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BACKGROUND: The repeated waves of the COVID-19 pandemic have highlighted the necessity to opti-
mize vaccine responses in immunocompromised populations. We investigated the safety and immuno-
genicity of a third, booster, dose of the Pfizer BNT162b2 vaccine in heart transplant (HT) patients.
METHODS: The cohort comprised 96 adult HT patients who received a third homologous dose of the
BNT162b2 vaccine 168 days after the second dose. The vaccine-induced antibody responses of both
receptor-binding domain (RBD) IgG and neutralizing antibodies were assessed in all patients, with a
positive antibody response being defined as the presence of either IgG anti-RBD or neutralizing anti-
bodies. For a subset of patients, T cell response was also studied.

RESULTS: The third dose was associated with a low rate of adverse events, mostly mild pain at the
injection site. No serious adverse events were recorded, and there were no episodes of rejection. At
18 days following the third dose of the vaccine, the positive antibody response increased from 23% to
67%, with a corresponding increase in neutralizing capacity. The third dose elicited SARS-CoV-2 neu-
tralization titers >9-fold and IgG anti-RBD antibodies >3-fold of the range achieved after the two pri-
mary doses. Mycophenolate use, lower eGFR and higher C-reactive protein were independently
associated with a reduced likelihood of generating an immune response. Importantly, a specific T-cell
response following the third dose was evident in the majority of transplant recipients.

CONCLUSIONS: An homologous third booster dose of the BNT162b2 vaccine gave overall consistent
tolerability and a good safety profile, while eliciting humoral and cellular immune responses.
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The repeated waves of the coronavirus disease 2019
(COVID-19) pandemic have highlighted the necessity to opti-
mize vaccine responses in vulnerable immunocompromised
populations, including the recipients of solid organ trans-
plants (SOT). In the general population,' the two-dose proto-
col for SARS-CoV-2 mRNA vaccines has been shown to
elicit an excellent antibody response, but in SOT recipients
antibody responses after 2 doses are markedly attenuated.™
This attenuated antibody response translates into a clinical
picture that includes breakthrough infections in fully vacci-
nated (2 doses) transplant recipients,’ with the disease course
being comparable to that in non-vaccinated SOT recipients.’

Following antigenic stimulation by vaccination or infec-
tion, the development of long-term protective immunity
depends on a series of immunological events that include
the activation, proliferation, differentiation and coordina-
tion of antigen-specific B and T cells. Accumulated knowl-
edge on this cascade of events constitutes the basis for the
development of antiviral — and other — vaccines, for moni-
toring the response to the vaccines, and for drug develop-
ment. In the COVID-19 arena, knowledge about the T-cell
response to SARS-CoV-2 infection and vaccination
remains limited, and research progress is being impeded by
the complexity of the T cell response and the attendant
problem of quantifying it definitively.°

The COVID-19 vaccination immune paresis in heart trans-
plant (HT) recipients,” and the ongoing pandemic that is put-
ting this vulnerable population at high risk, serve as a call to
action. For most vaccines, repeat vaccinations are necessary to
induce efficient and long-lasting protection from infection.
Repeat immunogenic stimulations not only increase the inten-
sity and durability of adaptive immunity, but also influence its
quality. For SOT patients, early reports provide encouraging
evidence regarding the immunogenicity and antibody response
following a third (booster) vaccine dose.”” " However, the lim-
itations of these studies are the small number of HT recipients,
the lack of data on the cellular responses and neutralizing anti-
bodies after the booster dose, and the lack of data on immuno-
suppression and clinical effectiveness.'’ In July 2021,
administration of a third dose of the Pfizer BNT162b2
COVID-19 vaccine was approved by the Israel Government
for all SOT recipients and other immunocompromised patients,
independently of serology evaluation. In compliance with the
recommendations of the Joint Statement about Vaccine Effi-
cacy in Organ Transplant Recipients,'’ we promoted the third
vaccination of the HT patients in our care, in the context of a
clinical research study. Here, we describe our experience with
an homologous third dose of the Pfizer BNT162b2 vaccine,
with emphasis on identifying and characterizing the safety and
immunogenicity of this booster dose.

