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Abstract
Background and Aim: We aimed to investigate the effect of metabolic
dysfunction-associated steatotic liver disease (MASLD) on three-dose BNT162b2 immu-
nogenicity to the omicron variant.
Methods: Adult recipients of three doses of BNT162b2 were prospectively recruited be-
tween May and December 2021. The serology of the neutralizing antibody by live virus
microneutralization (vMN) to the omicron variant was measured at baseline, day 180,
and day 360 after the first dose. The primary outcome was seroconversion (vMN
titer ≥ 10) at day 360. Exposure of interest was MASLD, defined as hepatic steatosis (con-
trolled attenuation parameter ≥ 248 dB/m on transient elastography) plus at least one of five
cardiometabolic risk factors. Subjects with prior COVID-19 were excluded. A multivari-
able logistic regression model was used to derive the adjusted odds ratio of seroconversion
with MASLD by adjusting for age, sex, antibiotic use, and proton pump inhibitor use.
Results: One hundred forty-eight BNT162b2 recipients (male: 48 [32.4%]; median age:
51.0 years [interquartile range, IQR: 44.5–57.3]) were recruited. The median time from
the first dose to the third dose was 8.5 months (IQR: 7.9–8.9). MASLD subjects had a
lower seroconversion rate than non-MASLD ones (89.6% vs 99.0%; P = 0.007). MASLD
was the only independent risk factor for seroconversion (adjusted odds ratio: 0.051, 95%
confidence interval: 0.002–0.440). Subgroup analysis of immunogenicity at 4 months after
the third dose shows significantly lower vMN titer (13.06 [IQR: 7.69–22.20] vs 33.49
[IQR: 24.05–46.53]; P = 0.004) and seroconversion rate (76.9% vs 97.4%; P = 0.016) in
MASLD than non-MASLD subjects, but not within 4 months from the third dose (vMN
titer: 46.87 [IQR: 33.12–66.02] vs 41.86 [IQR: 34.47–50.91], P = 0.240; seroconversion
rate: 94.3% vs 100%, P = 0.131).
Conclusion: Metabolic dysfunction-associated steatotic liver disease was a risk factor for
poorer immunogenicity to the omicron variant, with a more pronounced waning effect
compared among three-dose BNT162b2 recipients.
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Introduction
The ongoing coronavirus disease 2019 (COVID-19), which is
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has emerged as a seasonal illness. COVID-19
has affected more than 700 million people and caused nearly 7
million deaths worldwide as of October 2023. Apart from mea-
sures such as social distancing, quarantine, and isolation, vaccina-
tion is crucial in preventing infection, severe symptoms, and
death.1 Seasonal booster vaccines are recommended as an
effective2 and safe3 preventive measure, with more than 13 billion
vaccine doses having been administered so far.4

Non-alcoholic fatty liver disease (NAFLD) has a global preva-
lence of 32%.5 As NAFLD is a multisystemic condition that pre-
sents with a wide spectrum of extrahepatic manifestations, such
as obesity, diabetes mellitus, and cardiovascular diseases, the term
metabolic dysfunction-associated steatotic liver disease (MASLD)
has recently been introduced to redefine this disease spectrum.6

It has been shown that a lower proportion of patients with
moderate-to-severe hepatic steatosis achieved a highest-tier hu-
moral response to wild-type SARS-CoV-2 for both BNT162b2
and CoronaVac vaccines at day 56 of the first-dose vaccine.7 In
Hong Kong, both mRNA and inactivated vaccines are available,
with BNT162b2 being more commonly used. Neutralizing anti-
body levels are a surrogate marker of vaccine effectiveness8 and
are predictive of protection from symptomatic COVID-19
infection.9,10 Our previous study found that patients with hepatic
steatosis receiving two doses of BNT162b2 had good immunoge-
nicity to SARS-CoV-2 wild type and delta variant but not omicron
variant.11 However, the study only analyzed the effect of two
doses of vaccine 6 months after vaccination. A recent
population-based retrospective cohort study showed that while a
third dose substantially reduced infection risk, protection against
omicron infection waned with time.2 Chen et al.12 have studied
the immunogenicity of two doses of inactivated SARS-CoV-2 vac-
cine in patients with severe liver disease, in which a weakened and
less durable antibody response was observed as compared to
healthy controls. Although different etiologies, including chronic
viral hepatitis infection and NAFLD, were evaluated, hepatitis B
virus infection was the predominant cause, accounting for 88%.
Also, patients with prior SARS-CoV-2 infections were not ex-
cluded. While there are studies investigating the effect of hepatic
steatosis on two-dose vaccine immunogenicity,7,11 studies investi-
gating the association between MASLD and longer-term vaccine
immunogenicity after booster doses are lacking.
Therefore, we aimed to conduct a 1-year prospective cohort

