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Abstract: The immune response of liver transplant (LT) recipients to a third dose of the BNT162b2
mRNA vaccine significantly waned after four months. We aimed to evaluate the immune response
and breakthrough infection rates of a fourth dose against the Omicron variants among LT recipients.
LT recipients who had no past or active SARS-CoV-2 infection and received three doses of the
BNT162b2mRNA vaccine were included. Of the 73 LT recipients, 50 (68.5%) received a fourth dose.
The fourth dose was associated with a significantly higher positive immune response than the third
dose. Receptor-binding domain (RBD) IgG and Omicron BA.1 and BA.2 neutralizing antibodies were
determined at a median of 132 and 29 days after the third and fourth vaccines. They were 345 binding
antibody units per milliliter (BAU/mL) vs. 2118 BAU/mL (p < 0.0001), 10 vs. 87 (p < 0.0001), and
15 vs. 149 (p = 0.001), respectively. Breakthrough infections were documented among nine (18%) LT
recipients after the fourth dose and among seven (30.4%) patients following the third dose (p = 0.2);
93.5% of breakthrough infections were mild. The infection rate after the fourth dose was higher
among diabetic vs. nondiabetic recipients (33.3% vs. 6.9%, respectively; p = 0.02). Further studies
are needed to evaluate additional factors influencing the breakthrough infection rate among LT
recipients.

Keywords: BNT162b2 mRNA; fourth dose; liver transplant recipients; breakthrough infection;
immune response; side effects BNT162b2 mRNA vaccine

1. Introduction

When compared to healthy subjects, the immune response to the BNT162b2 mRNA
vaccine against SARS-CoV-2 among solid organ transplant (SOT) recipients was signifi-
cantly impaired [1-6]. After the second vaccine dose, patients showed an initial response,
which waned significantly 5-6 months later, but was restored by the third vaccine dose [5,6].
In liver transplant (LT) recipients, the immune response to the third dose was significantly
enhanced compared to that of the second dose, increasing from 68% one month after the
second dose to 98% three weeks after the third [6]. As expected, after the third dose, the
immune response waned more profoundly among LT recipients than among immunocom-
petent individuals (manuscript submitted). Earlier studies, including ours, also found that
the type of immunosuppression therapy impacted the immune response of LT recipients to
the second and third vaccine doses [1,6] (manuscript submitted).
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The recent emergence of the SARS-CoV-2 Delta and Omicron variants of concern
(VOC) threatens the effectiveness of the currently available vaccines [7-9]. In late Decem-
ber 2021, with the emergence of the Omicron BA.1 (B.1.1.529) variant, the prevalence of
confirmed infections rose sharply in Israel [7]. The Omicron variants have a higher effective
reproduction number compared to the Delta variant [10]. However, they are less severe.
In South Africa, Maslo et al. reported a lower rate of admission during the predominance
of Omicron compared with the rate of hospitalization during the predominance of Delta,
which was 41.3% and 69%, respectively [11]. Additionally, they reported a significantly
lower rate of intensive care admission and death (29.9% vs. 18.5% and 29.1% vs. 2.7%,
respectively) [11]. Administration of a fourth dose of the vaccine (either mRNA-1273 or
BNT162b2) increased neutralizing antibody titers among healthcare workers (HCWs) to
levels similar to those measured after the third dose [9]. Among young HCWs, the fourth
vaccine dose prevented symptomatic disease but showed little efficacy against infections [9].
In the older population (>60 years), the rates of confirmed COVID-19 infection and severe
disease after four doses was lower by two-fold and three-fold, respectively, as compared to
after the third vaccine [7].

Since March 2022, new Omicron variants emerged and BA.2 (B.1.1.529.2) became
dominant in many countries, including Israel [12]. The BA.1 and BA.2 variants share
multiple common mutations, but each has unique mutations [12,13]. Several studies
reported reduced neutralization efficiency after infection or vaccine-induced immunity to
Omicron among healthy and immunocompromised individuals [9,12,14]. The Omicron
variant displayed up to 58-fold reduced neutralization activity in convalescent plasma or
sera and 10-fold reduced neutralization activity after mRNA vaccines [9,12].

Data on the effectiveness of the fourth vaccine dose among SOT patients are limited.
Peled et al. reported an improved immune response among heart transplant (HT) recipients
after the fourth BNT162b2 vaccine dose (positive immune response improved from 61.4% to
80.7% before and after the fourth dose, respectively) [15]. The fourth dose also improved the
immune response among kidney transplant (KT) recipients. Midtvedt et al. reported a 42%
positive immune response among patients who failed to respond to the third vaccine [16].
Harberts et al. showed a 94% immune response assessed among 36 LT recipients, including
seroconversion among 60% (3/5) of non-responders after the third vaccine [17].

This study aimed to prospectively assess the safety and efficacy of a fourth dose of
the BNT162b2 vaccine against the Omicron variants of concern among LT recipients and to
compare the rate of breakthrough SARS-CoV-2 infections among LT recipients vaccinated
with four versus three doses of the vaccine.

2. Materials and Methods

This study was conducted at the Sheba Medical Center between 21 December 2021
and 1 May 2022 and was approved by the institutional review board (8008-20-SMC).
All participants agreed to participate in the study and signed informed consent before
any study-related procedures were conducted. The study population included 73 adults
(age > 18 years old). LT recipients were routinely followed at the Liver Diseases Center. LT
recipients who received three doses of the BNT162b2 vaccine, who had no past or active
SARS-CoV-2 infection, and who had an assessment of immune response after the third
vaccine were eligible to participate in the study. The flowchart of the entire cohort according
to vaccination status is presented in Figure 1.

Out of the 73 LT recipients vaccinated with three doses of the BNT162b2 vaccine, 50
were vaccinated with the fourth vaccine. The immune response after the fourth vaccine
was assessed in 29 of 50 patients.

Demographic, clinical, and laboratory data were extracted from electronic patient
records. Blood tacrolimus or everolimus trough levels were determined, and routine blood
tests were performed between the time the fourth vaccine was administered and before the
serology test in patients who received the fourth vaccine and during the follow-up period
in patients who did not. Renal function was calculated using the chronic kidney disease
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epidemiology collaboration (CKD-EPI) creatinine equation. Chronic kidney disease was
defined as eGFR < 60 mL/min/1.73 m? for a duration of >3 months.

Liver transplant recipients vaccinated with three vaccine dose
n=73
I
[ 1
Liver transplant recipients Liver transplant recipients
four-dose vaccinated three-dose vaccinated
n=50 n=23
I I
Assassad No.t assessed
immune immune
response after response
after the
the fourth dose
B fourth dose
n=29
n=21
I I
SARS-Cov-2 breakthrough infection SARS-Cov-2 breakthrough infection
n=9 n=7
I I
Assessed Not assessed SARS-Cov-2 severe infection
immune immune n=1
response response
n=4 n=5

Figure 1. Flowchart of the study cohort.