Methods
Study population and surveillance

The cohort comprised 96 adult stable HT patients, who had previ-
ously received two doses of the BNT162b2 vaccine (Pfizer, New
York, USA and BioNTech, Mainz, Germany) and were subse-
quently vaccinated with an homologous third dose of the

BNT162b2 vaccine. None of the patients in the cohort were vacci-
nated during the three months after transplantation, and none were
treated for rejection or with T-cell depleting agents or specific B-
cell depletion agents during the 9 months prior to vaccination.'*"?
Given the high levels of antibodies in our subpopulation of
patients vaccinated before transplant, we excluded these patients
from third dose vaccination (n=9). We also excluded patients who
had recovered from COVID-19 disease and who exhibited high
levels of neutralizing antibodies (n=15), given the association of
neutralizing antibodies with attenuated disease severity,'® until
further information and safety data are available. All patients
underwent thorough clinical, laboratory and cardiac evaluation on
day of vaccination (before the vaccination) and were prospectively
followed at 2 to 3 weeks after the third vaccine with repeated clini-
cal, laboratory, and cardiac evaluations. Laboratory evaluation
included testing for antibodies and, for subset of patients, assess-
ment of a SARS-Co-V-2 specific T cell response. The institutional
protocol for post-transplant immunosuppression comprises a calci-
neurin inhibitor, a mycophenolate-based drug, and a corticoste-
roid. Conversion to everolimus is instituted per the patient’s risk
profile, as is steroid wean. Cardiac evaluation included noninva-
sive hemodynamic assessment; anamnestic and clinical examina-
tion by a transplant cardiologist; electrocardiography; and any
additional intervention deemed necessary in accordance with the
institutional follow-up protocol, which includes follow-up for
rejection and cardiac allograft vasculopathy, as previously
described.'* The study was approved by our institutional review
board (8314-21-SMC).

Outcome measures

The main outcomes for this study were: 1) Tolerability and reacto-
genicity; 2) vaccine-induced antibody response of receptor-bind-
ing domain (RBD) IgG and neutralizing antibodies; and 3) ex-
vivo interferon gamma (IFN-y) T cell response.

Tolerability and reactogenicity

Patients were actively screened for 'solicited' adverse events,'?
both local reactions (redness, swelling, pain at injection site) and
systemic reactions (fever, fatigue, headache, chills, vomiting, diar-
rhea, new or worsened joint pain, use of antipyretic or pain medi-
cation) within the seven days after the third dose. Patients were
also requested to report any suspected adverse event.

Antibody detection testing

Samples from HT patients were evaluated with an “in-house”
enzyme-linked immunosorbent assay (ELISA) that detects IgG
antibodies against the receptor- binding domain (RBD) of SARS-
CoV-2.""!7 A SARS-CoV-2 pseudo-virus (psSARS-2) neutraliza-
tion assay was performed to detect SARS-CoV-2 neutralizing anti-
bodies using a green fluorescent protein (GFP) reporter-based
pseudotyped virus with a vesicular stomatitis virus (VSV) back-
bone coated with the SARS-CoV-2 spike (S) protein, which was
generously provided by Dr. Gert Zimmer (Institute of Virology
and Immunology (IVI), Mittelhausern, Switzerland). Following
titration, 100 focus forming units (ffu) of pseudo SARS-2 were
incubated with twofold serial dilutions of heat-inactivated (56°C
for 30 min) sera. Thereafter, the virus/serum mixture was trans-
ferred to Vero E6 cells and incubated for 90 min at 37°C. Plates
were incubated for 24 h, and 50% plaque reduction titer was calcu-
lated by counting green fluorescent foci using a fluorescence
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microscope (EVOS MS5000, Invitrogen). Sera not capable of
reducing viral replication by 50% at 1 to 8 dilution or below were
considered non-neutralizing.'®

Peripheral blood mononuclear cells

Peripheral blood mononuclear cells (PBMCs) were isolated by
density gradient centrifugation using UNI-SEP+ (Novamed).
Plasma was collected and spun at 1000 x g for 20 min to remove
platelets before collection of PBMCs. Following one wash with
phosphate-buffered saline and one wash with 4Cell® Nutri-T
Medium (Sartorius), cells were resuspended in 4Cell Nutri-T-
Medium and counted using the Countess II Cell counter (Invitro-
gen).

IFN-y ELISpot assay

Fresh PBMCs were used in all ELISpot assays using the Elispot
IFN-y kit [Autoimmun Diagnostika GmbH (AID)] according to
the manufacturer's instructions. Briefly, fresh PBMCs were added
to duplicate wells at 2 x 10° cells in 50 uL per well and stimu-
lated with 50 uL of SARS-CoV-2 peptide pools (S-complete, Mil-
tenyi Biotech) (2 ug/mL per peptide). 4Cell Nutri-T Medium was
used as the negative control, and phytohemagglutinin (PHA), as
the positive control. After 16—20h at 37 °C, 5% CO,, 95% humid-
ity, cells were removed, and secreted IFN-y was detected by add-
ing alkaline phosphatase conjugated secondary antibody for 2 h.
The plates were developed using BCIP/NBT substrate. ELISpot
plates were scanned on an AID ELISpot Reader. The unspecific
background [mean spot forming units (SFU) from negative control
wells] was subtracted from experimental readings.