study to compare the immunogenicity of three doses of BNT162b2
to the SARS-CoV-2 omicron variant in subjects with MASLD and
non-MASLD.

Methods

Study design. This is a prospective cohort study conducted
between May 2021 and February 2023. Given Hong Kong’s
“dynamic covid-zero strategy,” fewer than 4000 COVID-19 cases
were reported throughout the first four waves of the COVID-19
outbreak. The minimal local COVID-19 transmission prior to
2022 rationalized that community immunity to SARS-CoV-2

was mostly vaccine derived. In January 2022, cases driven pre-
dominantly by the omicron variant started to surge, representing
the fifth wave of the COVID-19 outbreak. The increased transmis-
sibility and escape of vaccine-derived immunity13 by the SARS-
CoV-2 omicron variant have caused more than 3 million
COVID-19 positive cases in Hong Kong up until January 2023.14

We recruited adult BNT162b2 vaccine recipients from three
local vaccination centers. Exclusion criteria included age < 18
years, patients with transplantation, taking immunosuppressives/
chemotherapy, with inflammatory bowel disease, with other
medical diseases (cancer, hematological, rheumatological, and
autoimmune diseases), and/or with prior COVID-19 infection.
Prior COVID-19 was identified from history taking or the
presence of antibodies to SARS-CoV-2 nucleocapsid (N) protein
from baseline blood taking.
Recruited subjects received the first two doses of intramuscular

BNT162b2 (0.3 mL) 3 weeks apart, and the third dose at any time
between 6 and 12 months after the first dose, according to the re-
cipient’s preference (Fig. 1). Their blood samples were collected at
three time points for serology of the SARS-CoV-2 omicron vari-
ant: (i) baseline before vaccination (day 0), (ii) 180 days after
the first dose (day 180), and (iii) 360 days after the first dose
(day 360).
A live virus microneutralization (vMN) assay was performed in

a 96-well plate as described.15 Serum samples were serially diluted
in twofolds with minimum essential medium (Gibco, Green Island,
NY, USA) starting at 1:10. Diluted sera will be mixed with 100
TCID50 of SARS-CoV-2 and incubated at 37°C for 1 h. The mix-
ture was added to VeroE6 TMPRSS2 cells and incubated at 37°C
and 5% CO2. The cytopathic effect was determined by examina-
tion under inversion microscopy after 72 h of incubation. The
vMN antibody titer had the highest dilution with 50% inhibition
of cytopathic effect, with standardization to the World Health
Organization’s International Standard for SARS-CoV-2 immuno-
globulin (human). vMN positivity (seroconversion) was defined
as a titer ≥ 10 (31.25 IU/mL).
The study was approved by the Institutional Review Board of

the University of Hong Kong and the Hong Kong West Cluster
of Hospital Authority.

Outcome of interest. The primary outcome of interest
was seroconversion at 1 year after the first dose (day 360).
Seroconversion was defined as a vMN titer ≥ 10 (31.25 IU/mL).
The secondary outcome of interest was the vMN titer 1 year after
the first dose.

Exposure of interest. The exposure of interest was
MASLD, which was diagnosed in the presence of hepatic steatosis
(defined by a controlled attenuation parameter ≥ 248 dB/m
on transient elastography using FibroScan [Echosens, Paris,
France])16 and one of five cardiometabolic risk factors, namely,
overweight/obesity (body mass index ≥ 23 or ≥ 25 kg/m2 or waist
circumference > 94 cm for male or > 80 cm for female), impaired
glucose regulations (fasting serum glucose ≥ 5.6 mmol/L
or hemoglobin A1c ≥ 5.7%), high blood pressure
(blood pressure ≥ 130/85 mmHg), high triglyceride level
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(≥ 1.70 mmol/L), and low high-density lipoprotein level
(≤ 1 mmol/L for male or ≤ 1.3 mmol/L for female).17,18

Covariates included age, sex, antibiotic use, and proton pump in-
hibitor (PPI) use. As gut microbiota are involved in the immune re-
sponse to vaccination,19–21 prior antibiotic use22,23 and PPI use that
could possibly affect gut microbiota were included in the analysis.
Sensitivity analysis was carried out by analyzing the association

of hepatic steatosis and obesity with seroconversion to the SARS-
CoV-2 omicron variant.

