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Mycophenolate mofetil decreases humoral responses to three
doses of SARS-CoV-2 vaccine in liver transplant recipients
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Email: lucy.meunier@chu-montpellier.fr Methods: We included all patients seen in consultation in two French liver transplant

centres between January 1, 2021, and March 15, 2021.
Handling Editor: Alejandro Fomer Results: 598 liver transplant recipients were enrolled and 327 were included for
analysis. Sixteen patients received one dose, 63 patients two doses and 248 patients
three doses. Anti-SARS-Cov-2 antibodies were detected in 242 out of 327 (74.0%)
liver transplant patients after vaccination. Considering an optimal serologic response
defined as an antibody titre >260 BAU/ml, 172 patients (52.6%) were responders.
Mycophenolate mofetil (MMF) treatment was an independent risk factor for a failure
to develop anti-SARS-CoV-2 antibodies after vaccination (OR 0.458; 95%Cl 0.258-
0.813; p= .008). Conversely, male gender (OR 2.247, 95%Cl 1.194-4.227; p= .012)
and receiving an mRNA vaccine (vs a non-mRNA vaccine) (OR 4.107, 95%Cl 1.145-
14.731; p= .030) were independent predictive factors for developing an optimal
humoral response after vaccination. None of the patients who received the vaccine
experienced any serious adverse events.

Conclusions: Even after a third booster dose, response rate to vaccination is decreased
in liver transplant recipients. MMF appears to be a major determinant of seroconver-

sion and optimal response to vaccination in these patients.
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1 | INTRODUCTION

Vaccination with mRNA vaccines (Pfizer-BioNTech BNT162b2
and Moderna mRNA-1273) protects 95% of immunocompetent
patients from severe SARS-CoV-2 infection,®? but solid organ
transplant (SOT) recipients were excluded from these clinical tri-
als. Indeed, the efficacy of anti-SARS-CoV-2 vaccination seems
to be lower in patients waiting for liver transplantation and liver
transplant recipients than in the immunocompetent population,g’4
with antibody responses following two doses ranging from 31%
to 81.9% in liver transplant recipients.*8 Although response rates
differ between studies, the main factors influencing negative sero-
logical responses tend to be consistent and include age, time from
transplant and the immunosuppressive regimen used.” In partic-
ular, an Israeli study,5 confirmed in other studies analysing the
post-vaccination humoral and cellular responses in liver transplant
recipients,’®!! reported significantly lower antibody titers in liver
transplant recipients than healthy controls (95.41 AU/mL (n = 80)
vs. 200.5AU/ml (n = 25), p <.001) after two doses of the Pfizer-
BioNTech BNT162b2 vaccine. These poor humoral responses to
COVID-19 vaccination seen in liver transplant recipients may be
due to treatment with high-dose steroids or antimetabolites (e.g.,
mycophenolate mofetil; MMF), older age and lower estimated glo-
merular filtration rate.

The response to vaccination also depends on the organ trans-
planted. One study comparing kidney and liver transplant recipi-
ents confirmed a poorer vaccine response after two vaccine doses
in kidney transplant recipients than in liver transplant recipients
(58.5% vs 89.1%).8 Another study showed that the administration
of a third dose of the BNT162b2 vaccine to solid organ transplant
recipients significantly improved vaccine immunogenicity.lz’13
These data prompted the recommendation of a third “booster”
vaccination dose in patients without antibody responses after two
vaccinations.*13

However, there are little data on vaccine efficacy after three
vaccination doses in real-life liver transplant recipients and the fac-
tors associated with serological responses at this stage. Thus, the
objective of this study was to determine the humoral response rate
after vaccination, including with a booster dose, and to identify risk

factors for non-responsiveness in liver transplant recipients.