Statistical analysis

HT recipients were grouped according to their antibody response
to the third vaccine dose, with the groups being designated posi-
tive antibody response (patients exhibiting either IgG anti-RBD or
neutralizing antibodies) and negative antibody response (neither
IgG anti-RBD nor neutralizing antibodies). Continuous variables
were tested for distribution by using the Shapiro-Wilk test, and
results are presented as means + standard deviation if normally
distributed, and as median (interquartile range) if non-normally
distributed. For comparison of categorical variables between the
groups, a chi-square test was used, and categorical variables are
given as frequencies and percentages. Student's t-test and the
Mann-Whitney U test were performed for comparison of normally
distributed continuous variables and for non-normal distribution,
respectively. Multivariable logistic regression analysis was used
to identify factors associated with vaccine-induced antibody
response. Results are presented as odds ratios (OR), 95% confi-
dence intervals (CI). All P values reflect the results of two-sided
tests. Statistical analyses were conducted using R (version 4.0.3).

Results

Study population

The study cohort comprised 96 HT recipients, aged 61.0
[49.8, 68.0] years; 71% were male; the time from transplant
to third vaccination was 6.3 [3.5, 13.6] years, given within
168 (£18) days from the second dose. Comorbidities were
frequent, with hypertension (73%) and diabetes mellitus

(44%) being the most common. Immunosuppression with a
calcineurin inhibitor and mycophenolate was the most fre-
quently followed protocol (75%); 79% patients were on >2
immunosuppressive agents at time of vaccination, and 20%
had already been weaned off chronic steroids. On the day
of the third vaccination, absolute lymphocyte count was 1.5
(£ 0.65) K/uL; estimated glomerular filtration rate (eGFR)
was 78 ( £ 33) mL/min/1.73 m?; and troponin I was within
the normal range (Table 1).

Tolerability and reactogenicity

Among the vaccine recipients, 67% reported at least one
adverse event after the third dose. By age group, 78% in the
younger group (aged 18 to 55 years) and 61% in the older
group (aged >55 years) reported at least one adverse event
after the third dose. With the exception of a patient report-
ing chills of moderate severity, adverse events were of mild
severity, and no allergic reactions, emergency room Vvisits
or hospitalization for local or systemic adverse events were
reported. There were no differences between patients with a
positive vs. a negative antibody response in rates of local
(62% vs. 56%, P=0.756, respectively) or systemic adverse
events (19% vs. 22%, P=0.957, respectively).

Local reactions (Table 2). Among the vaccine recipients,
60% reported at least one local injection site reaction after
the third dose. By age group, 67% in the younger group and
57% in the older group reported at least one local reaction
after the third dose. Pain at the injection site was the most
frequent solicited local reaction. All local reactions were
mild in severity in both age groups.

Systemic reactions (Table 2). Among the vaccine recipi-
ents 20% reported at least one systemic reaction after the
third dose, mainly fatigue and headache. The frequency of
systemic adverse events was higher in the younger (39%)
than the older age group (10%). Most of the systemic events
were mild in severity in both age groups.

At one month (mean 33 days) after the third dose, no
clinical episodes of rejection, as suggested by a troponin
leak or allograft dysfunction, had occurred, and, no break-
through infections had been documented.

Immunogenicity of the third dose of BNT162b2
vaccine

Antibody response

Antibody responses before and after the third dose were
assessed in all 96 participants. The time between transplan-
tation and the third vaccination was 6.3 (3.5, 13.6) years.
The first two doses were given 21 £ 3 days apart, and the
third dose was administered 168 & 18 days after the second
dose (Table 1).

Immediately before the third dose, a positive antibody
response was seen in 26 (23%) of the HT recipients. At
18 days following the third dose, a positive antibody
response was detected in 64 (67%) of the HT recipients.
The geometric mean titer (GMT) for neutralizing antibodies
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Table 1  Recipient Characteristics, Stratified by Antibody Response to the Third BNT162b2 Vaccination in Heart Transplant Recipients

Variable Total cohort n =96 Positive antibody Negative antibody p value
response n = 64 response n =32

Recipient characteristics
Age, years, median (IQR) 61.0 [49.8, 68.0] 58.0 [47.0, 68.0] 65.00 [58.8, 70.3] 0.012
Female sex, n (%) 28.0 (29.2) 15.0 (23.4) 13.0 (40.6) 0.131
BMI, kg/m? (mean = SD) 26.8 (4.7) 26.9 (4.0) 26.8 (5.9) 0.918
Diabetes mellitus, n (%) 42.0 (43.8) 26.0 (40.6) 16.0 (51.6) 0.429
Hypertension, n (%) 70.0 (72.9) 42.0 (65.6) 28.0 (87.5) 0.042
Cardiac allograft vasculopathy, n (%) 22.0 (22.9) 15.0 (24.2) 7.0 (22.6) 1.000
Immunosuppression data®
Mycophenolic acid therapy, n (%) 75.0 (78.1) 47.0 (73.4) 28.0 (87.5) 0.144