Statistical analysis. All statistical analyses were conducted
in R version 4.1.2 (R Foundation for Statistical Computing, Vi-
enna, Austria) statistical software. Data are displayed as the me-
dian (interquartile range [IQR]) for continuous variables and as
the number of patients (percentage) for categorical variables. The
Mann–Whitney U-test was used for two continuous variables,
and the χ2 test or Fisher’s exact test was used for categorical var-
iables to assess the statistical significance between groups. A geo-
metric mean titer (GMT) with a 95% confidence interval (95% CI)
was used to express the average vMN titer. A multivariable logistic
regression model was used to estimate the adjusted odds ratio
(aOR) of seroconversion with MASLD and all the aforementioned
covariates. To investigate the interplay between hepatic steatosis
and obesity, a sensitivity analysis was performed by adjusting for
hepatic steatosis and obesity in addition to age, sex, PPI use, and
antibiotic use. For the purpose of statistical analysis, an MN titer
of < 10 was considered a 5.
As antibody titers decreased with time, we performed subgroup

analysis by dividing the cohort according to a 4-month cut-off af-
ter the third dose (Fig. 1). A prior study showed that vaccine effec-
tiveness against hospital admission decreased from 96% to 68% by
using this cut-off.24

A two-sided P-value ≤ 0.05 was considered statistically
significant.

Results

Between May 2021 and February 2022, 752 vaccine recipients
were screened. In the end, 148 three-dose BioNTech recipients
were included in this study (Fig. S1). The median age was
51.0 years (IQR: 44.5–57.3), and there were 48 (32.4%) males.
There were 48 (32.4%) and 100 (67.6%) MASLD and
non-MASLD subjects, respectively. Nine subjects had a chronic
hepatitis B infection. The median alanine transaminase and aspar-
tate aminotransferase levels were 19 and 23 U/L, respectively. The
demographics of subjects are shown in Table 1.
The median age was similar between the MASLD and

non-MASLD groups (51.8 vs 49.9 years; P = 0.057). There was
a preponderance of females in both groups (62.5% vs 70%;
P = 0.362). Only one subject in the non-MASLD group had
hepatic steatosis. The median controlled attenuation parameter
score of the MASLD group was significantly higher than that of
the non-MASLD group (276 vs 215 dB/m; P < 0.001).
No subject had a history of high-risk drinking (defined as 14 units

of alcohol per week, according to the National Health Service). The
proportion of chronic hepatitis B infection was similar between
MASLD and non-MASLD groups (4.2% vs 7.0%; P = 0.719).
MASLD subjects had significantly higher median alanine transam-
inase (25 vs 17 U/L; P ≤ 0.001) and aspartate aminotransferase
levels (23 vs 22 U/L; P = 0.018) than the non-MASLD group.
Subjects with MASLD had a significantly higher median body

mass index than the non-MASLD group (25.85 vs 22.30 kg/m2;
P < 0.001). Of each MASLD criteria, the difference in proportion
of patients between the MASLD and non-MASLD groups was as
follows: overweight or obese (89.6% vs 34%; P < 0.001),
impaired glucose regulation (66.7% vs 25.0%; P < 0.001), high
blood pressure (22.9% vs 4.0%; P < 0.001), high triglyceride
(25% vs 7.0%; P = 0.002), and low high-density lipoprotein
(37.5% vs 4.0%; P < 0.001).
The median time from the first dose to the third dose of the

vaccine was 8.5 months (IQR: 7.9–8.9). The median time from

Figure 1 Study timeline. Recruited subjects received the first two doses of BNT162b2 3 weeks apart, and the third dose at any time between 6 and
12 months after the first dose, according to the recipient’s preference. Their blood samples were collected for serology of the severe acute respiratory
syndrome coronavirus 2 omicron variant at baseline before vaccination, 180 days, and 360 days after the first dose. IQR, interquartile range.
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day 180 to the third dose was 2.6 months (IQR: 1.8–3.2), and from
the third dose to day 360, it was 3.6 months (IQR: 3.1–4.4)
(Fig. 1).