2.1. Serology Assay
2.1.1. Antibody Detection Testing

Blood samples were centrifuged at 4000x g for 4 min at room temperature. Serum
titers of IgG antibodies against the SARS-CoV-2 spike RBD were quantified using the
commercial automatic chemiluminescence microparticle immunoassay SARS-CoV-2 IgG
II Quant (Abbott, Chicago, IL, USA), according to the manufacturer’s instructions. IgG
antibody titers > 21.4 international binding antibody units per milliliter (BAU/mL) were
defined as positive (responders), while anti-RBD IgG < 21.4 BAU/mL was defined as
negative (non-responders). A SARS-CoV-2 pseudo-virus (psSARS-2) neutralization assay
was performed, as previously described [17], to detect SARS-CoV-2 neutralizing antibodies.
The assay used a green fluorescent protein (GFP) reporter-based pseudotyped virus with a
vesicular stomatitis virus (VSV) backbone coated with the SARS-CoV-2 spike (S) protein
that was generously provided by Dr. Gert Zimmer (Institute of Virology and Immunology
(IVI), Mittelhdusern, Switzerland). Sera not capable of reducing viral replication by 50% at
1 to 8 dilutions or below were considered non-neutralizing.

2.1.2. Viral Isolation of the Wild-Type and Omicron Variants and SARS-CoV-2
Micro-neutralization Assays

Wild-type and VOC were isolated from nasopharyngeal samples from SARS-CoV-2-
positive individuals which contained the wild-type sublineage B.1.1.50 (hCoV-19/Israel/CVL-
45526-ngs/2020), B.1.1.529, Omicron, and BA.1 (hCoV-19/Israel/CVL-n49814/2021) variants.
Confluent VERO-E6 cells were incubated for 1 h at 33 °C with 300 uL of nasopharyngeal
samples, after which 5 mL 2% FCS 3MEM-EAGLE medium was added. Upon CPE detection,
supernatants were aliquoted and stored at —80 °C, as previously described [18]. VERO-E6 cells
were seeded in sterile 96-well plates with 10% FCS MEM-EAGLE medium and incubated at
37 °C for 24 h. One hundred TCID50 of wild-type and Omicron (BA.1 and BA.2) SARS-CoV-2
isolates were incubated with inactivated sera diluted from 1:8 to 1:16, 384 in 96-well plates
for 60 min at 33 °C. Virus-serum mixtures were placed over the VERO-E6 cells and incubated
for 5 days at 33 °C, after which gentian violet stain (1%) was applied to fix and stain the cell
culture layer. The neutralizing dilution of each serum sample was determined by identifying
the well with the highest serum dilution without an observable cytopathic effect. A dilution of
1:10 or above was considered neutralizing [19].
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2.2. Statistical Analysis

Continuous variables are presented as median (IQR) for skewed distributions. Cate-
gorical variables are expressed as count (percentage). Antibody titers were log-transformed
before the statistical analysis. Titers of anti-RBD SARS-CoV-2 IgG and of neutralizing
antibodies (NA) were calculated for all groups and are presented as geometric mean titers
(GMT) with a 95% confidence interval (CI). Categorical variables were compared using a
chi-squared analysis and Fisher’s exact test. Continuous measurements were compared
by Student’s t-test or the Mann-Whitney U test, according to their distribution. Non-
parametric Wilcoxon paired tests were conducted to compare quantitative data. To assess
predictors of maintenance of immune response after the third dose, patients were cate-
gorized by their anti-RBD IgG titer. Correlations between anti-RBD IgG and NA titers
were estimated using the Spearman correlation test. p < 0.05 was considered a statistically
significant difference. All tests were two-sided. Statistical analysis was performed with
SPSS (IBM SPSS Statistics, version 25, IBM Corp., Armonk, NY, USA, 2016). Scatter plots
of the analyzed data were produced using GraphPad Prism version 9.2.0 for Windows
(GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Baseline Characteristics

Baseline demographics and clinical and laboratory characteristics of the 73 LT recipi-
ents are summarized in Table 1.

Table 1. Baseline demographics, clinical, and laboratory characteristics of patients who received three
vs. four doses of the BNT162b2 mRNA vaccine.

. Total LT Three Vaccine Doses Four Vaccine Doses
Characteristics Cohort P
n=23 n=>50
n=73

Age, years 63.8 (52.1-70.4) 65.3 (44.7-70.1) 62.7 (53.1-70.6) 0.8
Male, n (%) 37 (51) 11 (47.8) 26 (52) 0.7
Indication for LT 0.3

Hepatitis C, n (%) 16 (21.9) 5(21.7) 11 (22)

NASH, n (%) 16 (21.9) 2(8.7) 14 (28)

Hepatitis B, n (%) 6(8.2) 4(17.4) 2 (4)

PSC, n (%) 9 (12.3) 1(4.3) 8 (16)

PBC, n (%) 3¢4.1) 1(4.3) 2(4)

ALD, n (%) 5(6.8) 3(13) 2(4)

Other, n (%) T 18 (24.7) 7 (30.4) 11 (22)
Age at transplantation, years 52.5 (41.9-62.1) 49 (30.8-60.3) 53 (44.8-62.8) 0.2
Time since liver transplantation, years 9.2 (5.3-16.4) 12.4 (5.3-23.3) 7.7 (5.3-15.5) 0.3
Comorbidities

Diabetes mellitus, n (%) 30 (41.1) 9(39.1) 21 (42) 0.8

Hypertension, n (%) 39 (53.4) 12 (52.2) 27 (54) 0.8

Dyslipidemia, n (%) 34 (46.6) 11 (47.8) 23 (46) 0.8

Chronic kidney disease, n (%) 28 (38.4) 10 (43.5) 18 (36) 0.5
BMI, kg /m? 25.8 (22.3-27.9) 24.7 (21-27.9) 26.2 (22.7-27.9) 0.5
WBC, K/microL 5.7 (4.7-6.8) 7 (5.1-7.2) 5.4 (4.5-6.7) 0.2
Hemoglobin, g/dL 13 (11.8-14.3) 13.3 (10.9-14) 13 (12-14.7) 0.1
Platelets, K/microL 168 (131-217) 170 (121-191) 164 (131-221) 0.6
Creatinine, mg/dL 1(0.81-1.25) 1.0 (0.8-1.3) 1.0 (0.8-1.2) 0.9
ALT, IU/L 20.5 (15-29.5) 23 (14-34) 20 (16-27) 0.9
ALP, IU/L 100 (75-134) 109 (84-130) 99.5 (74.5-137.5) 0.6
Bilirubin, mg/dL 0.6 (0.5-0.8) 0.6 (0.4-0.9) 0.6 (0.5-0.8) 0.9

