-1.3 - -0.6) 6.81E-08 -0.3 (-0.7 - 0) 0.084 
Cirr -0.7 (-1 - -0.5) 5.01E-08 -0.1 (-0.4 - 0.2) 0.50 
LT -2.1 (-2.4 - -1.8) 1.11E-46 -1.4 (-1.7 - -1.1) 6.18E-18 

VLD -0.2 (-0.7 - 0.2) 0.33 0.2 (-0.3 - 0.6) 0.50 
mRNA vaccine 0.3 (0.1 - 0.5) 0.011 0.4 (0.2 - 0.6) 3.39E-06 

Heterologous vaccine 1 (0.3 - 1.7) 0.0074 1.3 (0.8 - 1.9) 6.18E-06 
Previous COVID-19 1.4 (1.1 - 1.6) 3.43E-23 1 (0.8 - 1.2) 1.47E-16 

Table S2: Linear regression model of post-v2 log10 transformed anti-RBD Ig across entire 

cohort. Age variable is compared to 18-44year old age group. * indicates significant values 

(P<0.05) 
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Table S3 

  

 Comparison groups Timepoints 
 Group 1 Group 2 Post-V2 (p val) Post-V3 (p val) 

AstraZeneca 

Cirr AIH 0.06 - 
Cirr LT 2.00E-08* - 
Cirr HC 0.57 - 
AIH LT 0.01* - 
AIH HC 0.06 - 
LT HC 0.000017* - 

mRNA 

Cirr AIH 0.69 0.50999 
Cirr LT 2.00E-15* 1.98E-08* 
Cirr VLD 0.0039* 0.00031* 
Cirr HC 1.30E-10* 0.06007 
AIH LT 3.40E-06* 0.00219* 
AIH VLD 0.05 0.12800 
AIH HC 5.96E-06* 0.57498 
LT VLD 5.90E-12* 9.10E-13* 
LT HC 1.28E-27* 1.6641E-07* 

VLD HC 0.03* 0.23352 

Table S3: In infection naïve individuals, comparison of Roche anti-RBD antibody response 

across disease groups at post-V2 and post-V3. Comparisons at post-v3 in AstraZeneca 

vaccinated individuals not made due to low n numbers. Kruskal Wallis with Dunn’s post-hoc 

test, adjusted for multiple comparisons using Benjamini Hochberg. Cir = Cirrhosis, AIH = 

Autoimmune hepatitis, LT = Liver transplant, Az = AstraZeneca vaccine. * indicates statistical 

significance (P<0.05) 



 21 

Table S4 

 
 
  

Disease group Vaccine 
platform Timepoint Seronegative (%) Seropositive (%) 

Cir 
ChAdOx1 

Post-V1 4 (12%) 30 (88%) 
Post-V2 - 85 (100%) 
Post-V3 - 6 (100%) 

mRNA 
Post-V1 20 (13%) 133 (87%) 
Post-V2 4 (2%) 200 (98%) 
Post-V3 2 (2%) 100 (98%) 

LT 
ChAdOx1 

Post-V1 14 (52%) 13 (48%) 
Post-V2 18 (35%) 34 (65%) 
Post-V3 - 2 (100%) 

mRNA 
Post-V1 80 (67%) 39 (33%) 
Post-V2 52 (29%) 127 (71%) 
Post-V3 9 (9%) 86 (91%) 

AIH 
ChAdOx1 

Post-V1 4 (20%) 16 (80%) 
Post-V2 2 (6%) 32 (94%) 
Post-V3 - 3 (100%) 

mRNA 
Post-V1 4 (21%) 15 (79%) 
Post-V2 - 33 (100%) 
Post-V3 - 10 (100%) 

VLD mRNA 
Post-V1 1 (3%) 28 (97%) 
Post-V2 - 27 (100%) 
Post-V3 - 24 (100%) 

HC 
ChAdOx1 

Post-V1 - 10 (100%) 
Post-V2 - 20 (100%) 
Post-V3 - - 

mRNA 
Post-V1 - 27 (100%) 
Post-V2 - 35 (100%) 
Post-V3 - 23 (100%) 

Table S4: In infection naïve individuals, comparison of Roche anti-RBD antibody response 

rate across disease groups at post-V2 and post-V3. Seropositive defined as >0.8AU/mL by 

anti-RBD Ig assay. Cir = Cirrhosis, AIH = Autoimmune hepatitis, LT = Liver transplant, VLD = 

Vascular liver disease; HC = healthy control 
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Table S5 

  

 Univariable Multivariable 
Variable Odds Ratio (95% CI) P value Odds Ratio (95% CI) P value 

Age 45-64 0.61 (0.3 - 1.2) 0.17 0.36 (0.078 - 1.2) 0.14 
Age 65-74 0.33 (0.16 - 0.69) 0.0035 0.19 (0.038 - 0.67) 0.017 
Age 75+ 0.49 (0.2 - 1.2) 0.11 0.38 (0.067 - 1.8) 0.23 
Male sex 0.69 (0.44 - 1.1) 0.12 0.96 (0.48 - 1.9) 0.9 