Comparison of vaccine immunogenicity
between the metabolic dysfunction-associated
steatotic liver disease and non-metabolic
dysfunction-associated steatotic liver disease
groups among three-dose BNT162b2 recipients.
Table 2 shows the humoral immune response among 148
three-dose BNT162b2 recipients. At day 180 prior to the third vac-
cine dose, only four (2.7%) subjects were seropositive. At day 360
after the third vaccine dose, 142 (95.9%) recipients were seropos-
itive, with a lower seroconversion rate (43 [89.6%] vs 99 [99.0%];
P = 0.007) in the MASLD group than the non-MASLD group
(Table 2). The vMN GMT of the MASLD and non-MASLD
groups was 33.15 (IQR: 23.81–46.06) and 38.37 (IQR:
32.14–45.60), respectively (P = 0.696).
Metabolic dysfunction-associated steatotic liver disease was a

significant risk factor for lower odds of seroconversion to the
SARS-CoV-2 omicron variant on both univariable (aOR: 0.087,

95% CI: 0.004–0.559; P = 0.028) and multivariable analyses
(aOR: 0.051, 95% CI: 0.002–0.440; P = 0.022) (Table 3).
Table S1 shows the sensitivity analysis by adjusting for hepatic

steatosis and obesity in addition to age, sex, PPI use, and antibiotic
use. On univariable analysis, hepatic steatosis was associated with
lower odds of seroconversion (OR: 0.090, 95% CI: 0.005–0.57;
P = 0.030), while obesity was of borderline significance (OR:
0.183, 95% CI: 0.025–0.975; P = 0.055). On multivariable analy-
sis, hepatic steatosis was of borderline significance (aOR: 0.078,
95% CI: 0.002–0.847; P = 0.071), while obesity was no longer a
significant risk factor (P = 0.487).

Comparison of virus microneutralization geomet-
ric mean titer within and after 4 months from
the third-dose vaccine between metabolic
dysfunction-associated steatotic liver disease and
non-metabolic dysfunction-associated steatotic
liver disease BNT162b2 recipients. Within 4 months
from the third dose, no difference was observed between the
MASLD and non-MASLD groups in vMN GMT (46.87 [IQR:

Table 1 Baseline characteristics of three-dose BNT162b2 recipients

Whole cohort (n = 148) MASLD (n = 48) Non-MASLD (n = 100) P-value

Age (years) 50.95 (44.50–57.30) 51.80 (49.25–55.42) 49.90 (39.77–57.35) 0.057
Male sex (n, %) 48/148 (32.4%) 18/48 (37.5%) 30/100 (30%) 0.362
Antibiotic use (n, %) 13/148 (8.8%) 4/48 (8.3%) 9/100 (9%) 0.999
Proton pump inhibitor use (n, %) 17/148 (11.5%) 9/48 (18.8%) 8/100 (8%) 0.055
BMI (kg/m2) 23.00 (21.10–25.40) 25.85 (23.98–28.13) 22.30 (20.17–23.72) < 0.001
Waist circumference (cm) 81.70 (74.75–88.40)† 89.25 (84.88–95.85) 76.50 (72.00–83.10)† < 0.001
Fasting glucose (mmol/L) 5.10 (4.70–5.40) 5.40 (5.00–5.80) 4.90 (4.60–5.23) < 0.001
HbA1c level (%) 5.50 (5.27–5.70) 5.70 (5.47–6.00) 5.40 (5.20–5.60) < 0.001
Systemic blood pressure (mmHg) 122 (112.00–129.00)‡ 127.00 (121.00–139.25) 117.50 (108.50–127.00)‡ < 0.001
Triglyceride level (mmol/L) 1.00 (0.70–1.30) 0.30 (1.00–1.55) 0.80 (0.68–1.10) < 0.001
High-density lipoprotein cholesterol level (mmol/L) 1.60 (1.40–1.90) 1.30 (1.10–1.63) 1.80 (1.50–2.10) < 0.001
ALT (U/L) 19.00 (14.00–26.00) 25.00 (19.00–34.50) 16.50 (14.00–24.00) < 0.001
AST (U/L) 23.00 (19.00–26.00) 23.50 (20.75–29.50) 21.50 (18.00–26.00) 0.018
HBsAg positive (n, %) 9/148 (6.1%) 2/48 (4.2%) 7/100 (7.0%) 0.719
MASLD criteria