Mycophenolate sodium, n (%) 52.0 (54.2) 30.0 (46.9) 22.0 (68.8) 0.070

Mycophenolate mofetil, n (%) 23.0 (24.0) 17.0 (26.6) 6.0 (18.8) 0.554

Mycophenolate sodium dose, mg (mean + SD) 1147.3 (378.1) 1160.67 (398.7) 1129.09 (356.5) 0.769

Mycophenolate mofetil dose, mg (mean =+ SD) 1347.8 (487.0) 1352.9 (492.6) 1333.3 (516.4) 0.935
Everolimus therapy, n (%) 21.0 (22.1) 18.0 (28.6) 3.0 (9.4) 0.062
Immunosuppression protocol 0.660

Tacrolimus + mycophenolate + prednisone, n (%) 51.0 (53.1) 33.0 (51.6) 18.0 (56.2)

Cyclosporine + mycophenolate + prednisone n (%) 7.0 (7.3) 4.0 (6.2) 3.0 (9.4)

Tacrolimus + mycophenolate, n (%) 13.0 (13.5) 7.0 (10.9) 6.0 (18.8)

Cyclosporine + mycophenolate, n (%) 1.0 (1.0) 1.0 (1.6) 0.0 (0.0)

Cyclosporine + everolimus + prednisone, n (%) 2.0 (2.1) 2.0 (3.1) 0.0 (0.0)

Tacrolimus + everolimus + prednisone, n (%) 12.0 (12.5) 10.0 (15.6) 2.0 (6.2)

Mycophenolate + everolimus + prednisone, n (%) 3.0 (3.1) 2.0 (3.1) 1.0 (3.1)

Everolimus + cyclosporine, n (%) 2.0 (2.1) 2.0 (3.1) 0.0 (0.0)

Everolimus + tacrolimus, n (%) 1.0 (1.0) 1.0 (1.6) 0.0 (0.0)

Cyclosporine + prednisone, n (%) 1.0 (1.0) 0.0 (0.0) 1.0 (3.1)

Tacrolimus + prednisone, n (%) 2.0 (2.1) 1.0 (1.6) 1.0 (3.1)

Tacrolimus + everolimus + mycophenolate + prednisone, n (%) 1.0 (1.0) 1.0 (1.6) 0.0 (0.0)
Chronic prednisone, n (%) 77.0 (80.2) 52.0 (81.2) 25.0 (78.1) 0.928
Prednisone dose, mg, median (IQR) 2.5[2.0, 2.5] 2.5[2.0, 2.5] 2.5[2.5,3.0] 0.139
Tacrolimus trough level, 2g/L, median (IQR)° 9.8[6.9, 12.0] 9.5[6.1, 11.1] 10.6 [8.9, 13.1] 0.033
Cyclosporine trough level, «g/L, median (IQR)b 128.0 [107.0, 138.0] 132.0 [101.0, 138.0] 118.0 [113.0, 143.0] 0.796
Laboratory data®
Lymphocyte absolute, K/uL, n (%) 1.5 (0.7) 1.6 (0.6) 1.4 (0.7) 0.292
White blood cell, K/uL, n (%) 7.0 (2.5) 7.2 (2.2) 6.6 (2.9) 0.305
Neutrophil absolute, K/uL, n (%) 5.0 (2.0) 5.1(1.9) 4.8 (2.2) 0.535
Neutrophil/lymphocyte ratio, n (%) 3.8(1.9) 3.8 (1.9) 3.9 (2.0) 0.778
Estimated glomerular filtration rate, mL/min/1.73 m? 77.8 (33.0) 85.8 (34.7) 62.0 (21.4) 0.001
C-reactive protein, mg/L (mean =+ SD) 6.3 (8.1) 5.2 (5.9) 8.7 (11.0) 0.043
Low-density lipoprotein, mg/dL (mean =+ SD) 79.7 (34.7) 81.9 (36.0) 75.6 (32.5) 0.445
Triglycerides, mg/dL(mean =+ SD) 164.8 (81.2) 160.1 (83.1) 170.6 (78.5) 0.583
Troponin I HS, baseline, ng/L, median (IQR) 4.1[3.0, 6.7] 4.0 [3.1,6.9] 4.2 [2.9,6.5] 0.759
Troponin I HS, post third vaccine, ng/L, median (IQR) 3.9 [2.6, 5.5] 3.5[2.4,5.1] 4.3[3.2,7.6] 0.161
A troponin, ng/L, median (IQR) -0.5 [-1.5, 0.2] -0.6 [-1.6, 0.0] -0.3 [-0.9, 0.9] 0.141
CPK baseline, ng/L, median (IQR) 88.0 [62.0, 133.0] 101.5 [74.0, 133.0] 68.0 [46.0, 92.5] 0.005
CPK post 3rd vaccine dose, ng/L, median (IQR) 77.0 [54.3, 130.3] 88.0 [61.8, 131.5] 59.5 [44.0, 98.5] 0.043
A CPK, ng/L, median (IQR) -6.0 [-21.0, 5.0] -9.0 [-22.8, 3.8] -1.0 [-10.5, 9.0] 0.093
Timetable
HT to 1st vaccine, years, median (IQR) 5.9 [2.9, 13.1] 5.6 [3.3, 10.8] 8.0 [2.5, 14.7] 0.655
Time of 2nd vaccine from 1st vaccine, days (mean =+ SD) 21.3(3.1) 21.4 (3.7) 21.0 (1.5) 0.518
Time of 3rd vaccine from 2nd vaccine, days (mean =+ SD) 167.5 (18.0) 163.9 (20.1) 174.7 (9.6) 0.005
Time of 3rd vaccine to antibody testing, days (mean + SD) 17.5 (3.9) 17.5 (4.3) 17.6 (3.0) 0.868
Follow-up from 3rd vaccine, days (mean=+SD) 32.3(2.4) 32.5 (2.5) 32.1(2.3) 0.494

