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Highlights Impact and Implications
e Two-dose vaccines increase Wuhan-Hu-1 IgG, IgM, and neu- In patients with CLD vaccinated with two-dose vaccines, age,
tralisation levels in patients with CLD. cirrhosis, and type of vaccine (Vaxzevria > Pfizer BioNTech > Mod-

erna) predict a ‘lower’ humoral response, whereas viral hepatitis
aetiology and prior antiviral therapy predict a ‘higher’ humoral
response. This differential response appears not to associate with
« Compared with Wuhan-Hu-1, humoral immunity was lower for SARS-CoV-2 . infection incidence or _vaccine. efficacy. However,
the B.1.617 and B.1.1.529 variants, and all decreased after 6 Ccompared with Wuhan-Hu-1, humoral immunity was lower for the
months. Delta and Omicron variants, and all decreased after 6 months. As
such, patients with CLD, particularly those older and with cirrhosis,

¢ No major clinical or immune IgG parameters associated with  should be prioritised for receiving booster doses and/or recently
SARS-CoV-2 infection rates or vaccine efficacy. approved adapted vaccines.

e Cirrhosis, older age, and type of vaccine predict lower Wuhan-
Hu-1 IgG titres.
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Background & Aims: The response of patients with chronic liver disease (CLD) to COVID-19 vaccines remains unclear. Our aim
was to assess the humoral immune response and efficacy of two-dose COVID-19 vaccines among patients with CLD of
different aetiologies and disease stages.

Methods: A total of 357 patients were recruited in clinical centres from six European countries, and 132 healthy volunteers
served as controls. Serum IgG (nM), [gM (nM), and neutralising antibodies (%) against the Wuhan-Hu-1, B.1.617, and B.1.1.529
SARS-CoV-2 spike proteins were determined before vaccination (TO) and 14 days (T2) and 6 months (T3) after the second-
dose vaccination. Patients fulfilling inclusion criteria at T2 (n = 212) were stratified into ‘low’ or ‘high’ responders accord-
ing to IgG levels. Infection rates and severity were collected throughout the study.

Results: Wuhan-Hu-1 IgG, IgM, and neutralisation levels significantly increased from TO to T2 in patients vaccinated with
BNT162b2 (70.3%), mRNA-1273 (18.9%), or ChAdOx1 (10.8%). In multivariate analysis, age, cirrhosis, and type of vaccine
(ChAdOx1 > BNT162b2 > mRNA-1273) predicted ‘low’ humoral response, whereas viral hepatitis and antiviral therapy pre-
dicted ‘high’ humoral response. Compared with Wuhan-Hu-1, B.1.617 and, further, B.1.1.529 IgG levels were significantly lower
at both T2 and T3. Compared with healthy individuals, patients with CLD presented with lower B.1.1.529 IgGs at T2 with no
additional key differences. No major clinical or immune IgG parameters associated with SARS-CoV-2 infection rates or vaccine
efficacy.

Conclusions: Patients with CLD and cirrhosis exhibit lower immune responses to COVID-19 vaccination, irrespective of
disease aetiology. The type of vaccine leads to different antibody responses that appear not to associate with distinct efficacy,
although this needs validation in larger cohorts with a more balanced representation of all vaccines.

Impact and Implications: In patients with CLD vaccinated with two-dose vaccines, age, cirrhosis, and type of vaccine
(Vaxzevria > Pfizer BioNTech > Moderna) predict a ‘lower’ humoral response, whereas viral hepatitis aetiology and prior
antiviral therapy predict a ‘higher’ humoral response. This differential response appears not to associate with SARS-CoV-2
infection incidence or vaccine efficacy. However, compared with Wuhan-Hu-1, humoral immunity was lower for the Delta
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and Omicron variants, and all decreased after 6 months. As such, patients with CLD, particularly those older and with
cirrhosis, should be prioritised for receiving booster doses and/or recently approved adapted vaccines.

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

Introduction

Patients with chronic liver disease (CLD), particularly those with
cirrhosis, are at higher risk of developing more severe COVID-19
and display higher mortality rates than patients without CLD." As
such, both the EASL and the American Association for the Study
of Liver Diseases recommend that providers advocate for pri-
oritising patients with CLD for vaccination against COVID-19,
particularly those with cirrhosis or liver cancer.’”* Neverthe-
less, certain patients with advanced CLD develop cirrhosis-
associated immune dysfunction (CAID), a distinctive spectrum
of immune alterations associated with the course of end-stage
liver disease.” These have been suggested to explain some of
the complications of COVID-19 observed in patients with
cirrhosis, as well as potential impaired immunological responses
to SARS-CoV-2 vaccination.® Moderna/NIAID mRNA-1273 and
BioNTech-Pfizer BNT162b2 mRNA vaccines, as well as the
AstraZeneca/University of Oxford ChAdOx1 adenoviral vectored
vaccine, have each reported excellent safety profiles, have
marked efficacy in preventing symptomatic COVID-19 (62-95%),
and have all gained rapid regulatory approval.”~® Despite the
high number of study participants (~100,000), only a few pa-
tients with underlying liver disease were included in the trials
(0.6% for mRNA-1273, 0.6% for BNT162b2, and 1.6% for ChAdOx1),
and patients with immunosuppressive conditions were
excluded.”® As such, it is essential to examine the effect of
COVID-19 vaccines in patients with CLD. In this regard, recent
studies have demonstrated good safety and immunogenicity of
COVID-19 vaccination in patients with liver disease, although
responses appear to be attenuated in patients with cirrhosis.!?"”
However, some of these studies were either single centre, had a
small sample size, did not include controls, and/or did not
evaluate RNA vaccines. In particular, long-term (at least 6-
month) immune responses of patients receiving two-dose
mRNA vaccines, before receiving the third/boost dose, are
largely unknown. Similarly, very few studies have evaluated
correlations between serology responses to vaccines and COVID-
19 infection in patients with CLD.'®'° In this multicentric study,
we evaluated humoral responses to SARS-CoV-2 vaccination in a
large cohort of patients with CLD, at 2 weeks and 6 months after
second-dose vaccination. Results were compared with those of
heathy individuals. Predictors of low and high response to
vaccination were identified, and humoral immunity of patients
with CLD to SARS-CoV-2 variants was assessed. Finally, associa-
tion between COVID-19 infection rates and vaccine efficacy with
clinical and serological parameters in patients with CLD was
sought.

Patients and methods

Study population

We established a collaborative prospective registry of non-
pregnant adult patients (>18 years old) with CLD vaccinated
against COVID-19, at the pan-European level. The definition of
CLD was based on clinical, radiological, or histological evidence

of liver disease. Patients with previous liver transplantation were
excluded. Patients with CLD were extensively characterised at
enrolment (anthropometric, clinical, and biochemical data), as
reported in the Supplementary methods. Adults with no history
of liver disease (218 years) vaccinated for COVID-19 were
recruited in the Lisbon area. These were homogenously distrib-
uted between vaccine types regarding sex and age.