Overweight/obesity (BMI ≥ 23 kg/m2) (n, %) 77/148 (52.0%) 43/48 (89.6%) 34/100 (34.0%) < 0.001
Criteria on weight (BMI ≥ 23 kg/m2 or WC > 94 cm
[M] and 80 cm [F]) (n, %)

86/148 (58.1%) 45/48 (93.8%) 41/100 (41%) < 0.001

Criteria on glucose regulation (FG ≥ 5.6 mmol/L or
A1c ≥ 5.7%) (n, %)

57/148 (38.5%) 32/48 (66.7%) 25/100 (25%) < 0.001

Systolic blood pressure ≥ 130/85 mmHg (n, %) 15/148 (10.1%) 11/48 (22.9%) 4/100 (4%) < 0.001
TG ≥ 1.7 mmol/L 19/148 (12.8%) 12/48 (25%) 7/100 (7%) 0.002
HDL ≤ 1.0 mmol/L (M) or ≤ 1.3 mmol/L (F) (n, %) 22/148 (14.9%) 18/48 (37.5%) 4/100 (4%) < 0.001

Transient elastography
Liver stiffness (kPa) 4.20 (3.58–5.23) 4.80 (4.07–5.93) 4.00 (3.38–4.70) < 0.001
CAP score (dB/m) 226.50 (205.75–260.50) 276.00 (262.75–305.25) 215.00 (198.00–227.00) < 0.001
Hepatic steatosis (CAP ≥ 248) (n, %) 49/148 (33.1%) 48/48 (100%) 1/100 (1%) < 0.001

†One subject has no available data.
‡Two subjects have no available data.
Data are displayed as the median (interquartile range) and number (%).
ALT, alanine transaminase; AST, aspartate aminotransferase; BMI, body mass index; BP, blood pressure; CAP, controlled attenuation parameter; F,
female; FG, fasting glucose; HbA1c, hemoglobin A1c; HBsAg, hepatitis B surface antigen; HDL, high-density lipoprotein; M, male; MASLD, metabolic
dysfunction-associated steatotic liver disease; TG, triglyceride; WC, waist circumference.
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33.12–66.02] vs 41.86 [IQR: 34.47–50.91]; P = 0.240) or sero-
conversion rate (94.3% vs 100%; P = 0.131) (Table 2 and Fig. 2).
On the other hand, after 4 months from the third dose, MASLD

subjects had lower vMN GMT than non-MASLD subjects (13.06
[IQR: 7.69–22.20] vs 33.49 [IQR: 24.05–46.53]; P = 0.004) and
seroconversion rate (76.9% vs 97.4%; P = 0.016) (Table 2 and
Fig. 2).

Discussion
This prospective cohort study demonstrates that MASLD con-
ferred a 20-fold higher risk for seronegativity to the SARS-CoV-
2 omicron variant after three doses of BNT162b2. There was a
more pronounced waning effect of antibody level among MASLD
subjects than non-MASLD ones at 4 months after the third dose.
Patients with chronic liver disease display immune dysfunction,

which predisposes them to infection, organ inflammatory damage,
and a poor response to vaccination.21 Recent studies have de-
scribed the impact of SARS-CoV-2 on patients with chronic liver
disease, including chronic viral hepatitis infection, NAFLD, and
hepatocellular carcinoma.25,26 There are only a few studies that
have assessed the efficacy of the SARS-CoV-2 vaccine in patients
with hepatic steatosis. Wang et al. reported that 95.5% of patients
with hepatic steatosis had detectable neutralizing antibody levels
after two doses of the inactivated vaccine.27 Our previous study
found that while there was no difference in the seroconversion rate