?0n day of 3rd vaccine.

EWhole blood trough levels were measured on the day of vaccination (at least 4 half-lives on fixed-dose regimen).Abbreviations: BMI, Body mass index;
CPK, creatine phosphokinase; HT, heart transplantation; SD, standard deviation.

was 3.05 (95% CI, 2.05 to 4.55) before the third dose and
27.25 (95% CI, 15.70 to 47.30) after the third dose, and the
GMT for IgG anti-RBD antibodies was 0.49 (95% CI 0.39
to 0.62) and 1.58 (95% CI 1.24 to 2.00), before and after
the third dose, respectively (Figure 1). The third, booster,
dose of the homologous BNT162b2 vaccine elicited SARS-
CoV-2 neutralization titers > 9-fold and IgG anti-RBD anti-
bodies > 3-fold of the range achieved after the two primary
doses of the vaccine. The immunosuppression characteris-
tics of the patients, by antibody responses, are presented in

Table 1. Values for lymphocytes, white blood cells, and the
neutrophil/lymphocyte ratio were similar for patients with a
positive antibody response vs. those with a negative anti-
body response. Younger age, higher eGFR and lower C-
reactive protein (CRP) values were observed for the posi-
tive antibody response group. In an adjusted multivariable
logistic regression analysis, mycophenolate use was inde-
pendently associated with a reduced likelihood of achieving
a positive antibody response (OR=0.1, 95% CI 0.01-0.49,
P=0.01). Higher eGFR and lower CRP were independently
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Table 2 Local and Systemic Reactions to the Third BNT162b2 Vaccination in Heart Transplant Recipients
Reaction® Total cohort Age <55 years Age > 55 years p value
n=96 n=33 n==63

Local reactions
Any local reaction, n (%) 57.0 (60.0) 22.0 (66.7) 35.0 (56.5) 0.455
Pain at the injection site, n (%)

Mild 57.0 (60.0) 22.0 (66.7) 35.0 (56.5) 0.455
Redness, n (%)

Mild 1.0 (1.1) 0 (0.0) 1.0 (1.6) 1.000
Swelling, n (%)

Mild 1.0 (1.1) 0 (0.0) 1.0 (1.6) 1.000
Systemic reactions
Any systemic reaction 19.0 (20.0) 13.0 (39.4) 6.0 (9.7) 0.001
Fever, n (%)

Any 3.0 (3.2) 0.0 (0.0) 1.0 (1.6) 0.573
Fatigue, n (%)

Mild 16.0 (16.8) 11.0 (33.3) 5.0 (8.1) 0.004
Headache, n (%)

Mild 8.0 (8.4) 6.0 (18.2) 2.0 (3.2) 0.035
Chills, n (%)

Moderate 1(1.1) 0 (0.0) 1(1.6) 1.000
Vomiting, n (%)

Mild 1(1.1) 0 (0.0) 1(1.6) 1.000
Diarrhea, n (%) None
New or worsening muscle or joint pain, n (%)

Mild 6 (6.3) 5 (15.2) 1(1.6) 0.032
Use of antipyretic or pain medication, n (%) 1(1.1) 0 (0.0) 1(1.6) 1.000

@Mild: no interference with activity; moderate: some interference with activity; severe: prevention of daily activity.

associated with an increased likelihood of achieving a posi-
tive antibody response (Figure 2).