2 | PATIENTS AND METHODS

2.1 | Study design

In this retrospective study, all adult (>18years) liver transplant re-
cipients seen in consultation were included in two French liver
transplant centres: Montpellier St Eloi and Lyon Edouard Herriot.
We collected clinical characteristics (age, sex and body mass index),
comorbidities, the date of liver transplantation and immunosuppres-
sive regimen. Date of vaccination, type of vaccine and serology post-
vaccination were also noted.
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2.2 | Antibody testing

Anti-SARS-Cov-2 spike protein antibody detection was mostly per-
formed using Elecsys Anti-SARS-CoV-2 S (Roche) and SARS-CoV-2
IgG Il Quant test (Abbott Laboratories) and converted to universal
unit (BAU/ml).* Patients were stratified into three groups based on
antibody levels (BAU/mL): <0.4 (non-responders), 0.4-260 (partial
responder), and >260 (responder).” For the univariate and multivari-
ate analysis, patients were considered responders if antibodies >260
BAU/ml and non-responders if <260 BAU/ml."’

2.3 | Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics ver-
sion 28.0.0 (Inc., IL., USA). Continuous variables were presented
as mean+standard deviation. Categorical variables are presented
as numbers and percentages. The relationship between categori-
cal variables was assessed using the Chi-square test of Pearson or
Fisher exact test if the theoretical numbers were below 5. The con-
nection between a qualitative and a quantitative variable was evalu-
ated using the Student’s t test or the ANOVA test. The variables that
had a p value <.20 in univariate analysis and those that had clinical
relevance have been introduced in the multivariate analysis. The bi-
nary logistic regression model was used to identify independent pre-
dictive factors influencing the serologic response after the COVID
vaccine. For all tests, statistical significance is set at p <.05.

All procedures were conducted in accordance with the appro-
priate ethics and/or institutional review committee(s). The study
was approved by the institutional review board (IRB, 202100907).
Informed consent was obtained verbally and the IRB reviewed and
approved the verbal consent process that was recorded in the elec-

tronic medical records.

3 | RESULTS

3.1 | Liver transplant recipient characteristics
Between January 1, 2021, and March 15, 2021, 598 liver transplant
recipients were enrolled in the study, 495 from centre 1 and 103 from
centre 2. Of these, 103 received no anti-SARS-CoV-2, 13 had miss-
ing data (2 of which were diagnosed with Covid-19 disease during
vaccination), and 155 were excluded from the analysis because they
had serology within 28 days of vaccination (Figure 1). Therefore, data
on anti-SARS-CoV-2 vaccination and serology four weeks after the
last dose were available for 327 patients. Sixteen patients received
one dose, 63 patients two doses and 248 patients three doses. Most
patients (308, 94.2%) received an anti-SARS-CoV-2 mRNA vaccine
(Pfizer-BioNTech BNT162b2 or Moderna mRNA-1273) and 19 re-
ceived AZD1222 (Vaxzevria, AstraZeneca).

The patient characteristics and their immunosuppressive regi-
mens are shown in Table 1. A majority of patients were men (214,
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598 patients screened

103 had no vaccine

60 refusal

A

43 waiting to decide

A

A

13 missing data

155 serology <4 weeks
before last dose

327 patients included for analysis

FIGURE 1 Flow chart of patient inclusion

65.4%), with a mean age of 60+ 13years. The mean time from trans-
plantation to the first vaccine dose was 7.60+7.78 years. The most
common indication for liver transplantation was alcohol-related liver
disease (119, 36.4%), with the other indications listed in Table 1.
Calcineurin inhibitors (CNIs) were used in 258 (79.1%) patients,
mammalian target of rapamycin (mTOR) inhibitors in 62 patients
(19.0%), and an antimetabolite (i.e., MMF) in 194 patients (59.5%).
About half of patients (173, 52.9%) were treated with a combination
of two immunosuppressive therapies, while 124 (37.9%) received
monotherapy and 25 (7.6%) received triple therapy. Twenty patients
(6.1%) had a history of COVID-19.