after either the first or second dose between moderate-to-severe he-
patic steatosis and control groups, a lower proportion of hepatic
steatosis patients achieved the highest-tier response.7 Nonetheless,
no studies are currently available evaluating the effect of three
doses of COVID-19 vaccination on patients with MASLD, a
disease entity that has only recently been coined.
To our understanding, our study is the first to compare the

longer-term immunogenicity of booster dose BNT162b2 among
patients with and without MASLD. We found that the seroconver-
sion rate of BNT162b2 in the MASLD group was significantly
lower than in the non-MASLD group (89.6% vs 99.0%) 1 year af-
ter the first dose of the vaccine. Hepatic steatosis elevates cytokine
levels,28 and excessive hepatic and systemic baseline inflamma-
tion alters cytokine production and immune responses.29 Various
other mechanisms affecting immunogenicity have been proposed,
including links through hyperglycemia, insulin resistance,30

obesity, gut microbiota imbalance,31 and alterations in innate
immunity.32 The CAVEAT study has observed that the immunity
induced by COVID-19 vaccines is weaker in diabetic patients with
poor glycemic control compared to those with good glycemic con-
trol and normoglycemic individuals.33 A meta-analysis found that
antibody titers generated after COVID-19 vaccines were signifi-
cantly reduced in individuals with obesity as compared to those
with normal weight.34 A recent prospective study further demon-
strated an accelerated waning effect of COVID-19 vaccine-
induced humoral immunity in individuals with severe obesity,

Table 2 Seroconversion rate and vMN GMT between MASLD and non-MASLD three-dose BNT162b2 recipients for the SARS-CoV-2 omicron variant

MASLD Non-MASLD P-value

Half year after the 1st dose (n = 148) n = 48 n = 100
Seroconversion rate 2/48 (4.17%) 2/100 (98%) 0.447
vMN GMT 5.00 (5.00–5.00) 5.00 (5.00–5.00) 0.826

One year after the 1st dose (n = 148) n = 48 n = 100
Seroconversion rate 43/48 (89.6%) 99/100 (99%) 0.007
vMN GMT 33.15 (23.81–46.06) 38.37 (32.14–45.60) 0.696

Within 4 months from the 3rd dose (n = 96) n = 35 n = 61
Seroconversion rate 33/35 (94.3%) 61/61 (100%) 0.131
vMN GMT 46.87 (33.12–66.02) 41.86 (34.47–50.91) 0.240

After 4 months from the 3rd dose (n = 52) n = 13 n = 39
Seroconversion rate 10/13 (76.9%) 38/39 (97.4%) 0.016
vMN GMT 13.06 (7.69–22.20) 33.49 (24.05–46.53) 0.004

GMT, geometric mean titer; MASLD, metabolic dysfunction-associated steatotic liver disease; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; vMN, live virus microneutralization.

Table 3 Factors associated with seroconversion to the SARS-CoV-2 omicron variant at 1 year among three-dose BNT162b2 recipients

Univariable analysis Multivariable analysis

Odds ratio P-value Adjusted odds ratio P-value

Sex 0.464 (0.083–2.591) 0.358 0.537 (0.090–3.201) 0.476
Age 1.014 (0.940–1.087) 0.699 1.067 (0.966–1.198) 0.218
MASLD 0.087 (0.004–0.559) 0.028 0.051 (0.002–0.440) 0.022
PPI use 0.635 (0.094–12.569) 0.687 0.906 (0.091–22.952) 0.939
Antibiotic use 0.462 (0.067–9.221) 0.496 0.425 (0.044–10.106) 0.500

MASLD, metabolic dysfunction-associated steatotic liver disease; PPI, proton pump inhibitor; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.
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where 55% of severe obese individuals had unquantifiable neutral-
izing antibody titers against SARS-CoV-2 compared to 12% of
normal individuals at 6 months after the second vaccine dose.35