1 Other indications for liver transplantation: biliary atresia, cystic fibrosis, fulminant liver failure, Budd—Chiari
syndrome, sarcoidosis, Wilson disease, autoimmune hepatitis, secondary sclerosing cholangitis, and glycogen stor-
age disease. ALT, alanine aminotransferase; ALP, alkaline phosphatase; BMI, body mass index; CNI, calcineurin
inhibitor; IQR, interquartile range; LT, liver transplantation; MMF, mycophenolate mofetil; NASH, non-alcoholic
steatohepatitis; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis.
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The median patient age was 63.8 years (interquartile range (IQR) 52.1-70.4 years; range:
26-83 years); 51% were male. Median time since the LT was 9.2 years (IQR 5.3-16.4 years). Six
patients (8.2%) had undergone combined liver and kidney transplantation. Comorbidities were
frequent, with hypertension (53.4%), diabetes mellitus (41.1%), chronic kidney disease (38.4%),
and dyslipidemia (46.6%) being the most common. Calcineurin inhibitors (CNI) were the
principal immunosuppressive agent administered to seventy-one patients (sixty-five tacrolimus
and six cyclosporine). CNI monotherapy was administered to thirty-eight patients (53.5%),
while twenty-eight patients (38.4%) were receiving double immunosuppression therapy and
six (8.2%) patients were receiving triple (Table 2).

Table 2. Type of immunosuppression treatment and immune response of patients who received three
vs. four doses of the BNT162b2 mRNA vaccine.

Characteristics

Total LT Three Vaccine Doses Four Vaccine Doses
Cohort P
n=73 n=2 nee

Tacrolimus dose, mg/trough

level, ng/mL 3(2-4)/5 (4-7) 3(2-4)/5 (4-7) 3 (2-4)/5 (4-6) 0.8/0.8
Prednisone, n (%)/dose, mg 13 (17.8)/5 (5-8) 4(17.4) 9 (18) 0.9/0.3
o 21 (28.8)/100 6 (26.1)/1000 g

MME, n (%)/dose mg (720-1000) (720-1000) 15 (30)/1000 (500-1000) 0.7/0.9
Everolimus, n (%)/dose 10 (13.7)/2 (2-3)/4 . g
mg/trough level, ng /mL (3-6) 1(4.3)/1/4 9 (18)/2 (2-3)/4 (3-6) 0.1/0.2/1
CNI monotherapy, n (%) 38 (53.5) 13 (56.5) 25 (52.1) 0.7

t /tri %)
Double */triple, n (%) 28 (38.4)/6 (8.2) 10 (43.5)/0 18 (36)/6 (12) 0.2
immunosuppression
SARS-CoV-2 infection 16 (21.9) 7 (30.4) 9 (18) 0.2
Positive immune response * one
month after the third vaccine § 47 (81) 12(75) 35(83.3) 05
Positive immune response * four 56 (77.8) 16 (69.6) 40 (81.6) 03

months after the third vaccine 58

¥ Double immunosuppression denotes the combination of CNI and MMF—thirteen patients; CNI and everolimus—eight
patients; CNI and prednisone—seven patients.  Triple immunosuppression therapy was administered to six patients (the
combination of CNI, MME and prednisone—five patients; the combination of mTOR inhibitors, MME and prednisone—one
patient). * A positive immune response was defined as IgG antibody titers > 21.4 BAU/mL. § The immune response was
assessed at a median time of 22 days (IQR, 21-28 days) after the third vaccine dose. 58 The immune response was assessed at a
median time of 132 days (IQR, 130-138 days) after the third vaccine dose.

Serum samples were collected from LT recipients at a median of 132 days (interquartile
range [IQR]), 130-138 days) after the third vaccine and 29 days (IQR, 25-33) after the fourth
dose. The median time between the third vaccine follow-up serology assessment and
administration of the fourth vaccine dose was 38 days (IQR 29-44).

Four months after the third vaccine, a positive humoral immune response was detected
in 56 of the 73 LT recipients (77.8%). Responders to the third vaccine after one- and four-
month follow-ups were lower among patients who did not receive the fourth vaccine dose
compared to those who received it (75% vs. 83.3%, p = 0.5, and 69.6% vs. 81.6%, p = 0.3,
respectively) (Table 1).

3.2. Humoral Immunity to the Fourth BNT162b2 mRNA Vaccine Dose

Fifty LT recipients were vaccinated with the fourth vaccine. Baseline demographics,
clinical, and laboratory characteristics of the 50 LT recipients vaccinated with the fourth
dose are presented in Table 1. The immune response after the fourth vaccine was assessed
in 29 of 50 patients. Paired levels anti-RBD IgG, psSARS-2 NA (ps-NA), and NA against
wild-type and Omicron BA.1 were available for 25 of 29 patients who had participated in
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our previous study [6], enabling comparison of the humoral immune response shortly after
the third vaccine (first test) (n = 25, at a median time of 22 days (IQR, 22-28 days)), at a
later stage after the third vaccine dose (second test) (n =29, at a median time of 131 days
(IQR, 129-136 days)), and after the fourth vaccine dose (third test) (n = 29, at a median time
of 29 days (IQR, 25-33 days)). The median time between the third and the fourth vaccine
doses was 175 days (IQR, 164-176 days).

The humoral immune responses of the 29 patients with paired serology samples were
compared and presented in Figure 2 and Table 3.
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p=0.002
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Figure 2. Changes in the humoral immune response after the third and the fourth vaccine doses
among liver transplant recipients. (a) Changes in immune response after the third and fourth doses
among the 29 liver transplant recipients who had paired serology samples. (b) Scatter plot presenting
changes in anti-RBD IgG and (c¢) SARS-CoV-2 pseudo-virus neutralizing antibody titers after the
third and the fourth vaccine dose (after the third vaccine test, serum collection was 22 days (IQR,
21-28 days), after the third vaccine and before the fourth vaccine test, it was 131 days (IQR, 129-137
days), and after the third dose and after the fourth vaccine test, it was 29 days (IQR, 25-33 days) after
administration of the fourth vaccine dose). Differences in paired samples were calculated using the
Wilcoxon matched-pairs signed-rank test. The horizontal line indicates geometric mean values with a
95% confidence interval.

Table 3. Immune response before and after the fourth BNT162b2 mRNA vaccine compared to immune
response immediately after the third vaccine.