Registry and sample collection

Blood samples and clinical data were collected between February
2021 and February 2022. Data were stored in the HEPCOVIVac
Registry using a de-identified format in an electronic case report
form, using ‘Research Electronic Data Capture’ (REDCap™) hos-
ted at the National Center for Data Registries in Gastroenter-
ology, Sociedade Portuguesa de Gastroenterologia (https://www.
spg.pt), a non-profit scientific and medical society focused on
gastroenterology research.

The HEPCOVIVac Registry is an investigator-reported, pro-
spective, international, multicentre, and observational registry,
not interfering with the usual clinical routine and treatment of
patients. Case report forms included general information about
the patient (e.g. sex, age, and demographics), liver disease aeti-
ology and severity, comorbidities and risk factors, clinical pa-
rameters and therapy, and SARS-CoV-2 infection (symptoms,
date of onset and resolution of symptoms, history of PCR testing,
or other) and vaccination details (type of vaccine, date of
administration, adverse effects, or other).

The study protocol consisted of collecting blood samples and
clinical data from patients with CLD at different time points,
namely TO (baseline; before vaccination), T1 (2 weeks after first-
dose vaccination; optional time point), T2 (2 weeks after second-
dose vaccination or after a single dose vaccine - completed
vaccination), and T3 (6 months after the start of vaccination).
Case report forms were filled at each visit by clinicians. Venous
blood samples were collected by trained nurses using appro-
priate personal protective equipment at participating clinical
centres (for patients with CLD) or clinical analysis laboratories
(for healthy volunteers). Samples were immediately processed
for plasma collection and stored at -80 °C.

Before enrolment, all participants gave written informed
consent and a disclosure form according to the EU personal/pa-
tient data act.

The HEPCOViVac Registry study protocol and informed
consent were reviewed and approved by the Ethic Committee
of the Faculty of Pharmacy, Universidade de Lisboa (Code: 02/
2021) and the Lisbon Academic Medical Center (Code: 24/21),
as coordinating centres, before study implementation. In
addition, each participating centre obtained a local ethical
approval. The healthy controls study protocol and informed
consent were reviewed and approved by the Ethic Committee
of the Faculty of Pharmacy, Universidade de Lisboa (CovidVac
Project - immunological response of health professionals and
nursing homes residents vaccinated against COVID-19; Code:
03/2021).
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Table 1. Demographic and clinical characteristics of patients with CLD.
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ChAdOx1 mRNA-1273 (n = 40) BNT162b2 (n = 149) Total (n =212)  p value
nCoV-19 (n = 23)
General characteristics
Age 63.0 (57.0-71.0) 58.0 (53.0-62.5) 56.0 (50.0-64.0) 57.0 (52.0-64.0) <0.01
Male 14 (60.9) 26 (65.0) 80 (53.7) 120 (56.6) n.s.
Ethnicity
Caucasian 22 (95.7) 38 (95.0) 140 (94.0) 200 (94.3) n.s.
Asian 1(43) 0 (0.0) 3(2.0) 4(1.9)
African 0(0.0) 0 (0.0) 3(2.0) 3(14)
Other 0(0.0) 0 (0.0) 3(2.0) 3(14)
Not reported 0 (0.0) 2 (4.9) 0 (0.0) 2 (0.9)
Weight 81.0 (72.0-93.0) 81.0 (69.0-88.8) 75.0 (63.0-88.0) 75.0 (65.0-88.0) n.s.
Height 168.0 (164.0-175.0) 175.5 (165.0-179.0) 169.0 (163.3-175.0) 170.0 (164.0-176.0) n.s.
BMI (kg/m?) 28.4 (24.7-34.7) 26.4 (23.5-304) 25.5 (22.8-29.8) 26.0 (23.1-30.3) n.s.
Aetiology of liver disease
Viral hepatitis 7 (30.4) 13 (32.5) 76 (51.0) 98 (45.3) <0.05
Autoimmune and/or cholestatic liver disease 1(4.3) 6 (15.0) 20 (134) 27 (12.7) n.s.
Metabolic related fatty liver disease 16 (69.6) 23 (57 5) 58 (38.9) 97 (45.8) <0.01
Hereditary liver disease 0(0.0) 1(2.5) 4(2.7) 5(2.4) n.s.
Cryptogenic liver disease 0 (0.0) 0 (0.0) 1(0.7) 1(0.5) n.s.
Pharmacotherapy
Immunosuppressive treatment 3(13.0) 5 (12.5) 10 (6.7) 18 (8.5) n.s.
Antiviral therapy 1(4.3) 2 (5.0) 22 (14.8) 25 (11.8) n.s.
Metabolic therapy 10 (43.5) 10 (25.0) 50 (33.6) 70 (33.0) n.s.
Stage of liver disease
F3-F4 20 (87.0) 2 (80.0) 89 (59.7) 141 (66.5) <0.01
Liver cirrhosis 19 (82.6) 0 (75.0) 82 (55.0) 131 (61.8) <0.01
Hepatocellular carcinoma 2(8.7) 3 (7.5) 10 (6.7) 15 (7.1) n.s.
Comorbidities
Type 2 diabetes mellitus 9(39.1) 11 (27.5) 34 (22.8) 54 (25.5) n.s.
Arterial hypertension 6(26.1) 19 (47.5) 41 (27.5) 66 (31.1) <0.05
Obesity 9 (39.1) 7 (17.5) 26 (17.4) 42 (19.8) <0.05
Hypertriglyceridaemia 3(13.0) 2 (5.0) 9 (6.0) 14 (6.6) n.s.
Hypercholesterolaemia 4 (17.4) 4 (10.0) 26 (17.4) 34 (16.0) n.s.
Renal insufficiency 0 (0.0) 2 (5.0) 6 (4.0) 8 (3.8) n.s.
Asthma 2(8.7) 0 (0.0) 7 (4.7) 9 (4.2) n.s.
Heart/cardiovascular disease 2(8.7) 4 (10.0) 20 (13.4) 26 (12.3) n.s.
Smoking 1(43) 7 (17.5) 18 (12.1) 26 (12.3) n.s.
Other 5(21.7) 7 (17.5) 39 (26.2) 51 (24.1) n.s.