T-cell response

COVID-19 specific cellular T-cell immune responses were
assessed in a total of 15 patients (Figure 3). Inducible T-cell
immunity was demonstrated for 12 (80%) patients after the
third dose.
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In 9 of these patients, the T-cell immune response was
measured immediately before giving the third dose and at
19 days following the third dose (Figure 3A). Inducible T-
cell immunity was demonstrated for 2 (22%) of the 9
patients before the third dose, but for a higher number, 7
(78%), at 19 days after the third dose. One of the 9 patients
did not have specific SAR-CoV-2 antibodies but did show
an inducible T-cell immunity response before the third
dose; for this patient the inducible T-cell immunity
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Neutralization

Quantitation of receptor-binding domain (RBD) IgG (A) and neutralizing (B) antibodies before and after a third, booster,

BNT162b2 dose. Solid lines and numbers indicate the geometric mean titer. In each panel, the horizontal bars indicate the mean geometric
titers and the I bars indicate 95% confidence intervals. Dashed line indicates the limit level of positive antibodies.
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Multivariable Model for Antibody Response

OR (95% Cl)

Mycophenolic acid therapy f

Age (per 1 year)

Sex (female)

CRP*

Lymphocyte count*

GFR*

Time of Dose 1 from HT

Time of Dose 3 from Dose 2

| 0.1 (0.01,0.49)

e 0.98 (0.92,1.05)

0.35 (0.07,1.53)

Fi 0.88 (0.79,0.96)

0.92 (0.38,2.25)

L 1.03 (1.01,1.06)
e 1.02 (0.94,1.11)
sl 0.95 (0.88,0.99)

T T T T T T

*On day of Dose 3
Figure 2

T T T T T T T T 1
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Multivariable logistic regression analysis. OR for positive antibody response with 95% CI. Mycophenolate use was indepen-

dently associated with a reduced likelihood of achieving a positive antibody response. CRP, C-reactive protein; eGFR, estimated glomerular

filtration rate; HT, heart transplantation; OR, odds ratio.

response strengthened after the third dose, but antibodies
were still not detected. In 4 patients not demonstrating a T-
cell immune response or an antibody response after two
doses of the BNT162b2 vaccine, the third dose elicited a
strong inducible T-cell immune response in all 4 and a posi-
tive antibody response in 3 of the 4 patients. T'wo patients
did not demonstrate any induced T-cell response before or
after third dose.

For 6 patients not showing an antibody response after 2
doses of the vaccine, the T-cell response was evaluated
only at 19 days after the third dose (Figure 3B). Among
these 6 patients, 5 (83%) demonstrated an inducible T-cell
response at 19 days after the third dose, and of the 5, only 2
demonstrated a positive antibody response to the third dose.
One patient did not elicit either a T-cell or an antibody
response after the third dose.

Discussion

In this study, a third booster dose of the Pfizer BNT162b2
COVID-19 vaccine was evaluated in 96 HT recipients

originally vaccinated with 2 doses of the vaccine, approxi-
mately 6 months previously.

In our cohort, the third dose of the BNT162b2 vaccine
was associated with a low rate of adverse events, charac-
terized mostly by mild pain at the injection site. No seri-
ous adverse events were recorded, and there were no
clinical episodes of rejection, as suggested by a troponin
leak or allograft dysfunction. At 18 days following the
third dose of the vaccine, the positive antibody response
increased from 23% to 67%, with a corresponding increase
in neutralizing capacity. We found that the third, booster,
dose elicited SARS-CoV-2 neutralization titers > 9-fold
and IgG anti-RBD > 3-fold of the range achieved after the
primary doses of the vaccine. Mycophenolate use, lower
eGFR and higher CRP were independently associated with
a reduced likelihood of generating an immune response to
the vaccine. Importantly, a specific T-cell response follow-
ing the third, booster, dose was evident in the majority of
transplant recipients. Cellular responses were evident in
the absence of measurable antibodies, suggesting a cellular
benefit, even when there did not appear to be an antibody
response.
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T-cell response COVID-19 specific cellular T cell immune responses assessed in a total of 15 patients. In 9 of these patients

(A) the T-cell immune response was measured immediately before giving the third dose and at 19 days following the third dose. For 6
patients not showing an antibody response after 2 doses of vaccine, T cell response was evaluated only after the third dose (B).