First Test Second Test Third test
Characteristics One Month after the Third Dose & Four Months after the Third One Month after the Fourth
ne25 Dose it Dose 1t
- n=29 n=29

Positive anti-RBD IgG *, n (%) 21 (84) 23(79.3) 27 (93.1)
50% SARS-CoV-2 pseudo-virus
neutralization titer, GM (CI 95%) 785 (180-3434) 699 (244-2008) 2489 (1098-5640)
Anti-RBD IgG titer, BAU/mL,
GM (CI 95%) 766 (241-2428) 345 (124-955) 2118 (761-5900)
50% wild-type neutralization titer,
GM (CI 95%) 174 (41-737) 89 (27-301) 662 (198-2209)
50% Omicron BA.1 neutralization 34 (11-109) 12 (5-27) 87 (32-241)

titer, GM (CI 95%)

 Serum was collected at a median time of 22 days (IQR, 21-28) after administration of the third vaccine dose.
# Serum was collected at a median of 131 (IQR, 129-137) days after administration of the third vaccine dose. The
wild-type and Omicron BA.1 neutralization titers were assessed in 27 of 29 patients. ¥ Serum was collected at a
median of 29 days (IQR, 25-33 days) days after administration of the fourth vaccine dose. The wild-type and
Omicron BA.1 neutralization titers were assessed in 27 of 29 patients. * A positive anti-RBD IgG was defined as
IgG antibody titers > 21.4 BAU/mL.

Four months after the third vaccine (before the fourth vaccine), the immune response
was detected in 23/29 (79.3%) of patients (Table 3, Figure 2). Geometric mean anti-RBD IgG
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decreased significantly four months after the third vaccine as compared to the levels mea-
sured one month after the third vaccine (766 BAU/mL (95% CI, 241-2428) to 345 BAU/mL
(95% CI, 124-955), p < 0.0001; geometric mean ps-NA levels decreased from 785 (95%
CI, 180-3434) to 699 (95% CI, 244-2008); however, these differences were not significant
(p = 0.9) (Figure 2, Table 3). Geometric mean anti-RBD IgG and ps-NA levels increased
significantly after the fourth dose as compared to levels measured before its administration
(345 BAU/mL (95% CI, 124-956) to 2118 BAU/mL (95% CI, 761-5900) p < 0.0001 and 699
(95% CI, 244-2008) to 2489 (95% CI, 1098-5640), p < 0.0001, respectively (Figure 2).

Due to the small sample size and the highly significant response to the fourth dose
among the LT recipients, predictors of negative immune response after the fourth dose
could not be evaluated (Table 4).

Table 4. The Humoral immune response of 29 patients after being vaccinated with a fourth dose of
the BNT162b2 mRNA vaccine.

Serology Assessment

Characteristics after the 'Fourth Non-Responders Responders p
Vaccine n=2 n=27
n=29

Age, years 64.2 (54.3-70.4) 64.8 (54.3-75.4) 64 (49.2-10.4) 0.8
Male, n (%) 16 (55.2) 1 (50) 15 (55.6) 0.7
Age at transplantation, years 54.2 (41-63.1) 59.4 (53.4-65.4) 54.2 (40.1-63.1) 0.5
Time since liver transplantation, years 7.5 (4.3-15) 5.4 (0.9-9.97) 7.5 (4.3-15.2) 0.4
Comorbidities

Diabetes mellitus, n (%) 12 (41.4) 1 (50) 11 (40.7) 0.7

Hypertension, n (%) 13 (44.8) 1 (50) 12 (44.4) 0.7

Dyslipidemia, n (%) 12 (41.4) 1 (50) 11 (40.7) 0.7

Chronic kidney disease, n (%) 10 (34.5) 1 (50) 9 (33.3) 0.6

BMI, kg/m? 25.3 (22.1-27) 20.9 (15.8-26.1) 25.3 (22.1-27.4) 0.4
WBC, K/microL 5.7 (4.8-6.6) 4.5 (4.2-4.7) 5.7 (4.8-6.7) 0.1
Hemoglobin, g/dL 13.1 (12.4-15.5) 11.1 (10.2-12) 13.6 (12.4-16) 0.04
Creatinine, mg/dL 0.97 (0.8-1.2) 1.2 (1.1-1.3) 0.9 (0.8-1.2) 0.2
ALT, IU/L 19 (17-26) 20.5 (17-24) 19 (16-27) 1.0
Prednisone, n (%) 3(10.3) 0 3 (11.1) 0.8
MME, n (%) 8 (27.6) 1 (50) 7(25.9) 0.5
Everolimus, n (%) 4 (13.8) 1 (50) 3(11.1) 0.3
CNI monotherapy, n (%) 13 (44.8) 0 16 (59.3) 0.1
Double/triple immunosuppression, n (%) 11 (37.9)/2 (6.9) 2 (100) 9(33.3)/2(7.4) 0.2
SARS-CoV-2 infection, n (%) 3(10.3) 0 3(11.1) 0.8

Patients with IgG antibody titers > 21.4 BAU/mL were defined as responders. Patients with titers < 21.4 BAU/mL
were defined as non-responders. ALT, alanine aminotransferase; BMI, body mass index; CNI, calcineurin inhibitor;
IQR, interquartile range; LT, liver transplantation; MMF, mycophenolate mofetil.

Immediately after the fourth booster, the immune response was enhanced significantly,
from 84% to 93.1% (p = 0.02), with geometric mean anti-RBD IgG and ps-NA levels sig-
nificantly higher after the fourth dose as compared immediately after the third vaccine
(766 BAU/mL (95% CI, 241-2428) to 2118 BAU/mL (95% CI, 761-5900), p = 0.001, and 785
(95% CI, 180-3434) to 2489 (95% CI, 1098-5640), p = 0.002, respectively) (Figure 2).

Titers of ps-NA correlated positively with anti-RBD IgG titers (r = 0.81, p < 0.0001;
r=0.84, p <0.0001; r = 0.85, p < 0.0001 after the third vaccine, before and after fourth doses,
respectively).

Titers of ps-NA after the fourth dose correlated negatively with combined immunosup-
pression (double and triple therapy) compared to CNI monotherapy (r = —0.5, p = 0.004).
No correlation was found between ps-NA titers following the fourth dose and age, sex,
comorbidities (diabetes mellitus, hypertension, dyslipidemia, and impaired renal function),
or subtypes of immunosuppression treatment (MMF, mTOR, or prednisone).
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3.3. Neutralization of Wild-Type and Omicron Variants (BA.1 and BA.2 Variants)

The efficacy of neutralizing antibodies against wild-type and Omicron variants BA.1
and BA.2 was tested before and after the fourth vaccine. The GMT of wild-type and
Omicron variants BA.1 and BA.2 was assessed before the administration of the fourth
vaccine in 71 of 73 patients and was 79 (95% CI, 39-159), 10 (95% CI, 6-15), and 15 (95% CI,
9-25) (p < 0.0001). The GMT of wild-type and Omicron variants BA.1 and BA.2 after the
fourth vaccine was assessed in 27 of 29 patients and was 662 (95% CI, 198-2209), 87 (95%
CI, 32-240), 149 (95% CI, 57-394), p < 0.0001 and p = 0.001, respectively (Figure 3).
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Figure 3. Neutralization efficiency against the wild-type SARS-CoV-2 virus and Omicron variants of
concern BA.1 and BA.2. (a) Scatter plot presenting changes in wild-type, BA.1 and BA.2 Omicron
neutralizing antibodies before and after the fourth vaccine; (b) Changes in titers of neutralizing
antibody against the wild-type virus and BA.1 variant among 27 liver transplant recipients who
had paired serology samples after the third and the fourth vaccine dose (in the first test, serum
collection was 22 days (IQR, 21-28 days) after the third vaccine, in the second test it was 131 days
(IQR, 129-137 days) after the third dose, and in the third test it was 29 days (IQR, 25-33 days) after
administration of the fourth vaccine dose). Differences in paired samples were calculated using the
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Wilcoxon matched-pairs signed-rank test. The black horizontal line indicates geometric mean values
with a 95% confidence interval.