Data are displayed as median (IQR) for continuous variables and n (%) for categorical variables. The Kruskal-Wallis test and Pearson’s Chi-square (x2) test were used to compare
quantitative and qualitative variables, respectively, between the three vaccine developers. A value of p <0.05 was considered statistically significant. Viral hepatitis (hepatitis B
[17.9%], C [28.3%], D [1.9%], and/or E [0.9%]); autoimmune and/or cholestatic liver disease (primary sclerosing cholangitis [1.4%], primary biliary cholangitis [5.7%], and/or

autoimmune hepatitis [6.6%]); metabolic related fatty liver disease (non-alcoholic fatty liver disease [19.8%] and/or heavy alcohol consumption [28.8%]);
disease (Wilson disease [0.9%], haemochromatosis [0.9%] and polycystic liver disease [0.5%]);
[5.2%], tacrolimus [0.5%], mycophenolate mofetil [0.9%], azathioprine [4.7%], budesonide [0.5%], and/or other [1.4%]);

hereditary liver
cryptogenic liver disease (0.5%); immunosuppressive treatment (prednisone
antiviral therapy (tenofovir [5.2%], entecavir [5.2%],

interferon [0.5%], and/or other [0.5%]); metabolic therapy (ursodeoxycholic acid [8.5%], obeticholic acid [1.9%], fibrates [2.8%], metformin [13.2%], glucagon-like peptide-1
agonists [0.5%], insulin [7.6%], statins [9.9%], and/or other [8.5%]). CLD, chronic liver disease.

Measurement of antibodies

To test reactivity against SARS-CoV-2 antigens, the SARS-CoV-2
reference (Wuhan-Hu-1) spike S1 protein (AcroBiosystems), the
SARS-CoV-2 B.1.617 (Delta) spike RBD protein (Sino Biological),
or the SARS-CoV-2 B.1.1.529 (Omicron) spike RBD protein (Sino
Biological) were used with an ‘in-house’ ELISA, as described in
the Supplementary methods.

Surrogate neutralisation assay

For the detection of neutralising antibodies against SARS-CoV-2
RBD, AlphaLISA® technology was used, which allows detection
of SARS-CoV-2 binding antibodies on human plasma samples,
with the ability to block or inhibit the viral entry into cells
through cellular receptor angiotensin-converting enzyme 2. The
assay was performed as previously described,”® with minor
modifications, as indicated in the Supplementary methods.

Evaluation of infection data

At each time point/visit, patients were asked whether they had
been infected with COVID-19 (validated by PCR) and, if so,
whether they had any symptoms (i.e. abdominal pain, diarrhoea,
nausea, vomiting, fever, coughing, shortness of breath, fatigue,
and myalgia) and whether hospitalisation with/without oxygen
supply was needed. This information was recorded in the HEP-
COVIVac Registry on REDCap™. At each time point/visit, previ-
ous COVID-19 infection was confirmed or evaluated for all
patients by testing for the SARS-CoV-2 anti-nucleocapsid protein
antibody. Briefly, the SARS-CoV-2 nucleocapsid protein (Sino
Biologicals) was used in conjugation with a goat anti-human IgG
Fc horseradish peroxidase-conjugated antibody (Abcam) in an
ELISA. Patients who developed infection before T2 (n = 75) were
used to query for associations with demographic or clinical
characteristics, whereas patients who developed infection be-
tween T2 and T3 (n = 29) were used to measure vaccine efficacy.
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Fig. 1. Wuhan-Hu-1 antibody titres after SARS-CoV-2 vaccination in patients with CLD. (A) Violin plots representing IgG, IgM, and neutralisation levels before
(TO) and 2 weeks after (T2) the second vaccine dose (n = 212). (B) Correlation between IgM and neutralisation levels with IgG levels at T2. (C) IgG, IgM, and
neutralisation levels before (TO) and 2 weeks after the first (T1) and second (T2) vaccine doses (n = 44). Black horizontal lines indicate the median, and grey dotted
lines indicate the IQR. Pairwise comparisons were calculated using the Wilcoxon test for comparisons between two groups or the Friedman test followed by
Dunn'’s post hoc test for multiple comparisons. Association between two variables was assessed by Spearman’s correlation coefficient with Gaussian approxi-
mation. *p <0.05; **p <0.01; ***p <0.001; ****p <0.0001. CLD, chronic liver disease; NAb, neutralising antibodies.

Statistical analysis

Patients’ demographic and clinical characteristics were sum-
marised using descriptive statistics. Continuous data were
described as median and IQR, whereas categorical variables
were summarised as number of patients (n) and probability
percentage. The Shapiro-Wilk test was used to test contin-
uous variables for normal distribution. For comparisons be-
tween two groups, parametric or non-parametric data were
analysed using Student’s t test or the Mann-Whitney test,
respectively. For multiple comparisons, parametric or non-
parametric data were compared using ANOVA or Kruskal-
Wallis tests, respectively, followed by Bonferroni's or Dunn’s
post hoc test, respectively. Pairwise comparisons were calcu-
lated using the Wilcoxon test for comparisons between two

groups or the Friedman test followed by Dunn’s post hoc test
for multiple comparisons. Pearson’s Chi-square (?) test was
used to compare categorical variables between the three
vaccine developers. Association between two variables was
assessed by the Spearman’s correlation coefficient with
Gaussian approximation. The odds were estimated by bino-
mial logistic regression analysis based on likelihood ratios
carried out including a list of independent variables, defined
as p <0.25 in the univariate analysis. Statistical analyses were
performed with IBM SPSS Statistics version 23.0 (IBM Corp.,
Armonk, NY, USA) and GraphPad Prism version 8.0 for
Microsoft Windows (GraphPad Software, La Jolla, CA, USA).
All p values were obtained in two-tailed tests, and p <0.05
was considered statistically significant.

JHEP Reports 2023 vol. 5 | 100697 4



2,000 2,000-
—
0SS . -
S £1,500 & 2 1,500
S —_c
] < 0
£ ©1,000+ é 2% 1,000
& c L E
I N QR0 N G @
52 5004 £ 2 500
=38 ? = =38
0 | Lar) = o il
<50 265 No Yes
Smoking
2,000 2,000+
) 0
8, £1,500 © Z 1,500-
S —_c
] < o
£ §1,000+ 2 1,000-
o= L
® @ T @
S 2 500 S 2 5001
=38 =3
0- 0
2,000~ p=008 2,000- .
0SS 0
B £1,500- O £ 1,500-
S —_c
] < 0
£ ©1,000- 28 1,000
£g o=
T3 T @
52 5004 AN e £ 2 5004
8 ) G i
0 | .......... 0 """" I """"
A BandC F3-F4
Child-Pugh class Fibrosis