The connection between reduced immunogenicity via modeling
the effects of metabolic disease on COVID-19 vaccine
immunogenicity was established by a murine study, where chronic
low-grade inflammation associated with metabolic dysfunction
(“metaflammation”) and the aging process (“inflammaging”) were
proposed to be the key pathogenesis.36 Our sensitivity analysis by
adjusting for hepatic steatosis and obesity showed that hepatic
steatosis was of borderline significance while obesity was not a
significant risk factor for seroconversion. This observation could
be explained by a relatively small sample size and the fact that
vaccine immunogenicity was contributed by the interplay of
hepatic steatosis and metabolic risk factors. These effects coincide
with the pathophysiology of MASLD, which is part of the
metabolic syndrome characterized by overweight or obesity and
dysregulation of glucose, blood pressure, and lipids, which could
explain the association between MASLD and lowered vaccine
immunogenicity.
The waning effect of antibody levels is an important consider-

ation when the timing and frequency of booster vaccines are being
considered. It is well reported that vaccine effectiveness against
infection progressively diminishes with time,37 which was also
observed in both the MASLD and non-MASLD groups in our
study. A cut-off of 4 months was used to evaluate the waning
effect, as a prior study showed that the vaccine immunogenicity
started to wane by 4 months after the third dose, with vaccine
effectiveness decreasing from 96% to 68% against hospital
admission.24 Subgroup analysis revealed that both the MASLD
and non-MASLD groups had comparable immunogenicity within
4 months after the third dose of vaccination (vMN GMT: 46.87
vs 41.86; P = 0.240), but the difference in immunogenicity started
to merge 4 months after the third dose (vMN GMT: 13.06 vs

33.49; P = 0.004; seroconversion rate: 76.9% vs 97.4%;
P = 0.016). This finding supports that MASLD contributes to a
greater waning effect of the BNT162b2 booster dose. Given that
a higher level of antibodies is associated with a higher level of
protection against infection,9,38 MASLD should be identified to
identify individuals at risk of accelerated waning of BNT162b2
immunogenicity who may require a shortened interval of adminis-
tration of booster doses to maintain an adequate immunogenicity
profile.
Our study is unique in a few different ways. First, we assessed

the vaccine immunogenicity after three doses of vaccination with
a follow-up period of 1 year that would allow evaluation of the
longer-term effect. Second, our study is the first to report the effect
of MASLD on vaccine immunogenicity. Third, we used a live
virus assay, which is the gold standard for analyzing vaccine
humoral responses.39 Fourth, we excluded patients with prior
SARS-CoV-2 infection to ensure immunogenicity is not mounted
by antibodies generated from natural infection. Fifth, we addressed
the waning effect by analyzing the time interval between the third
dose and the collection of the blood sample, which is of valuable
importance in determining the optimal timing for subsequent
vaccine doses.
Several limitations of our study should be noted. First,

vaccine-induced cellular immunity against SARS-CoV-2 was not
investigated. It is proposed that vaccine-induced T-cell responses
may protect against severe infection despite seronegativity9 via
suppressing viral replication and producing long-term memory of
the immune system.40 Second, only mRNA (BNT162b2) but not
an inactivated vaccine platform was evaluated. Third, data on
chronic hepatitis C infection were unavailable. Fourth, the sample
size was relatively small, which may have led to the
non-significant numerical difference in the vMN GMT between
the MASLD and non-MASLD groups. Future studies with a larger
sample size and evaluation of other vaccine platforms, such as

Figure 2 Seroconversion rate and virus microneutralization (vMN) geometric mean titer between metabolic dysfunction-associated steatotic liver dis-
ease (MASLD) and non-MASLD three-dose BNT162b2 recipients for the severe acute respiratory syndrome coronavirus 2 omicron variant. (i) Compar-
ison of vaccine immunogenicity between MASLD and non-MASLD groups at 1 year after the first-dose vaccine. (ii) Comparison of (a) vMN geometric
mean titer and (b) seroconversion rate within and after 4 months from the third-dose vaccine between MASLD and non-MASLD groups. (a) , MASLD;

, non-MASLD. (b) , MASLD; , non-MASLD.
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CoronaVac and mixed vaccines, will allow for better demonstra-
tion of the effect of MASLD on vaccine immunogenicity.

Conclusion
Subjects with MASLD vaccinated with three doses of BNT162b2
had a lower seroconversion rate of the SARS-CoV-2 omicron var-
iant, with a more pronounced waning effect than non-MASLD
ones. MASLD subjects may need to have more frequent adminis-
trations of booster doses to maintain an adequate immunogenicity
profile.

Data availability statement. Data will not be shared due
to confidentiality.
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