3.2 | SARS-CoV-2 vaccination efficacy

Anti-SARS-Cov-2 antibodies were detected in 242 out of 327
(74.0%) liver transplant patients after vaccination. With an optimal
serologic response defined as an antibody titre >260 BAU/ml, 172
patients (52.6%) were responders and 70 (21%) had a partial sero-
logic response (0.4 <antibody <260). In univariate analysis, history
of COVID, MMF treatment and vaccine type predicted vaccine re-
sponse (Table 2). In a multivariate model including gender, age, dia-
betes mellitus, body mass index, history of COVID, time since liver
transplant, type of liver transplant, calcineurin inhibitor use, MMF
use, corticosteroid use, mTOR inhibitor use, number of immunosup-
pressive therapies, type of vaccine and number of vaccine doses,
MMF treatment was an independent risk factor for a failure to

TABLE 1 Characteristics of the study population

Gender, n (%)

Women 113 (34.6%)
Men 214 (65.4%)
Age (years), mean (SD) [max-min] 60 (13) [83-18]
Aetiology
Alcohol 119 (36.4%)
NASH 21 (6.4%)
HCC 11 (3.4%)
Auto-immune (PBC/AIH/PSC) 46 (14.1%)
Others 130 (39.8%)
Type of organ transplant, n (%)
Liver 316 (96.6%)
Liver + kidney 9 (2.8%)
Liver + heart 2 (0.6%)
Number of liver transplants, n (%)
1 312 (95.4%)
2 14 (4.3%)
3 1(0.3%)
Diabetes mellitus, n (%)
No DM 211 (64.7%)
DM 115(35.3%)
Body mass index (kg/mz), mean (SD) [max-min] 26.32 (5.57)
[41.00-
15.79]
Time since transplantation (years), mean (SD) 7.60 (7.78)
[max-min] [33.00-
0.00]
Calcineurin inhibitor use, n (%)
No calcineurin inhibitors 68 (20.9%)
Calcineurin inhibitors 258 (79.1%)

Mycophenolate mofetil use, n (%)

No mycophenolate mofetil 132 (40.5%)

Mycophenolate mofetil 194 (59.5%)
Corticosteroid use, n (%)
No corticosteroid 287 (88.0%)

Corticosteroid 39 (12.0%)

mTOR inhibitors, n (%)

No mTOR 264 (81.0%)

mTOR 62 (19.0%)
Number of immunosuppressive therapies, n (%)

1 124 (37.9%)

2 173 (52.9%)

3 25 (7.6%)

4 2 (0.6%)

develop anti-SARS-CoV-2 antibodies after vaccination (OR 0.458;
95%Cl 0.258-0.813; p= .008). Conversely, male gender (OR 2.247,
95%Cl 1.194-4.227; p= .012) and receiving an mRNA vaccine (vs
a non-mRNA vaccine) (OR 4.107, 95%Cl 1.145-14.731; p = 0.030)
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TABLE 2 Clinical and biological characteristics of solid organ transplant recipients according to humoral response after SARS-CoV-2
vaccination

Optimal serologic response

No serologic response (n = 155) (n=172) p-value
Gender, n (%) 156
Women 60 (38.7) 53(30.8)
Men 95(61.3) 119 (69.2)
Age (years), mean (SD) 60 (13) 59 (14) 254
Diabetes mellitus, n (%) 697
No DM 103 (66.5) 109 (63.4)
DM 52(33.5) 63 (36.6)
Body mass index (kg/mz), mean (SD) 26.25 (4.75) (26.38 (6.17) 424
Previous history of COVID-19 disease, n (%) .036
No COVID-19 150 (96.8) 157 (91.3)
COVID-19 5(3.2) 15(8.7)
Aetiology, n (%) 125
Alcohol 53(34.2) 66 (38.4)
NASH 7 (4.5) 14 (8.1)
HCC 3(1.9) 8(4.7)
Auto-immune (PBC/AIH/PSC) 21 (13.5) 25 (14.5)
Other 71 (45.8) 59 (34.3)
Time since transplant (years), mean (SD) 8.07 (8.02) 7.17 (7.56) 261
Type of organ transplant, n (%) .39
Liver 151 (97.4) 165 (52.2)
Liver + kidney 4(2.6) 5(55.6)
Liver + heart 0(0.0) 2 (100.0)
Number of liver transplants, n (%) .078
1 151 (97.4) 161 (94.6)
2 3(1.9) 11 (6.4)
3 1(0.7) 0(0.0)
Calcineurin inhibitor use (/326), n (%) 488
No calcineurin inhibitors 30(19.4) 38(22.1)
Calcineurin inhibitors 125 (80.6) 133 (77.3)
Mycophenolate mofetil use (/326), n (%) .006
No mycophenolate mofetil 51 (32.9) 81 (47.1)
Mycophenolate mofetil 104 (67.1) 90 (52.3)
Corticosteroid use (/326), n (%) .648
No corticosteroid 135(87.1) 152 (88.4)
Corticosteroid 20(12.9) 19 (11.0)
mTOR inhibitor use (/326), n (%) .3
No mTOR 129 (83.2) 135 (78.5)
mTOR 26 (16.8) 36(20.9)
Number of immunosuppressive therapies (/324), n (%) .351
1 62 (40.0) 62 (36.0)
2 83(53.5) 90 (52.3)
3 9(5.8) 16 (9.3)
4 1(0.7) 1(0.6)