JHEP|Reports

2,000+ *x 2,000 ~ *
0SS )
9, 1,500 Q€ 1,500
—_c —_ c
b} hre)
£ ® 1,000 £ T 1,000
% g % ‘qc‘) ............
S 5001 —— 5S¢ 5004 S
=3 =38
(R I . 0 S ,
No Yes No Yes
Viral hepatitis Antiviral treatments
2,000 2,000 ~ ek
n < n s
%E 1,500 %\251,500-
—_c —_ c
o )
£ ® 1,000 £ © 1,000
£g 25
5S¢ 5004 S S ool o i
=8 =3 CHE
0 s T 0 T
No Yes Yes
Metabolic treatments Cirrhosis
2,000 L
*kkk
oS
%5 1,500
c
o
£ ® 1,000
55
S 2 500
=8
0

Fig. 2. Wuhan-Hu-1 IgG levels 2 weeks after the second SARS-CoV-2 vaccine dose (T2) in patients with CLD according to demographic and clinical
characteristics, and type of vaccine. Violin plots representing IgG levels. Black horizontal lines indicate the median, and grey dotted lines indicate the IQR. For
comparisons between two groups, parametric or non-parametric data was analysed using Student’s t test or the Mann-Whitney test, respectively. For multiple
comparisons, parametric or non-parametric data were compared using ANOVA or the Kruskal-Wallis test, respectively, followed by Bonferroni’s or Dunn’s post
hoc test. *p <0.05; **p <0.01; ***p <0.001; ***p <0.0001. CLD, chronic liver disease; MRFLD, metabolic-related fatty liver disease.

Results

Patients’ characteristics

A total of 489 participants were recruited, 132 healthy in-
dividuals and 357 patients with CLD. Among the patients with
CLD, 55 were excluded owing to lack of blood sample at T2. This
was mostly because patients dropped out of the study but also
because liver disease was not confirmed, patients underwent
liver transplantation, or they died. In addition, given the very low
number (n = 15) of patients with CLD vaccinated with vector-
based vaccine JNJ-78436735 (Janssen Pharmaceuticals, Johnson
& Johnson, New Brunswick, NJ, USA), which further presents a
unique administrating scheme compared with the other three
vaccines in the study, namely one vs. two dosages, these patients
were also excluded from the study. Patients with seropositivity
to the SARS-CoV-2 nucleocapsid protein at T2 (n = 75) were also
excluded from the short-term (2 weeks post vaccination) follow-
up study (Fig. S1).

A total of 212 patients with CLD were analysed at TO and T2.
Table 1 presents the demographical and clinical characteristics of
the study population. Their median age was 57 years (IQR 52-64
years), and 56.6% were male. The most prevalent underlying liver
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disease aetiologies were viral hepatitis (45.3%) and metabolic
related fatty liver disease (MRFLD; patients with non-alcoholic
fatty liver disease [NAFLD] and/or heavy alcohol consumption;
45.8%), followed by autoimmune and/or cholestatic liver disease
(12.7%). Most patients presented with advanced liver fibrosis
(F3-F4; 66.5%), and 61.8% presented with cirrhosis. The most
common comorbidities were arterial hypertension (31.1%), type 2
diabetes mellitus (25.5%), and obesity (19.8%). Of note, most
patients had multiple disease aetiologies and comorbidities.
Patients were vaccinated with two doses (T2) of ChAdOx1
(10.8%; Oxford-AstraZeneca; Cambridge, UK), mRNA-1273
(18.9%; Moderna, Cambridge, MA, USA), or BNT162b2 (70.3%;
BioN-Tech Manufacturing GmbH/Pfizer, Mainz, Germany). Most
variables showed no association with the type of vaccine, with
some notable exceptions, including age, viral hepatitis, MRFLD,
stage of liver disease, arterial hypertension, and obesity.

The control population included 132 individuals with a
negative anti-nucleocapsid IgG test. Median age was 45.5 years
(IR 37.0-57.3 years), and 28% were male (Table S1). Healthy
controls were vaccinated with two doses (T2) of ChAdOx1 (9.1%),
mRNA-1273 (7.6%), or BNT162b2 (83.3%). Patients with CLD were
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Fig. 3. Wuhan-Hu-1 IgG, IgM, and neutralisation levels, and B.1.617 (Delta) and B.1.1.529 (Omicron) IgG titres in vaccinated patients with CLD and healthy
volunteers at T2 and T3. (A) Violin plots representing IgG levels at T2. Patients with IgG antibody titres above or below 418.95 nM (median; red horizontal line)
were defined as a high or low responders, respectively(B) Violin plots representing IgM and neutralisation levels in high and low responders. (C) Violin plots

representing Wuhan-Hu-1, B.1.617, and B.1.1.529 IgG titres in patients with CLD

at T2 and T3 (left), and B.1.617 and B.1.1.529 IgG levels in high and low responders

(right). (D) Wuhan-Hu-1, B.1.617, and B.1.1.529 IgG titres in healthy controls and patients with CLD at T2 and T3. Black horizontal lines indicate the median, and
grey dotted lines indicate the IQR. Pairwise comparisons between different variants or different time points were calculated using the Wilcoxon test for com-
parisons between two groups or Friedman test followed by Dunn’s post hoc test for multiple comparisons. For comparisons between two independent groups,
parametric or non-parametric data were analysed using Student’s t test or the Mann-Whitney test, respectively. ***p <0.001; ****p <0.0001. CLD, chronic liver

disease; NAD, neutralising antibodies.

more frequently male (56.6 vs. 28%) and older (median, 57 vs.
45.5 years) compared with controls.

Patients with more severe CLD display lower humoral
immunity to COVID-19 vaccines

Most patients with CLD (96.2%) responded to COVID-19 vacci-
nation. At TO, Wuhan-Hu-1 IgG, IgM, and % of neutralisation
were 0.2 nM (IQR 0.0-0.9 nM), 0.3 nM (IQR 0.1-0.5 nM) and 14.8
(IQR  8.4-21.1), respectively, increasing to 419 nM
(188.1-650.0 nM; p <0.0001), 1.4 nM (0.8-2.8 nM; p <0.0001),
and 60 (40.3-76.9; p <0.0001) at T2, respectively (Fig. 1A and
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Table S1). In addition, IgM and neutralisation levels showed a
high positive correlation with Wuhan-Hu-1 IgG levels (Fig. 1B).
In a subset of patients (n = 44), data for T1 (plasma collected 15
days [median; Q1-Q3, 14-15] after first-dose vaccination) was
available (Fig. 1C). IgG, IgM, and neutralisation levels increased
by 135-; 3.4-, and 1.5-fold from TO to T1, respectively, with the
biggest increase being observed from TO to T2 (1,208-; 7.1-, and
2.4-fold, respectively). At T2, IgG levels were significantly higher
in patients younger than 50 years, compared with 50- to 64-
year-old patients (p <0.001) and in those older than 65 years (p
<0.01; Fig. 2). IgG levels were also higher in patients with viral
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Table 2. Variables associated with antibody response to COVID-19 vaccination in patients with CLD 2 weeks after the second SARS-CoV-2 vaccine dose (T2).