The NA to BA.1 titer after the fourth dose correlated positively with anti-RBD IgG
titers (r = 0.7, p < 0.0001). No correlation was found between NA BAL1 titers following the
fourth dose and age, sex, comorbidities (diabetes mellitus, hypertension, dyslipidemia, and
impaired renal function), or subtypes of immunosuppression treatment.

The NA to BA2 titers after the fourth dose correlated positively with anti-RBD IgG
titers (r = 0.82, p < 0.0001) and negatively with combined immunosuppression (double
and triple therapy) compared to CNI monotherapy (r = —0.403, p = 0.04). No correlation
was found between NA BA2 titers following the fourth dose and age, sex, comorbidities
(diabetes mellitus, hypertension, dyslipidemia, and impaired renal function), or subtypes
of immunosuppression treatment (MMF, mTOR, or prednisone).

Next, we performed a comparison in paired samples neutralizing efficacy against
wild-type and Omicron variants BA.1 at three timepoints (immediately after the third
vaccine, before the fourth vaccine, and after the fourth vaccine) in twenty-seven patients.
The GMT of wild-type BA.1 immediately after the third vaccine (first test), that was 174
(95% CI, 41-737) and 34 (95% CI, 11-109), decreased significantly in the second test (before
the fourth vaccine) and improved significantly after the fourth vaccine (third test); 89 (95%
CI, 27-301), 12 (95% CI, 5-27) and 662 (95% CI, 198-2209), 87 (95% CI, 32-241), respectively.
It is important to mention that the level of neutralizing antibodies against the BA.1 variant
improved significantly after the fourth vaccine compared to their level immediately after
the third vaccine (p < 0.0001) (Figure 3).
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3.4. Breakthrough Infection

The entire cohort was analyzed for the rate of breakthrough infections. No difference in
clinical and laboratory characteristics was found between LT patients who received three vs.
four vaccine doses (Table 1). A breakthrough infection was documented in sixteen patients,
with nine (18%) contracting a SARS-CoV-2 infection after the fourth vaccine dose and seven
(30.4%) after the third dose (p = 0.2). The median time between SARS-CoV-2 infection and
the fourth dose was 49 days (IQR, 29-60 days; range, 21-111 days). Breakthrough infections
were mild in 15/16 (93.5%) cases, while one patient who had received three vaccine doses
developed a severe infection and required hospitalization. No fatal cases were documented
(Table 5).

Table 5. Comparison of baseline characteristics of 50 patients who received a fourth BNT162b2
mRNA dose vaccine with and without breakthrough infections.

No SARS-CoV-2 Infection SARS-CoV-2 Infection

Characteristics n=dl n=9 p-Value

Age, years 61.8 (54-71) 66.4 (52-70.4) 0.8
Male, n (%) 20 (48.8) 6 (66.7) 0.9
Age at transplantation, years 53 (45-60) 54 (45-63) 0.9
Comorbidities

Diabetes mellitus, n (%) 14 (34.1) 7 (77.8) 0.016

Hypertension, n (%) 21 (51) 6 (66.7) 04

Dyslipidemia, n (%) 18 (44) 5 (55.6) 0.5

Chronic kidney disease, n (%) 14 (34) 4 (44.4) 0.5
BMI, kg/m? 25 (22-28) 27 (26-28)
WBC, K/microL 5.7 (4.7-7.0) 4.6 (3.9-5.2) 0.05
Hemoglobin, g/dL 13 (12.3-15.2) 13.7 (11.5-14.1) 0.6
Creatinine, mg/dL 0.97 (0.8-1.2) 1.23 (1.0-1.5) 0.096
ALT, TU/L 19 (16-26) 26.5 (15.5-44.5) 0.4
Prednisone, n (%) 8 (19)/5 (5-6) 1(11.1)/5 05/1
MME, n (%) 11 (26.8) /1000 (750-1500) 9 (100)/625 (500-875) 0.3/0.2
Everolimus, n (%) 4(3-6)/9 (22) 0 0.1/NA
CNI monotherapy, n (%) 20 (51.3) 5 (55.6) 0.8
Double/triple immunosuppression, n 14 (34.1)/6 (14.6) 4(44.4)/0 06

(%)

Breakthrough infections after the fourth vaccine positively correlated with the presence
of diabetes mellitus (r = 0.4, p = 0.03), showing a higher prevalence among diabetic (7/21
(33.3%)) as compared to nondiabetic (2/29 (6.9%)) recipients (p = 0.02). Age, gender, other
comorbidities, type of immunosuppression therapy, anti-RBD, and ps-NA levels after the
fourth vaccine dose did not correlate with breakthrough infections.

The GMT anti-RBD IgG and ps-NA were compared in our LT recipients” group with
and without diabetes mellitus. The GMT anti-RBD IgG and ps-NA were numerically higher
in most time points among LT recipients without diabetes mellitus compared to the diabetes
group. Only the titer of ps-NA was significantly higher among non-diabetic LT recipients
compared to diabetics (314 (64—4096) vs. 1039 (512-10000), p = 0.048 (Figure 4). However,
the GMT anti-RBD IgG and ps-NA titers were not different between patients with and
without breakthrough infections divided by diabetes mellitus.

The GMT anti-RBD IgG and ps-NA were compared in our LT recipients” group with
and without breakthrough infection (Figure 5).