The first two reports of the administration of a third,
booster, dose of mRNA COVID vaccines to SOT recipients
have recently appeared in the literature.”* However, in
these two studies only a minority of patients were cardio-
thoracic transplant recipients, namely, 8/101 and 3/30. In
the study of Kamar er al’ of 101 SOT recipients,

administration of a third booster dose of the BNT162b2
COVID-19 vaccine 2 months after the second dose
increased detectable anti-spike antibody levels from 40% to
68% at one month after third dose, and boosted titers, and
no serious adverse events were noted. In the report of
Werbel er al.® that included 30 SOT recipients, antibody
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titers increased after the third dose (24-101 days after dose
2) in one third of the patients (n=6) who had negative anti-
body titers after the first 2 doses (n=24) and in all the
patients who had low-positive antibody titers (n=6). One
HT recipient developed rejection within a week following
the booster dose. Nevertheless, while anti-RBD antibody
titer does not allow firm conclusions to be drawn about their
role in neutralizing infectivity, neutralizing antibody levels
have been shown to be highly predictive of immune protec-
tion from symptomatic SARS-CoV-2 infection.'”'? We
therefore tested the quality of induced anti-RBD antibodies
and quantified both the magnitude of anti-RBD IgG
response and the percentage neutralization of spike-receptor
binding—as an in vitro surrogate for protection following
vaccination—following the third booster dose. We demon-
strated that the booster dose elicited a 9-fold increase in
SARS-CoV-2 neutralization titers. Our data is consistent
with a recently published randomized trial of a third dose of
the mRNA1273 vaccine (Moderna) given to 120 organ
transplant recipients, including 18 HT recipients, 3 months
after the second dose'’; 33 of 60 patients (55%) who
received the mRNA-1273 vaccine and 10 of 57 patients
(18%) who were given a placebo exhibited an anti-RBD
antibody level above the threshold level. There was a mini-
mal polyfunctional CD8+ T-cell response in both groups.
Our data for a booster dose of the mRNA BNT162b2 vac-
cine thus complements these results.

It was recently reported that for a non-compromised
population of young healthy adults, a three-dose adminis-
tration of ZF2001 (a protein subunit vaccine targeting the
RBD of the SARS-CoV-2 S protein) enhanced antibody
responses compared with a two-dose protocol and showed
seroconversion rates of neutralizing antibodies of between
92% and 97%.”" Similarly, a third dose of the ChAdOx1
nCoV-19 vaccine (a chimpanzee adenovirus-vectored vac-
cine), also known as AZD1222, given to non-immunocom-
promised patients, induced a strong boost to immune
responses to the SARS-CoV-2 spike protein and higher neu-
tralizing antibody titers and enhanced activity against var-
jants.”’ In addition — also for the non-compromised
population — an ongoing clinical trial is assessing boost-
ability with a third dose of BNT162b2 at 30 ug or at lower
dose (5 or 10 pg) or a third and potentially a fourth dose of
a prototype vaccine based upon the South African variant at
30 g (ClinicalTrials.gov Identifier: NCT04368728).

In the realm of research currently being devoted to
understanding all aspects of the SARS-CoV-2, further work
is warranted to better understand the vaccine-induced
immune response. Findings of particular interest that
emerged from our study were that patients with no detect-
able humoral response, even after the third dose, neverthe-
less exhibited a specific T-cell response. The detection of
specific T-cell responses in individuals lacking detectable
circulating antibodies has also been described in vaccinated
SOT recipients and convalescents of COVID-19 infec-
tions.”” Although the first line of defence against reinfection
comprises pre-existing antibodies, vaccine-induced protec-
tion is not necessarily paralleled by the priming vaccine
induced antibody response or by the presence of serum

antibodies,” but rather it may be attributed to effective
long-term memory cells. B-cell activation through interac-
tion with an antigen may result in differentiation either into
activated effector B cells — ultimately becoming antibody-
secreting plasma cells — or memory B cells. Plasma cells
have a short life span, whereas memory cells with somati-
cally mutated antigen receptors are believed to be long
lived.>** In terms of the cellular response, immunization
with a primary single dose of vaccine might result in a poor
effector cell response (and ultimately a poor secreting
response) but in the efficient development of memory B
cells.”® Thus, a stepwise elevation of antibody production
by repeated injections may not be mandatory for the devel-
opment of long-term memory cells. Also, cross-reactivity
with a former corona virus infection cannot be ruled out as
a possible explanation for the presence of a specific T-cell
response with no detectable humoral response.”’-**