Low responders”

High responders*

Univariate analysis

Multivariate analysis

(n = 106) (n = 106) OR (95% CI) p value OR (95% CI) p value
Age 59.0 (53.8-65.3) 56.0 (47.0 -62.3) 0.95 (0.92-0.98) <0.0001 0.97 (0.93-0.99) 0.042
Sex
Male 61 (57.5) 59 (55.7) 1 (Ref.) -
Female 45 (42.5) 47 (44.3) 1.08 (0.63-1.86) 0.782
BMI (kg/m?) 27.0 (24.2-30.7) 249 (22.5-294) 0.95 (0.90-1.01) 0.075
Aetiology of liver disease,
yes (vs. no)
Viral hepatitis 37 (34.9) 59 (55.7) 2.34 (1.35-4.07) 0.003 2.15 (1.04-4.45) 0.039
Autoimmune and/or 15 (14.2) 12 (11.3) 0.77 (0.34-1.74) 0.537
cholestatic liver disease
Metabolic related fatty 60 (56.6) 37 (34.9) 0.41 (0.24-0.72) 0.002
liver disease
Hereditary liver disease 1(0.9) 4 (3.8) 412 (0.45-37.47) 0.209
Cryptogenic liver disease 1(0.9) 0(0.0) — —
Immunosuppressive  treat- 10 (9.4) 8 (7.5) 0.78 (0.30-2.07) 0.623
ment, yes (vs. no)
Antiviral therapy, 5(4.7) 20 (18.9) 4.70 (1.69-13.05) 0.003 2.77 (0.83-9.26) 0.098
yes (vs. no)
Metabolic therapy, 44 (41.5) 26 (24.5) 0.46 (0.26-0.82) 0.009
yes (vs. no)
Stage of liver disease, yes (vs. no)
FO-F2 21 (19.8) 50 (47.2) 1 (Ref.) <0.0001
F3-F4 85 (80.2) 56 (52.8) 0.28 (0.15-0.51)
Liver cirrhosis 81 (76.4) 50 (47.2) 0.28 (0.15-0.50) <0.0001 0.33 (0.16-0.68) 0.003
Child-Pugh score class, 55 (67.9) 38 (76.0) 1.50 (0.67-3.33) 0.322
A(vs.B+C)
Hepatocellular carcinoma 11 (10.4) 4(3.8) 0.34 (0.11-1.11) 0.072
Comorbidities, yes (vs. no)
Type 2 diabetes mellitus 30 (28.3) 24 (22.6) 0.74 (0.40-1.38) 0.345
Arterial hypertension 34 (32.1) 32 (30.2) 0.92 (0.51-1.64) 0.77
Obesity 21 (19.8) 21 (19.8) 1.0 (0.51-1.97) 1.0
Hypertriglyceridaemia 8 (7.5) 6(5.7) 0.74 (0.25-2.20) 0.58
Hypercholesterolaemia 22 (20.8) 12 (11.3) 0.49 (0.23-1.05) 0.065
Renal Insufficiency 5(4.7) 3(2.8) 0.59 (0.14-2.53) 0.476
Asthma 3(2.8) 6(5.7) 2.06 (0.50-8.46) 0.316
Heart/cardiovascular 10 (9.4) 16 (15.1) 1.71 (0.74-3.96) 0.213
disease
Smoking 9 (8.5) 17 (16.0) 2.06 (0.87-4.85) 0.099
Other 30 (28.3) 21 (19.8) 0.63 (0.33-1.18) 0.15
Vaccine type (vs. mRNA-1273)
mRNA-1273 13 (12.3) 27 (25.5) 1 (Ref))
ChAdOx1 nCoV-19 21 (19.8) 2(1.9) 0.05 (0.01-0.24) <0.0001 0.04 (0.01-0.23) <0.0001
BNT162b2 72 (67.9) 77 (72.6) 0.52 (0.24-1.06) 0.077 0.26 (0.11-0.59) 0.001

Data are displayed as median (IQR) for continuous variables and n (%) for discontinuous variables. Data from the logistic regression model presented with OR, 95% CI, and p
values. Covariates with p <0.25 in the univariate analysis (n = 14) were entered in a multivariate logistic analysis model (method stepwise rewards). CLD, chronic liver disease;

OR, odds ratio; Ref., reference.

* Patients with IgG antibody titres above or below 418.95 nM (median) were defined as a high or low responders, respectively.

hepatitis and in those receiving antiviral treatments (p <0.01 and
p <0.05, respectively). Inversely, Wuhan-Hu-1 IgG Ilevels
decreased in patients with cancer (p <0.05), patients with MRFLD
(p <0.01), and those receiving metabolic treatments (p <0.05). In
terms of liver disease severity, humoral response was lower in
patients with CLD with cirrhosis and fibrosis (p <0.0001 for
both). A more elevated humoral response was observed for pa-
tients with CLD vaccinated with the mRNA-1273 vaccine, fol-
lowed by the BNT162b2 vaccine and, finally, the ChAdOx1
vaccine (Fig. 2).

In healthy participants, T2 IgG, IgM, and neutralisation levels
were 409.6 nM (254.3-576.3 nM), 1.0 nM (0.3-2.2 nM), and 57.6%
(43.8-75.1%), respectively (Table S1). Notably, Wuhan-Hu-1 IgG
and neutralisation levels were not significantly different be-
tween healthy individuals and patients with CLD, with IgM levels

being more elevated in patients with CLD (p <0.05; Fig. S2).
Stratifying patients with CLD by disease aetiology or severity had
no impact on these results, yet patients with cirrhosis or
advanced liver fibrosis (F3-F4) displayed lower IgG levels
compared with healthy controls (not statistically significant; data
not shown).

Liver cirrhosis is a predictor of lower immune response to
COVID-19 vaccines in patients with CLD

To identify independent variables that associated with differential
antibody response, patients were divided into low or high re-
sponders according to their IgG antibodies at T2, using 418.95 nM
(median) as the cut-off value (Fig. 3A). As somewhat expected,
Wuhan-Hu-1 IgG high responders also presented with increased
IgM and neutralisation levels, compared with low responders (p
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Table 3. Antibody response to COVID-19 vaccination in age- and sex-matched healthy volunteers and patients with CLD 2 weeks after the second SARS-

CoV-2 vaccine dose (T2).