(Continues)



MEUNIER ET AL.

WILEY-{IN{I

TABLE 2 (Continued)

No serologic response (n = 155)

Time between the last injection and COVID serology 46 (28)
(days), mean (SD)
Number of immunosuppressive therapies, mean (SD) 1.67 (0.61)
Type of COVID vaccine (RNA vs protein), n (%)
Protein alone 14 (9.0)
RNA or combined 141 (91.0)
Number of vaccine doses, mean (SD) 2.74 (0.55)
Number of vaccine doses, n (%)
1 8(5.2)
2 25(16.1)
3 122(78.7)
4 0(0.0)

Optimal serologic response

(n=172) p-value
46 (26) .348
1.71(0.68) .36
.019
5(2.9)
167 (97.1)
2.69 (0.56) .238
522
8(4.7)
38(22.1)
126 (73.2)
0(0.0)

TABLE 3 Multivariate logistic regression model evaluating clinical predictors for adequate qualitative spike 1gG serology in LT recipient

Clinical characteristics

Association with serologic
response

Male gender
History of COVID disease
MMF treatment

RNA vaccine (vs non-RNA vaccine)

were independent predictive factors for developing an optimal hu-

moral response after vaccination (Table 3).

3.3 | SARS-CoV-2 vaccination
safety and acceptance

None of the patients who received the vaccine experienced any
serious adverse events. Of the 598 patients who were offered a
COVID-19 vaccination between January 1, 2021, and March 15,
2021, 103 did not receive the vaccine, 60 due to refusal and 43 be-

cause they were “waiting to decide”.

4 | DISCUSSION

Several studies have reported a higher risk of severe COVID-19 dis-
ease and related mortality in SOT recipients and a lower vaccine re-
sponse in these patients‘u’“’ To our knowledge, there are no data on
humoral responses to three doses of the SARS-CoV-2 vaccine in liver
transplant recipients. In this retrospective study, we aimed to deter-
mine factors predictive of a humoral response to anti-SARS-CoV-2
vaccination in a large cohort of liver transplant recipients. 327 LT
recipients were vaccinated against SARS-CoV-2, mostly with three
doses. We found: (1) a seroconversion rate of 74%; (2) a vaccine re-
sponse rate of 52.6% at a response threshold of >260 BAU/ml; (3) a
non-RNA vaccination strategy was strongly associated with a poorer

OR 1IC 95 Calue
2.247 1.194 4.227 .012
2.881 0.873 9.513 .083
0.458 0.258 0.813 .008
4.107 1.145 14.731 .030

response; and (4) MMF was an independent predictor of a failure to
mount a humoral response after vaccination.