The GMT anti-RBD IgG and ps-NA before the fourth vaccine was significantly higher
among recipients without than with a breakthrough infection and was 2895 BAU/mL
(95% CI, 3111-11013) vs. 61 BAU/mL (95% CI, 2-475), p = 0.02; 662 (95% CI, 512—4096) vs.
121 (95% CI, 1-1024), p = 0.02, respectively. The GMT anti-RBD IgG and ps-NA after the
fourth dose was numerically lower among LT recipients with a breakthrough infection than
without. However, the differences were not statistically significant.
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Figure 4. Changes in the humoral immune response after the third and the fourth vaccine doses
among liver transplant recipients with and without diabetes mellitus. (a) Scatter plot presenting
changes in anti-RBD IgG and (b) SARS-CoV —2 pseudo-virus neutralizing antibody titers after the
third and the fourth vaccine dose (post-third serum collection was 22 days (IQR, 21-28 days) after
the third vaccine, the pre-fourth was 131 days (IQR, 129-137 days) after the third dose, and the post-
fourth was 29 days (IQR, 25-33 days) after administration of the fourth vaccine dose). Differences in
paired samples were calculated using the Wilcoxon matched-pairs signed-rank test. The horizontal
line indicates geometric mean values with a 95% confidence interval.
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Figure 5. Changes in the humoral immune response after the third and the fourth vaccine doses
among liver transplant recipients with and without a breakthrough infection. (a) Scatter plot pre-
senting changes in anti-RBD IgG and (b) SARS-CoV —2 pseudo-virus neutralizing antibody titers
before and after the fourth vaccine dose (the pre-fourth was 131 days (IQR, 129-137 days) after the
third dose and the post-fourth was 29 days (IQR, 25-33 days) after administration of the fourth
vaccine dose). Differences in paired samples were calculated using the Wilcoxon matched-pairs
signed-rank test. The horizontal line indicates geometric mean values with a 95% confidence interval.
BI, breakthrough infection.
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3.5. Adverse Effects of the Fourth BNT162b2 mRNA Vaccine Dose

Adverse effects (mostly mild) that were reported by 25% of patients included shoulder
pain, muscle pain, headache, and fatigue.

4. Discussion

We aimed to assess the humoral immune response of LT recipients to the fourth
BNT162b2 mRNA vaccine and also the immune response to the currently widespread VOC.
The fourth dose of the vaccine significantly improved humoral immune responses among
LT recipients. The positive immune response reached 84% one month after the third vaccine
dose, waned to 79.3% within the subsequent three months, and significantly improved to
93.1% one month after the fourth vaccine dose. Our findings align with a recent report
of improved immune response with the fourth vaccine dose among immunocompetent
patients [7,9].

The vaccine effectiveness against VOC was assessed before and after the fourth vaccine.
The neutralizing antibody titer against the Omicron variant BA.1 and BA.2 was significantly
lower than the wild-type of SARS-CoV-2 virus before and after the fourth vaccine. Moreover,
the neutralizing antibody titers against the BA.2 Omicron variant were significantly higher
than the BA.1 Omicron variant.

Moreover, our important findings demonstrated that the immune response after the
fourth vaccine was significantly higher than the immune response immediately after the
third boost at all levels (anti-RBD IGG, ps-NA, and NA titers of BA.1). We have detected a
difference between the changes in levels of anti-RBD IgG and ps-NA immediately after the
third vaccine and three months after the third vaccine. Although the titer of anti-RBD IgG
decreased significantly, the levels of ps-NA did not change significantly. However, we have
demonstrated, a positive correlation in both anti-RBD IgG and ps-NA titers at one and four
months after the third vaccine (manuscript submitted). The difference in titers is most likely
due to the significant increase in the strength of interaction between IgG antibodies and
SARS-CoV-2 antigen (avidity) observed after the third dose. These findings are in line with
a recent publication that has demonstrated that the third vaccine dose among HCWs elicits
IgG affinity maturation, which specifically affects neutralization capacity [20]. This finding
suggests that lower IgG antibody levels will be required to maintain high neutralizing titers
and, as a result, immunity may be sustained for a longer period following vaccination [20].

The recent emergence of the Omicron variant affected the efficacy of the currently
available COVID-19 vaccines and the administration of neutralizing antibody therapeu-
tics [21]. The immune response of twenty-four immunocompetent patients after the three
doses of the BNT162b2 mRNA vaccine showed significantly lower BA.2 and BA.1 neu-
tralizing antibody titers than the wild-type [13]. Additionally, a clinical observational
study during the Omicron wave showed that an additional boost among nursing home
residents provided higher protection than the two doses [21]. Data on the effectiveness of
the fourth vaccine dose among LT recipients are limited. The improved immune response
after the fourth as compared to the third vaccine dose was associated with fewer numerical
incidences of breakthrough infections. However, the difference did not reach statistical
significance, likely due to the small sample size. In a recent follow-up of immunocompetent
HCWs at our center, breakthrough infection incidence was shown to correlate with anti-
body titers [13]. Bar-On et al. also reported that the fourth dose provided added short-term
protection against confirmed SARS-CoV-2 infections, with incidence twofold and the rate
of severe disease threefold lower four weeks after vaccination in comparison to eligible
individuals who did not receive the fourth dose [7]. Peled et al. reported an improved
immune response among HT recipients after the fourth BNT162b2 vaccine dose, from 61.4%
before to 80.7% after the fourth dose [15]. Midtvedt et al. reported a 42% positive immune
response to the fourth dose among non-responder kidney transplant (KT) recipients [16].

In line with our previously reported observation [1,6], the present study found a signifi-
cant association between the immune response and the type of immunosuppression therapy
(combined immunosuppression vs. CNI monotherapy). Recently, a dose-dependent effect
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of MMF on the immune response has been reported among KTRs; KTRs taking <1 g MMF
per day had a better immune response to mRNA vaccines than patients on higher dosage
regimens (OR 5.19, 95% CI 1.49-18.00, p = 0.009) [22].

It was previously reported that advanced age, metabolic risk factors, and immuno-
compromised conditions impaired immune response to the BNT162b2 vaccine [23-25]. In
a recent review, Norbert Stefan [23] stressed that hyperglycemia and insulin resistance
might drive immunosenescence and concluded that these risk factors might also promote
vaccine-breakthrough SARS-CoV-2 infections in fully vaccinated individuals. Indeed, we
found that breakthrough infection incidence after the fourth vaccine was significantly
higher among diabetic patients.

One of the strengths of the present study lies in its pioneering attempt to evaluate
immune responses and breakthrough infection rates among LT recipients who received
the fourth vaccine dose. We excluded the LT recipients who were SARS-CoV-2 infected at
different time points of the COVID-19 pandemic in order to have a homogenous uninfected
LT recipients group. Using this strategy allowed us to draw a more accurate conclusion
regarding the effectiveness of the vaccine. The study was limited by its small sample size. In
the present study, a trend of avoidance of vaccination with the fourth dose was noted among
LT recipients with an earlier negative immune response, which may have influenced our
cohort’s high response rate to the fourth vaccine. Thus, a definitive conclusion regarding the
protection against severe infection provided by the fourth vaccine dose cannot be made at
the present time. Additionally, this study did not present an assessment of T-cell response.

5. Conclusions

In summary, the fourth BNT162b2 mRNA vaccine significantly improved humoral
immune responses among LT recipients. The fourth vaccine dose was not associated with
severe adverse effects. NA titers after the fourth dose correlated negatively with combined
immunosuppression compared to CNI monotherapy. The breakthrough infection incidence
was lower than among recipients who received three doses, but the difference did not
reach statistical significance. The rate of breakthrough infection was higher among diabetic
patients. Further studies with a larger sample size are needed to evaluate additional factors
potentially influencing the breakthrough infection rate among LT recipients receiving the
fourth vaccine dose.