Antibody titre in healthy volunteers = ChAdOx1 nCoV-19 (n = 9) mRNA-1273 (n = 6) BNT162b2 (n = 68) Total (N =83) p value
IgG Wuhan-Hu-1 (nM) 113.4 (54.1-349.5) 709.6 (545.2-851.5)  409.6 (244.2-535.1) 409.2 (237.1-557.5) <0.001
IgG B.1.617 (nM) 77.9 (35.8-285.0) 408.3 (223.1-485.9) 269.4 (137.8-375.2) 269.8 (135.6-381.2) n.s.
IgG B.1.1.529 (nM) 89.3 (20.4-194.6) 298.5 (107.3-473.3) 125.5 (80.1-213.9) 126.1 (78.8-219.8) n.s.
IgM (nM) 0.4 (0.2-1.6) 11.3 (3.5-17.6) 0.9 (0.3-1.9) 0.9 (0.3-2.1) <0.01
% neutralisation 39.3 (31.6-50.4) 83.5 (63.2-91.9) 58.7 (46.7-74.2) 57.0 (45.1-74.2) <0.001
Antibody titre in patients with CLD ChAdOx1 nCoV-19 (n = 6) mRNA-1273 (n = 16) BNT162b2 (n = 61) Total (N = 83) p value
IgG Wuhan-Hu-1 (nM) 31.9 (17.7-56.7)*  496.2 (312.0-1,104.310) 534.0 (299.2-707.1)*  494.2 (231.4-713.0) <0.01
IgG B.1.617 (nM) 20.9 (3.9-43.7)* 352.8 (195.7-785.7) 300.2 (179.2-507.2) 296.0 (136.1-524.0) <0.01
IgG B.1.1.529 (nM) 3.9 (1.2-6.7) 158.6 (85.1-358.8) 143.0 (67.0-231.6) 132.3 (56.3-238.3) <0.001
IgM (nM) 0.7 (0.5-2.2) 3.7 (1.6-8.5) 1.5 (0.9-3.1)" 1.6 (0.9-3.7) <0.01
% neutralisation 47.3 (41.3-67.3) 50.8 (27.5-94.8) 65.6 (50.7-81.6) 63.1 (43.7-81.5) n.s.

Data are displayed as median (IQR). The Kruskal-Wallis test was used to compare the variables between the three vaccine developers, and the Mann-Whitney test to compare
between healthy volunteers and patients with CLD. A value of p <0.05 was considered statistically significant. CLD, chronic liver disease.

*p <0.05.
p <0.01 comparing with healthy volunteers.

<0.0001 for both; Fig. 3B). In univariate analysis (Table 2), viral
hepatitis (odds ratio [OR] 2.34, 95% CI 1.35-4.07) and antiviral
therapy (OR 4.70, 95% CI 1.69-13.05) predicted ‘high’ response,
whereas older age (OR 0.95, 95% CI 0.92-0.98), MRFLD (OR 0.41,

95%C10.24-0.72), and metabolic drugs (OR 0.46, 95% C10.26-0.82)
predicted ‘low’ response. In terms of liver disease severity, the
presence of F3-F4 fibrosis (OR 0.28, 95% CI 0.15-0.51) or cirrhosis
(OR 0.28, 95% C1 0.15-0.50) associated with a lower IgG response.
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Fig. 4. T3 Wuhan-Hu-1 IgG levels 6 months after the start of vaccination (T3) in patients with CLD according to demographic and clinical characteristics,
and type of vaccine. Violin plots representing IgG levels. Black horizontal lines indicate the median, and grey dotted lines indicate the IQR. For comparisons
between two groups, parametric or non-parametric data were analysed using Student’s ¢ test or the Mann-Whitney test, respectively. For multiple comparisons,
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Table 4. Demographic, clinical, and serological characteristics of patients with CLD infected and noninfected with COVID-19 between two-dose vacci-

nation (T2) and 6 months (T3).

Noninfected patients (n = 135) SARS-CoV-2 infection (n = 29) p value

General characteristics

Age 57.0 (52.0-64.0) 58.0 (54.0-65.0) n.s.

Male 75 (55.6) 18 (62.1) n.s.

Ethnicity

Caucasian 127 (94.1) 27 (93.1) n.s.

Asian 4(3.0) 0 (0.0)

African 1(0.7) 1(34)

Other 2 (1.5) 0 (0.0)

Not reported 1(0.7) 1(3.4)

Weight 75.0 (64.0-86.0) 82.7 (70.5-95.4) <0.05

Height 168.0 (162.0-175.0) 174.0 (168.5-180.5) <0.01

BMI (kg/m?) 25.5(23.1-29.8) 273 (24.7-32.2) n.s.
Aetiology of liver disease

Viral hepatitis 64 (47.4) 14 (48.3) n.s.

Autoimmune and/or cholestatic liver disease 19 (14.1) 2(6.9) n.s.

Metabolic related fatty liver disease 57 (42.2) 15 (51.7) n.s.

Hereditary liver disease 4(3.0) 1(34) n.s.

Cryptogenic liver disease 1(0.7) 0 (0.0) n.s.
Pharmacotherapy

Immunosuppressive treatment 10 (7.4) 1(34) n.s.

Antiviral therapy 16 (11.9) 4 (13.8) n.s.

Metabolic therapy 45 (33.3) 13 (44.8) n.s.
Stage of liver disease

F3-F4 90 (66.7) 23 (79.3) n.s.

Cirrhosis 87 (64.4) 20 (69.0) n.s.

Hepatocellular carcinoma 7 (5.2) 4 (13.8) n.s.
Comorbidities

Type 2 diabetes mellitus 32 (23.7) 9 (31.0) n.s.

Arterial hypertension 43 (31.9) 10 (34.5) n.s.

Obesity 28 (20.7) 7 (24.1) n.s.

Hypertriglyceridaemia 9 (6.7) 2 (6.9) n.s.

Hypercholesterolaemia 25 (18.5) 6 (20.7) n.s.

Renal insufficiency 1(0.7) 2 (6.9) <0.05

Asthma 4 (3.0) 2 (6.9) n.s.

Heart/cardiovascular disease 16 (11.9) 4 (13.3) n.s.

Smoking 13 (9.6) 3(10.3) n.s.

Other 28 (20.7) 10 (34.5) n.s.
Vaccine type

mRNA-1273 25 (18.5) 8 (27.6) ns.

ChAdOx1 nCoV-19 18 (13.3) 0(0.0)

BNT162b2 92 (68.1) 21 (72.4)
Response to vaccine at T2

Low response 65 (48.1) 17 (58.6) n.s.

Negative serologic response 7 (5.2) 0(0.0) n.s.
Antibody titre at T2

IgG Wuhan-Hu-1 (nM) 390.1 (127.0-649.1) 408.0 (267.5-643.5) n.s.

IgG B.1.617 (nM) 241.9 (76.8-390.6) 286.7 (188.7-428.2) n.s.

1gG B.1.1.529 (nM) 103.1 (38.3-188.6) 94.4 (60.3-204.5) n.s.