While a few studies have assessed humoral responses to two
doses of mRNA vaccine in SOT patients,*” there are little data on
serological responses after three doses. Kamar et al. reported an in-
crease in the number of seropositive patients after the third dose of
vaccine in SOT recipients (26/59 patients, 44%).1? In their report of a
cohort of SOT recipients receiving a third mRNA-based vaccination,
Del Bello et al. found seropositivity in 41.4% of patients after the
second dose and an increase to 67.9% after the third dose.™® In their
cohort, liver transplant recipients were poorly represented com-
pared with other SOT recipients, and indeed several studies have
shown that the vaccine response differs according to the solid organ
transplanted.8 Several studies have shown a relatively high rate of
vaccine immunogenicity in liver transplant patients compared with
other organ transplant patients, suggesting that the liver transplant
population might respond better to vaccination.>’

Despite seroconversion in 74% of our cohort, only 52.6% of pa-
tients had an optimal antibody level (>260 BAU/ml) and a quarter
of patients had no response, worse than expected for this popula-
tion. Existing data on vaccine responses have not taken thresholds
proposed to differentiate between partial and optimal responders
into account.*® For non-responders, protection strategies are lim-
ited to a fourth dose or an antibody cocktail (such as casirivimab-
imdevimab) for COVID-19 prophylaxis,19 although the evolution of
SARS-CoV-2 variants has led to a preference for tixagevimab/cil-
gavimab as prophylaxis in non-responders or partial responders.2°
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It is therefore important to be able to predict non-response to
vaccination so that extra modifiable risk factors can be addressed
or extra protection administered. In our study, MMF was a strong
modifiable risk factor for a lack of vaccine response (OR 0.458,
95%Cl 0.258-0.813; p =.008), consistent with previous studies
of heterogeneous SOT groups.?t?? Recently, Timmermann et al.
reported vaccine responses in 118 liver transplant patients after
two doses, of whom 92 developed anti-spike protein IgG antibod-
ies (78%),10 with alcohol-induced cirrhosis and MMF risk factors
for a failure to develop antibodies after vaccination. In their study,
patients were not classified according to antibody levels, even
though it is now known that poor responders to vaccination are
at risk of severe COVID-19 disease.'® To our knowledge, there is
no prospective study evaluating the MMF discontinuation before
vaccination on the humoral response in LT recipients. Previously,
the link between MMF and more severe COVID disease has been
demonstrated.?® The mechanism of action of MMF inhibiting an-
tibody formation may explain the reduced humoral response and
the occurrence of more severe COVID disease. We also found that
a non-mRNA vaccine (vs mMRNA vaccine) (OR 4.107, 96%Cl 1.145-
14.731, p =.030) was a second modifiable predictor of vaccine
non-responsiveness. Confirmation of our results in other cohorts
could inform recommendations on the best type of vaccine to use
in solid organ transplant recipients.

Eighty-three per cent of our population were vaccinated, a lower
proportion than reported by others?*?° and only 10% higher than
the French national average of 74.6% on October 31, 2021. This
can be explained by a particularly high level of mistrust of vaccines
in France, which was present before and exacerbated by the pan-
demic. The reasons for refusing the vaccine are often multiple and
may be political or related to irrational beliefs. We did not specifi-
cally investigate adverse events related to vaccination, which were
often minor, but no serious post-vaccination adverse events were
reported.

Study limitations are usual for retrospective studies with a lack
of data. Some data could not be collected such as smoking status
and renal function. Futhermore, the use of two different method-
ologies to test humoral response could be a source of classification
bias. Several teams, including recently Kamar et al,%"27 have shown
a decrease in antibodies in SOT recipients after vaccination between
1 and 3months. In our study, data on the longitudinal follow-up of
the humoral response were not available. This is a limitation for the
interpretation of the long-term vaccine response. Finally, in order
to improve the analysis of the factors associated with the vaccine
response, it would have been interesting to have the serology after
each vaccine dose.

In conclusion, after three doses of vaccine, about half of the liver
transplant recipients have an optimal response. MMF appears to
be a major determinant of seroconversion and optimal response to
vaccination in liver transplant recipients. The nature of immunosup-
pression must be considered to improve vaccine responses in liver
transplant recipients and anti-SARS-CoV-2 mRNA vaccines are pre-
ferred in this population.
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