Author Contributions: Conceptualization, Y.D. and Z.B.-A.; methodology, Y.D., V.I., O.M., M.M. and
Z.B.-A.; patient recruiting and data collection Y.D., K.T.,, O.C.-E., M.L., N.A,, LK., YW.-O., K.A., R.D.
and T.H.; formal analysis, Y.D.; writing—original draft preparation, Y.D., M.M. and Z.B.-A_; project
administration, A.A., YK, Y.L. and G.R.-Y. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by internal funds of the Sheba Medical Center.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of the Sheba Medical Center (8008-20-SMC).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Not applicable.

Conflicts of Interest: Regev-Yochay received an institutional grant from Pfizer on an unrelated topic
(pneumococcal disease). He was also on the advisory boards of Moderna and received consulting
fees from MSD, Teva, and AstraZeneca.



Viruses 2022, 14, 2769 13 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Davidov, Y.; Tsaraf, K.; Cohen-Ezra, O.; Likhter, M.; Ben Yakov, G.; Levy, I.; Levin, E.G.; Lustig, Y.; Mor, O.; Rahav, G.; et al.
Immunogenicity and Adverse Effects of the 2-Dose BNT162b2 Messenger RNA Vaccine Among Liver Transplantation Recipients.
Liver Transplant. 2021, 28, 215-223. [CrossRef]

Rabinowich, L.; Grupper, A.; Baruch, R.; Ben-Yehoyada, M.; Halperin, T.; Turner, D.; Katchman, E.; Levi, S.; Houri, I.; Lubezky, N.;
et al. Low immunogenicity to SARS-CoV-2 vaccination among liver transplant recipients. J. Hepatol. 2021, 75, 435-438. [CrossRef]
[PubMed]

Grupper, A.; Rabinowich, L.; Schwartz, D.; Schwartz, LE.; Ben-Yehoyada, M.; Shashar, M.; Katchman, E.; Halperin, T.; Turner,
D.; Goykhman, Y,; et al. Reduced humoral response to mRNA SARS-CoV-2 BNT162b2 vaccine in kidney transplant recipients
without prior exposure to the virus. Arab. Archaeol. Epigr. 2021, 21, 2719-2726. [CrossRef] [PubMed]

Peled, Y.; Ram, E.; Lavee, |.; Sternik, L.; Segev, A.; Wieder-Finesod, A.; Mandelboim, M.; Indenbaum, V.; Levy, I.; Raanani, E.; et al.
BNT162b2 vaccination in heart transplant recipients: Clinical experience and antibody response. J. Heart Lung Transplant. 2021, 40,
759-762. [CrossRef] [PubMed]

Peled, Y.; Ram, E; Lavee, ].; Segev, A.; Matezki, S.; Wieder-Finesod, A.; Halperin, R.; Mandelboim, M.; Indenbaum, V.; Levy, L;
et al. Third dose of the BNT162b2 vaccine in heart transplant recipients: Immunogenicity and clinical experience. J. Heart Lung
Transplant. 2021, 41, 148-157. [CrossRef]

Davidov, Y.; Indenbaum, V.; Tsaraf, K.; Cohen-Ezra, O.; Likhter, M.; Ben Yakov, G.; Halperin, R.; Levy, I.; Mor, O.; Agmon-Levin,
N.; et al. A third dose of the BNT162b2 mRNA vaccine significantly improves immune responses among liver transplant
recipients. . Hepatol. 2022, 77, 702-709. [CrossRef]

Bar-On, Y.M.; Goldberg, Y.; Mandel, M.; Bodenheimer, O.; Amir, O.; Freedman, L.; Alroy-Preis, S.; Ash, N.; Huppert, A.; Milo, R.
Protection by a Fourth Dose of BNT162b2 against Omicron in Israel. N. Engl. . Med. 2022, 386, 1712-1720. [CrossRef]

Nemet, I; Kliker, L.; Lustig, Y.; Zuckerman, N.; Erster, O.; Cohen, C.; Kreiss, Y.; Alroy-Preis, S.; Regev-Yochay, G.; Mendelson,
E.; et al. Third BNT162b2 Vaccination Neutralization of SARS-CoV-2 Omicron Infection. N. Engl. J. Med. 2022, 386, 492-494.
[CrossRef]

Regev-Yochay, G.; Gonen, T.; Gilboa, M.; Mandelboim, M.; Indenbaum, V.; Amit, S.; Meltzer, L.; Asraf, K.; Cohen, C.; Fluss, R.;
et al. Efficacy of a Fourth Dose of COVID-19 mRNA Vaccine against Omicron. N. Engl. ]. Med. 2022, 386, 1377-1380. [CrossRef]
Ito, K; Piantham, C.; Nishiura, H. Relative instantaneous reproduction number of Omicron SARS-CoV-2 variant with respect to
the Delta variant in Denmark. J. Med. Virol. 2022, 94, 2265-2268. [CrossRef]

Maslo, C.; Friedland, R.; Toubkin, M.; Laubscher, A.; Akaloo, T.; Kama, B. Characteristics and Outcomes of Hospitalized Patients
in South Africa During the COVID-19 Omicron Wave Compared with Previous Waves. JAMA 2022, 327, 583. [CrossRef] [PubMed]
Guo, Y.; Han, J.; Zhang, Y.; He, J.; Yu, W.; Zhang, X.,; Wu, J.; Zhang, S.; Kong, Y.; Guo, Y.; et al. SARS-CoV-2 Omicron Variant:
Epidemiological Features, Biological Characteristics, and Clinical Significance. Front. Immunol. 2022, 13. [CrossRef] [PubMed]
Yu, J.; Collier, A.-R.Y.; Rowe, M.; Mardas, E; Ventura, ].D.; Wan, H.; Miller, J.; Powers, O.; Chung, B.; Siamatu, M.; et al.
Neutralization of the SARS-CoV-2 Omicron BA.1 and BA.2 Variants. N. Engl. . Med. 2022, 386, 1579-1580. [CrossRef] [PubMed]
Ma, E.; Ai, J.; Zhang, Y.; Zheng, ].; Gao, X.; Xu, J.; Yin, H.; Fu, Z; Xing, H.; Li, L.; et al. Omicron infections profile and vaccination
status among 1881 liver transplant recipients: A multi-centre retrospective cohort. Emerg. Microbes Infect. 2022, 11, 2636-2644.
[CrossRef] [PubMed]

Peled, Y.; Afek, A.; Nemet, I.; Rahav, G.; Raanani, E.; Patel, ].K.; Mandelboim, M. Fourth BNT162b2 vaccination neutralization of
omicron infection after heart transplantation. J. Heart Lung Transplant. 2022, 41, 1210-1213. [CrossRef]

Midtvedt, K.; Vaage, ].T.; Heldal, K.; Munthe, L.A.; Lund-Johansen, E; Asberg, A. Fourth dose of the SARS-CoV -2 vaccine
in kidney transplant recipients with previously impaired humoral antibody response. Am. J. Transplant. 2022, 22, 2704-2706.
[CrossRef]