Data are displayed as median (IQR) for continuous variables and n (%) for categorical variables. The Mann-Whitney test and Fishers’ exact test were used to compare
quantitative and qualitative variables, respectively. A value of p <0.05 was considered statistically significant. Viral hepatitis (hepatitis B [17%], C [31.9%], and/or E [0.7%]);
autoimmune and/or cholestatic liver disease (primary sclerosing cholangitis [1.5%], primary biliary cholangitis [6.7%], and/or autoimmune hepatitis [6.7%]); metabolic related
fatty liver disease (non-alcoholic fatty liver disease [20.7%] and/or heavy alcohol consumption [25.2%]); hereditary liver disease (Wilson disease [1.5%], haemochromatosis
[0.7%], and polycystic liver disease [0.7%]); cryptogenic liver disease (0.7%); immunosuppressive treatment (prednisone [5.2%], mycophenolate mofetil [1.5%], azathioprine
[3.7%], and/or other [1.5%]); antiviral therapy (tenofovir [4.4%], entecavir [5.2%], interferon [0.7%], and/or other [0.7%]); metabolic therapy (ursodeoxycholic acid [10.4%],
obeticholic acid [2.2%], fibrates [3%], metformin [11.9%], GLP-1 agonists [0.7%], insulin [8.9%], statins [11.1%], and/or other [8.2%]). CLD, chronic liver disease.

Nonetheless, no statistical differences were found when strati-
fying patients with cirrhosis into Child-Pugh B + C vs. A.

Curiously, among all ChAdOx1-vaccinated patients, only 8.6%
were high responders, with this number increasing to 51.7% and
67.5% for the BNT162b2 and mRNA-1273 vaccines, respectively.
In multivariable model, age, cirrhosis, and type of vaccine
(ChAdOx1 > BNT162b2 > mRNA-1273) were the only indepen-
dent predictors of ‘low’ response, whereas viral hepatitis and
antiviral therapy continued as independent predictors of ‘high’
response.

Vaccinated patients with CLD display low humoral immunity
against SARS-CoV-2 variants with antibodies waning at 6
months

We next evaluated the humoral immunity of patients with CLD
to the B.1.617 (Delta) and B.1.1.529 (Omicron) variants, prevalent
variants of concern at the time of the study, at 2 weeks (T2) and 6
months (T3) post vaccination. During this period, 48 patients and
30 healthy volunteers dropped out from the study, whereas 29
patients and 18 healthy controls tested positive for COVID-19 and
presented with anti-nucleocapsid IgGs. As such, a total of 84
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healthy individuals and 135 patients with CLD were included in
the long-term follow-up study (Fig. S1).

Compared with T2 IgG levels against Wuhan-Hu-1, T2 IgG
levels against the B.1.617 variant were lower (p <0.0001) and
further decreased for the B.1.1.529 variant (p <0.0001; Fig. 3C,
left). This differential pattern was maintained after 6 months
(T3), but with significantly lower antibody titres for all variants
(p <0.0001; Fig. 3C, left). In both time points, Wuhan-Hu-1 IgG
high responders also displayed increased levels of B.1.617 and
B.1.1.529 IgG antibodies, compared with low responders (p
<0.0001; Fig. 3C, right).

At both T2 and T3, humoral immune responses between
healthy individuals and patients with CLD were comparable,
except for patients with CLD presenting with lower B.1.1.529 IgG
levels at T2 (p <0.01; Fig. 3D). Nevertheless, when data stratified
by vaccine type were analysed, patients with CLD administered
the ChAdOx1 nCoV-19 vaccine exhibited lower B.1.617 (p <0.05)
and B.1.1.529 (p <0.01) IgG antibodies at T2 compared with
healthy participants, followed by those administered the mRNA-
1273 vaccine and, finally, the BNT162b2 vaccine (Table S2). At 6
months, patients with CLD presented with overall lower IgG
levels across all vaccine types, compared with healthy volunteers
(Table S2).

As described in the literature’’ and in accordance with our
data, sex and age are important confounders of the immune
response to COVID-19 vaccination. We evaluated differences in
antibody response between healthy volunteers and patients with
CLD, adjusting by age and sex (independent variables), but failed
to find any statistical differences (data not shown). As such, we
next performed a match case-control sub-study (Table 3).
Matching tolerance was 3 for age and 0 for sex; median age was
50 years (IQR 43-62 years) for healthy volunteers and 51 years
(IQR 44-63 years) for patients with CLD. Both groups included
37.3% males. Patients vaccinated with ChAdOx1 nCoV-19
continued to exhibit lower Wuhan-Hu-1, B.1.617, and B.1.1.529
IgG levels, compared with healthy individuals, whereas patients
vaccinated with BNT162b2 appeared to have a slightly increased
humoral immune response. Notwithstanding, no statistical dif-
ferences were found when considering the entire cohorts.

Compared with findings at T2, fewer demographic and clin-
ical characteristics of patients with CLD associated with IgG
levels at T3, including viral hepatitis and antiviral treatments
(Fig. 4). Nevertheless, older patients continued to exhibit lower
IgG levels, with more severe patients with CLD (presence of
fibrosis or cirrhosis, as well as Child-Pugh B + C vs. A) displaying
a tendency towards lower IgG levels. Differential IgG expression
to the distinct mRNA vaccines was also maintained (Fig. 4).

SARS-CoV-2 infection and vaccine efficacy do not associate
with major clinical and serological parameters in patients
with CLD

We next compared patients who developed COVID-19 between
T2 and T3 (n = 29), to investigate whether vaccine efficacy was
associated with any variable under study (Table 4). All patients
were asymptomatic or presented with mild symptoms. Inter-
estingly, vaccine efficacy appeared to be slightly lower in patients
with higher weight and height. No correlation was found be-
tween the type of vaccine and SARS-CoV-2 infection rates.
Similarly, no association was found between IgG titres in T2 and
vaccine efficacy. In fact, Wuhan-Hu-1, B.1.617, and B.1.1.529 IgG
levels were very similar between SARS-CoV-2-infected and
noninfected patients (Table 4). We next investigated whether
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SARS-CoV-2 infection could potentially associate with de-
mographic or clinical characteristics of patients with CLD. For
this, we compared patients who presented with anti-
nucleocapsid-IgG before T2 (n = 75) and compared them with
noninfected patients with CLD. COVID-19-infected patients pre-
sented with unnoticeable to mild symptoms, including fever
(75.0%), fatigue (43.8%), coughing (31.3%), myalgia (25.0%),
headache (18.8%), sore throat (18.8%), shortness of breath
(12.5%), abdominal pain (6.3%), diarrhoea (6.3%), and vomiting
(6.3%). Only one patient needed hospitalisation for oxygen
administration. Results showed no significant associations be-
tween clinical variables and COVID-19 infection rates (Table S3)
or infection severity. As somewhat expected, patients with CLD
who had been previously infected with COVID-19 exhibited
higher Wuhan-Hu-1, B.1.617, and B.1.1.529 IgG levels than did
noninfected patients at both T2 and T3 (Fig. S3).