ALF 0.98 (0.4 - 2.4) 0.96 - - 
HCC 0.99 (0.54 - 1.8) 0.97 - - 

Decompensation 0.77 (0.49 - 1.2) 0.25 - - 
<2yrs post-transplant 0.52 (0.28 - 0.96) 0.038 0.43 (0.18 - 1) 0.054 

mTORi only 0.83 (0.32 - 2.2) 0.7 0.49 (0.12 - 2.2) 0.32 
CNI + Other 0.66 (0.38 - 1.2) 0.14 0.56 (0.23 - 1.3) 0.2 
CNI + MMF 0.37 (0.22 - 0.63) 0.00029 0.42 (0.19 - 0.93) 0.036 

mRNA vaccine 1.3 (0.76 - 2.2) 0.34 1.6 (0.74 - 3.3) 0.23 

Table S5: Logistic regression models of anti-RBD seropositivity (>0.8U/mL) in liver transplant 

recipients following two doses of COVID-19 vaccine. Age is a continuous variable, all other variables 

are discrete. Age is compared to 18-44 age group. Previous COVID-19 was removed as a variable 

as 100% of patients with previous COVID-19 had responses >0.8U/mL.     
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Table S6 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
  

 Univariable Multivariable 

Variable Odds Ratio (95% CI) P value Odds Ratio (95% CI) P value 
Age 45-64 -0.49 (-1.1 - 0.14) 0.13 -0.31 (-0.9 - 0.28) 0.31 
Age 65-74 -0.62 (-1.3 - 0.08) 0.081 -0.55 (-1.2 - 0.12) 0.11 
Age 75+ -0.5 (-1.5 - 0.51) 0.32 -0.81 (-1.8 - 0.14) 0.1 

Antimetab. +/- other 0.16 (-0.4 - 0.72) 0.56 -0.0093 (-0.55 - 0.53) 0.97 
Cirrhosis yes 0.1 (-0.39 - 0.59) 0.68 0.092 (-0.36 - 0.54) 0.69 

Corticosteroid +/- other -0.49 (-1.2 - 0.22) 0.17 -0.46 (-1.2 - 0.23) 0.2 
Male sex 0.4 (-0.22 - 1) 0.2 0.36 (-0.24 - 0.97) 0.24 

MMF +/- other -0.45 (-1.2 - 0.27) 0.22 -0.34 (-1 - 0.35) 0.34 
mRNA vaccine 0.83 (0.42 - 1.2) 0.00013 0.76 (0.31 - 1.2) 0.0016 

No immunosupp. 0.45 (-0.32 - 1.2) 0.25 -0.47 (-1.3 - 0.33) 0.26 
Previous COVID-19 1.1 (0.26 - 2) 0.011 1.1 (0.28 - 2) 0.012 

Table S6: Linear regression models of log10 anti-RBD in autoimmune hepatitis patients 

following two COVID-19 vaccine. Age is compared to 18-44year old category. Drugs 

compared to antimetabolite alone group.              
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Table S7 

 

 Univariable Multivariable 
Variable Estimate (95% CI) P value Estimate (95% CI) P value 

Age 45-64 -0.27 (-0.64 - 0.11) 0.16 -0.37 (-0.8 - 0.069) 0.098 
Age 65-74 -0.32 (-0.7 - 0.069) 0.11 -0.39 (-0.83 - 0.055) 0.086 
Age 75+ -0.55 (-1 - -0.088) 0.02 -0.52 (-1 - -0.029) 0.038 
Male sex -0.032 (-0.22 - 0.16) 0.74 0.0087 (-0.19 - 0.2) 0.93 

MELD -0.064 (-0.11 - -0.02) 0.0043 -0.085 (-0.13 - -0.039) 0.00032 
CP-B/C 0.042 (-0.15 - 0.23) 0.67 0.071 (-0.16 - 0.3) 0.54 

ALD 0.04 (-0.14 - 0.22) 0.67 0.0091 (-0.2 - 0.22) 0.93 
HBV 0.1 (-0.25 - 0.45) 0.56 0.0061 (-0.36 - 0.37) 0.97 
HCV -0.1 (-0.32 - 0.11) 0.34 -0.13 (-0.39 - 0.13) 0.33 

NAFLD 0.034 (-0.17 - 0.23) 0.74 0.075 (-0.15 - 0.3) 0.5 
mRNA Vaccine 0.17 (-0.026 - 0.36) 0.09 0.26 (0.05 - 0.47) 0.015 

Previous COVID-19 0.88 (0.63 - 1.1) 1.90E-11 0.9 (0.65 - 1.2) 1.40E-11 

Table S7: Linear regression models of log10 transformed anti-RBD antibody (>0.8U/mL) in 

cirrhosis patients at the Post-V2 timepoint. MELD is a continuous variable, all other variables 

are discrete. Age is compared to 18-44 year old group. CP = Child’s Pugh class, INR = 

International normalized ratio, CI = Confidence interval.  
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