Harberts, A.; Schaub, G.M.; Ruether, D.F,; Duengelhoef, PM.; Brehm, T.T.; Karsten, H.; Fathi, A.; Jahnke-Triankowski, J.; Fischer,
L.; Addo, M.M,; et al. Humoral and Cellular Immune Response After Third and Fourth SARS-CoV-2 mRNA Vaccination in Liver
Transplant Recipients. Clin. Gastroenterol. Hepatol. 2022, 20, 2558-2566.e5. [CrossRef] [PubMed]

Lustig, Y.; Sapir, E.; Regev-Yochay, G.; Cohen, C.; Fluss, R.; Olmer, L.; Indenbaum, V.; Mandelboim, M.; Doolman, R.; Amit, S.;
et al. BNT162b2 COVID-19 vaccine and correlates of humoral immune responses and dynamics: A prospective, single-centre,
longitudinal cohort study in health-care workers. Lancet Respir. Med. 2021, 9, 999-1009. [CrossRef]

Lustig, Y.; Nemet, I; Kliker, L.; Zuckerman, N.; Yishai, R.; Alroy-Preis, S.; Mendelson, E.; Mandelboim, M. Neutralizing Response
against Variants after SARS-CoV-2 Infection and One Dose of BNT162b2. N. Engl. J. Med. 2021, 384, 2453-2454. [CrossRef]
Lustig, Y.; Gonen, T.; Meltzer, L.; Gilboa, M.; Indenbaum, V.; Cohen, C.; Amit, S.; Jaber, H.; Doolman, R.; Asraf, K.; et al. Superior
immunogenicity and effectiveness of the third compared to the second BNT162b2 vaccine dose. Nat. Immunol. 2022, 23, 940-946.
[CrossRef]

Prasad, N.; Derado, G.; Nanduri, S.A.; Reses, H.E.; Dubendris, H.; Wong, E.; Soe, M.M.; Li, Q.; Dollard, P.; Bagchi, S.; et al.
Effectiveness of a COVID-19 Additional Primary or Booster Vaccine Dose in Preventing SARS-CoV-2 Infection Among Nursing
Home Residents During Widespread Circulation of the Omicron Variant—United States, February 14-March 27, 2022. Morb.
Mortal. Wkly. Rep. 2022, 71, 633-637. [CrossRef] [PubMed]


http://doi.org/10.1002/lt.26366
http://doi.org/10.1016/j.jhep.2021.04.020
http://www.ncbi.nlm.nih.gov/pubmed/33892006
http://doi.org/10.1111/ajt.16615
http://www.ncbi.nlm.nih.gov/pubmed/33866672
http://doi.org/10.1016/j.healun.2021.04.003
http://www.ncbi.nlm.nih.gov/pubmed/34034958
http://doi.org/10.1016/j.healun.2021.08.010
http://doi.org/10.1016/j.jhep.2022.03.042
http://doi.org/10.1056/NEJMoa2201570
http://doi.org/10.1056/NEJMc2119358
http://doi.org/10.1056/NEJMc2202542
http://doi.org/10.1002/jmv.27560
http://doi.org/10.1001/jama.2021.24868
http://www.ncbi.nlm.nih.gov/pubmed/34967859
http://doi.org/10.3389/fimmu.2022.877101
http://www.ncbi.nlm.nih.gov/pubmed/35572518
http://doi.org/10.1056/NEJMc2201849
http://www.ncbi.nlm.nih.gov/pubmed/35294809
http://doi.org/10.1080/22221751.2022.2136535
http://www.ncbi.nlm.nih.gov/pubmed/36227753
http://doi.org/10.1016/j.healun.2022.04.014
http://doi.org/10.1111/ajt.17091
http://doi.org/10.1016/j.cgh.2022.06.028
http://www.ncbi.nlm.nih.gov/pubmed/35850415
http://doi.org/10.1016/S2213-2600(21)00220-4
http://doi.org/10.1056/NEJMc2104036
http://doi.org/10.1038/s41590-022-01212-3
http://doi.org/10.15585/mmwr.mm7118a4
http://www.ncbi.nlm.nih.gov/pubmed/35511708

Viruses 2022, 14, 2769 14 of 14

22.

23.

24.

25.

Kantauskaite, M.; Miiller, L.; Kolb, T.; Fischer, S.; Hillebrandt, J.; Ivens, K.; Andree, M.; Luedde, T.; Orth, H.M.; Adams, O.; et al.
Intensity of mycophenolate mofetil treatment is associated with an impaired immune response to SARS-CoV-2 vaccination in
kidney transplant recipients. Am. J. Transplant. 2021, 22, 634-639. [CrossRef] [PubMed]

Stefan, N. Metabolic disorders, COVID-19 and vaccine-breakthrough infections. Nat. Rev. Endocrinol. 2021, 18, 75-76. [CrossRef]
[PubMed]

Dagan, N.; Barda, N.; Kepten, E.; Miron, O.; Perchik, S.; Katz, M.A.; Hernan, M. A ; Lipsitch, M.; Reis, B.; Balicer, R.D. BNT162b2
mRNA COVID-19 Vaccine in a Nationwide Mass Vaccination Setting. N. Engl. ]. Med. 2021, 384, 1412-1423. [CrossRef] [PubMed]
Bergwerk, M.; Gonen, T.; Lustig, Y.; Amit, S.; Lipsitch, M.; Cohen, C.; Mandelboim, M.; Levin, E.G.; Rubin, C.; Indenbaum, V,;
et al. COVID-19 Breakthrough Infections in Vaccinated Health Care Workers. N. Engl. ]. Med. 2021, 385, 1474-1484. [CrossRef]
[PubMed]


http://doi.org/10.1111/ajt.16851
http://www.ncbi.nlm.nih.gov/pubmed/34551181
http://doi.org/10.1038/s41574-021-00608-9
http://www.ncbi.nlm.nih.gov/pubmed/34873287
http://doi.org/10.1056/NEJMoa2101765
http://www.ncbi.nlm.nih.gov/pubmed/33626250
http://doi.org/10.1056/NEJMoa2109072
http://www.ncbi.nlm.nih.gov/pubmed/34320281

	Introduction 
	Materials and Methods 
	Serology Assay 
	Antibody Detection Testing 
	Viral Isolation of the Wild-Type and Omicron Variants and SARS-CoV-2 Micro-neutralization Assays 

	Statistical Analysis 

	Results 
	Baseline Characteristics 
	Humoral Immunity to the Fourth BNT162b2 mRNA Vaccine Dose 
	Neutralization of Wild-Type and Omicron Variants (BA.1 and BA.2 Variants) 
	Breakthrough Infection 
	Adverse Effects of the Fourth BNT162b2 mRNA Vaccine Dose 

	Discussion 
	Conclusions 
	References