As the pandemic proceeds, concerns are being raised that
emergence of SARS-CoV-2 variants might erode the effec-
tiveness of natural and vaccine-elicited immunity. Indeed,
the B.1.617.2 (Delta) variant of SARS-CoV-2 is the strain
behind of the recent surge of cases worldwide. In Israel, 'the
fourth wave' is threatening the success of the vaccination
program against COVID-19. In deciding whether to embark
on a program of a third vaccination for our HT patients, we
had to take into consideration whether the currently available
vaccine would be effective against the Delta strain. In this
regard, we note that a recent study evaluating the effective-
ness of the BNT162b2 and ChAdOx1 nCoV-19 vaccines
against the Delta variant demonstrated only modest differen-
ces in vaccine effectiveness for the Delta variant as com-
pared with the Alpha variant after two vaccine doses. For the
BNT162b2 vaccine, the effectiveness of two doses was
93.7% (95% CI, 91.6 to 95.3) in people with the Alpha vari-
ant and 88.0% (95% CI, 85.3 to 90.1) in those with the Delta
variant.”” Importantly, a study assessing neutralizing-anti-
body responses against the original virus first identified in
Wuhan (WA1/2020) and the B.1.617.2 (Delta) variant
showed that the B.1.617.2 variant was 2.9 times less suscep-
tible to neutralization by serum from vaccinated persons than
the WA1/2020 variant. Nonetheless, all serum samples from
vaccinated persons still had detectable neutralizing activity
above the threshold of detection against the Delta variant.™

Our finding of an association of immune paresis with the
use of mycophenolate expend on the previously reported
correlations following the second dose,” but should be
carefully interpreted before any clinical actions carried out,
given the potential hazardous implications associated with
withdrawal of antimetabolite therapy.” The enhanced
immune response demonstrated in our study following the
third booster dose and the association with lower mycophe-
nolate use might shed light on the previously observed
more robust immune response in lung transplant patients
after COVID-19 in contrast to the minimal response follow-
ing vaccination. Our findings reinforce the previously sug-
gested explanation® that transplant patients might require a
higher antigen load, as is achieved in natural infection, to
overcome, at least partially, the immune paresis, perhaps
promoted by the use of antimetabolite therapy.
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We also demonstrated higher CRP to be inversely
related to vaccine responsiveness. This finding is in keeping
with a recent report of the association of proinflammatory
markers with negative vaccine responsiveness. It was sug-
gested that the mechanism of this phenomenon may be
related to an inflammation-dependent expansion of immu-
nosuppressive regulatory T cells, previously reported to
limit vaccine responsiveness, partly through the suppression
of memory T-cell differentiation. *'

The strength of our study lies in three directions: 1) Neu-
tralizing antibodies were assessed. The importance of neu-
tralization assays is emphasized by data derived from trials
in the general population, demonstrating a correlation
between the level of neutralizing antibodies to the SARS-
CoV-2 spike protein and symptomatic disease.”” 2) We
have provided evidence of cellular responses in the absence
of measurable antibodies, emphasizing the importance of
implementing cellular response assessment in surveillance
and in the development of boosting strategies.”” 3) By
reporting in detail our findings for immunosuppression and
our laboratory data, we have created a basis for assessment
of the need for adjustment of immunosuppression in SOT
recipients in anticipation of booster vaccination.

What, now, requires further study with the aim to
enhance the protective vaccine-based immune responses
to SARS-CoV-2? Among the open questions that remain
to be addressed is the need to clarify the efficacy of
generating high levels of memory T cells’ *° by
sequential administration of a different vaccine for
repeat vaccination (heterologous prime/boost) vs. a strat-
egy of using the same vaccine (homologous prime/
boost). Questions also remain about the interval between
doses. For example, for ChAdOxl1 nCoV-19, a long
extension of the dose interval (up to 45 weeks) between
the first and second doses enhanced the immune
response to the second dose vs. shorter dose intervals.”'

Several potential limitations of the current study should
be highlighted. While this study suggests a favorable safety
profile, it was not designed to establish the vaccine clinical
efficacy or the long-term effects of vaccination in HT
patients. There is not yet an established threshold for vac-
cine-induced immune responses and protection from
SARS-CoV-2 infection; thus, we have not confirmed clini-
cal immunity beyond demonstrating that the third dose did
indeed boost antibody responses. In-vitro virus neutraliza-
tion studies using postimmunization serum have an inherent
limitation as a substitute for clinical evidence of vaccine-
mediated protection or escape from that protection. The
continuous emergence of new SARS-CoV-2 variants neces-
sitates real-time dynamic evaluation and adjustment consid-
erations for both diagnostic and therapeutic approaches.
Thus, identification of appropriate molecular targets across
viral variants and understanding the binding modalities
between these viral variants and the host cell receptor are
important for the development and adjustment of diagnostic
assays, vaccines and neutralizing antibodies. Finally, rare
cases of myocarditis associated with COVID-19 mRNA
vaccines and a single case of an early rejection episode
have been reported, and thus, despite our reassuring data,

larger prospective randomized studies and registry data are
required.

In conclusion, an homologous third booster dose of the
BNT162b2 vaccine gave overall consistent tolerability and
a good safety profile, while eliciting humoral and cellular
immune responses. There is an urgent need to optimize vac-
cination strategies, particularly for the immune compro-
mised population, and our study opens the way towards
achieving this goal, fostering hope for the protection against
infection.
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