Discussion

In this study, patients with CLD displayed increased Wuhan-Hu-
1 IgG, IgM, and neutralisation levels at 2 weeks after first-dose
vaccination (T1) and further increased levels at 2 weeks after
the second-dose vaccination (T2). Viral hepatitis and antiviral
therapy were independent predictors of ‘high’ humoral immune
response to COVID-19 vaccination. In line with this evidence, a
recent study found that at 1, 2, and 3 months after two doses of
SARS-CoV-2 inactivated vaccine, IgG seropositivity rates were
similar between patients with chronic hepatitis B (CHB) and
healthy controls and that IgG titres at 3 months were higher in
patients with CHB (in particular, patients with HBeAg+ CHB).?>
Nonetheless, it is still unclear why patients with viral hepatitis
present with a higher humoral response to COVID-19 vaccines.
We further found that IgG levels were decreased in patients with
MREFLD, receiving metabolic treatments, or with cancer. Patients
with cancer have indeed been described to exhibit suboptimal
responses to COVID-19 vaccines, which are highly influenced by
the cancer treatments,?> although specific studies on liver cancer
are lacking. In parallel, different reports have highlighted NAFLD
as an independent risk factor for severe COVID-19,>*%° yet pa-
tients with NAFLD were recently shown to develop a positive
response to COVID-19 vaccination.'? Our current results suggest
that this response might be lower when compared with patients
with CLD from different aetiologies. Nevertheless, it should be
noted that both MRFLD and metabolic-targeted treatments pre-
dicted ‘low’ response in univariate analysis but not in multivar-
iate analysis, and cancer did not associate with humoral immune
responses in any of the analyses.

In terms of liver disease severity, the presence of F3-F4
fibrosis (univariate analysis) or cirrhosis (univariate and multi-
variate analysis) associated with a low response to COVID-19
vaccination. Other studies have similarly suggested that
cirrhosis leads to impaired or suboptimal responses in patients
with CLD.">'>-17 This is a noteworthy finding, which might relate
with some level of CAID being present in these patients. In fact,
immunodeficiency is a dynamic feature of CAID, resulting from
structural distortion of the liver parenchyma and functional
impairment of circulating innate and adaptive immune cells, as a
result of cirrhosis-associated systemic alterations.”

First-generation COVID-19 vaccines offer short-lived protec-
tion against current Omicron strains, although this is partially
mitigated after a third/boost vaccine shot.'”?® Consistent with
these findings, our results showed that IgG levels against the
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B.1.617 variant and, further, the B.1.1.529 variant were lower at
both 2 weeks and 6 months post second-dose vaccination in pa-
tients with CLD, compared with Wuhan-Hu-1 IgG antibodies. Of
note, patients with CLD presented lower B.1.1.529 IgG levels at T2,
compared with healthy individuals, with most still presenting
with very low B.1.1.529 IgG at 6 months, suggesting that liver
disease may particularly affect vaccine efficacy against latest
COVID-19 variants.?” This is particularly relevant, as it highlights
the need for patients with CLD to receive booster shots'’ or be
prioritised for recently approved adapted vaccines (https://www.
ema.europa.eu/en/human-regulatory/overview/public-health-
threats/coronavirus-disease-covid-19/treatments-vaccines/
vaccines-covid-19/covid-19-vaccines-authorised#adapted-
covid-19-vaccines-section), toincrease the chances of protection
against severe or even fatal disease. In fact, recently emerged
Omicron variants, particularly BA.4 and BA.5, exhibit high degrees
of immune escape, including from originally developed vac-
cines.”®Y Because our results show that patients with CLD may
have suboptimal responses to Omicron variants, compared with
healthy individuals, studies on the efficacy of adapted vaccines in
this vulnerable population are eagerly awaited.

Our study failed to find major associations between clinical
parameters of patients with CLD and COVID-19 infection rate at
T2, as well as vaccine efficacy at T3, with the notable exception
that vaccine efficacy appeared to be slightly lower in patients
with higher weight and height, suggesting that vaccine dosages
might need adjustment according to body size or volume/area,
two main factors influencing pharmacokinetics. It is worth
noting that our results suggested that patients with CLD exhibit a
higher immunological response to mRNA vaccines than to ChA-
dOx1 at both 2 weeks and 6 months after two-dose vaccination.
Between the two mRNA vaccines, mRNA-1273 induced increased
production of IgGs, compared with BNT162b2. Similar results
have been found in liver transplant recipients®! and in the gen-
eral population®? and appear to relate with dosage - with the
mRNA-1273 vaccine series being two 100-pg doses and the
BNT162b2 vaccine series two 30-ug doses.>® Nevertheless, pa-
tients infected with COVID-19 from 2 weeks to 6 months after
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vaccination were not associated with any vaccine type or with
different levels of IgGs at 2 weeks, suggesting that the distinct
levels of humoral immunity observed could have little impact on
vaccine efficacy. Follow-up studies will be key to assess levels of
protection - and duration - by distinct vaccine platforms and
distinct levels of humoral immunity.

Lastly, we should highlight some limitations of our study,
such as the lack of measurements for recent Omicron strains.
Our results also suggested that overall humoral responses of
patients with CLD were not much different from those of
healthy volunteers. However, these results should be inter-
preted with caution, given the relatively low number of par-
ticipants in each vaccine subgroup and the fact that several
clinical variables associated with the type of vaccine. In addi-
tion, many other factors might influence the overall immune
response, including the functional profile of the IgGs and
cellular immunity, which were not analysed here. Indeed, pa-
tients with cirrhosis were recently shown to exhibit impaired
SARS-CoV-2-specific T-cell reactivity after vaccination,
compared with healthy controls,'”> with a booster dose being
able to induce B-cell responses similar to those of controls.'®
Given our current results, future studies should additionally
take into consideration how viral hepatitis and MRFLD, as well
as viral hepatitis treatment, affect vaccine efficacy, so that
successful measures to improve immunogenicity to COVID-19
vaccines may be taken.

In summary, this was a multicentric study, with a relative
high number of well-characterised patients with CLD, with a
follow-up of 6 months (before the third dose/boost vaccine being
administered). In terms of safety, no major adverse effects of
vaccination were reported in our cohort of patients. As for effi-
cacy, it does appear to be compromised in more severe patients
with CLD, which as such constitute a priority disease group for
both overall vaccination against COVID-19 and receiving a third
dose. The impact of liver disease severity on vaccine efficacy
should be convened to patients, so that they can have awareness
of their increased risk and continue to take personal protective
measures.
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