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ABSTRACT

Background. Most solid organ transplant recipients did not develop an appreciable serologic
response after 2 doses of the mRNA SARS-CoV-2 vaccine.

Methods. We analyzed the humoral response after a third dose of the BNT162b2 vaccine in
130 kidney transplant recipients, compared to 48 health care workers, and associated factors,
including prevaccine cellular immune response, by evaluating intracellular cytokine production
after stimulation of donor’s peripheral blood mononuclear cells.

Results.  After 2 doses, most of the controls (47 out of 48, 98%) and only 40% of kidney recipi-
ents (52 of 130) kidney recipients were seropositive (P < .001). Most seronegative recipients devel-
oped a serologic response after the booster (47 out 78, 60%), thus bringing the total number of
seropositive recipients to 99 out of 130 (76%). After the third dose, there was a significant increase
in antibodies titers in both groups. Decreased humoral response was significantly associated with
an older age, lower lymphocyte count, and a lower level of antibodies before booster administra-
tion. CD4*"TNFa" and CD4*INFy* were correlated with mean increase in antibody titers.

Conclusions. A third dose of the BNT162b2 mRNA vaccine in kidney recipients is safe and
effectively results in increased IgG anti-S levels, including in individuals who were seronegative
after 2 doses. Long-term studies of the length of the immune response and protection are required.

N infection by severe acute respiratory syndrome corona-

virus 2 (SARS-CoV-2) and the resulting disease, COVID-
19, have affected millions of people worldwide. Solid organ
transplant (SOT) recipients are in increased risk of morbidity
and mortality from COVID-19 due to their comorbidities and
chronic immunosuppression state [1,2].

Vaccines to prevent SARS-CoV-2 infection are considered the
most promising approach for controlling the pandemic and are
being vigorously pursued. Recently, studies demonstrated that, in
contrast to immunocompetent individuals, most SOT recipients
did not mount an appreciable serologic response [3—5] and
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showed decreased cellular immunity [6] after 2 doses of the
mRNA SARS-CoV-2 vaccine.

Those observations—together with a suggested correlation
between breakthrough infections and lower antibody levels after
2 doses of vaccine in the general population [7] and SOT recipi-
ents [8]—have led experts to recommend administration of a
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booster (third) dose to certain immunocompromised individu-
als, including SOT recipients [9—11].

The first reports on administration of a third dose of the
mRNA vaccine to SOT recipients have shown that a third dose
improves the immune response without causing any short-term,
serious adverse events [12,13]. However, the timing of the
booster dose was less than 3 months after the second dose.

In the present study, we aimed to quantify the humoral
response after the third (booster) dose of the BNT162b2
(Pfizer-BioNTech) SARS-CoV-2 mRNA vaccine, which was
given 6 months after the second dose, among kidney transplant
recipients, and associated factors, including magnitude of cellu-
lar immune response before the booster dose. We compared the
results to a cohort of immunocompetent health care workers.

We included only participants with negative serology to
SARS-CoV-2 nucleocapsid (N) protein and excluded partici-
pants with prior exposure to the virus and evaluate the immune
response to the vaccine itself.

METHODS AND MATERIALS
Study Design

The study group included 132 adult kidney transplant recipients who
received 2 doses (21 days apart) and a third dose, at least 5 months after
the second dose, of the BNT162b2 (Pfizer-BioNTech) SARS-CoV-2
mRNA vaccine.

The control group, composed of 48 immunocompetent health care
workers, were vaccinated according to the same protocol as the study
group.

Blood samples were collected before the booster dose was given
(same day or 1 day before) and 10 to 25 days afterward. Freshly col-
lected blood in clot activator gel tube was centrifuged at 3500 rpm for 4
minutes. The sera were separated and stored at 4°C for analysis.

The study was approved by the Tel Aviv Medical Center Institutional
Ethical Review Board, and all participants provided written informed
consent.

Humoral Immune Response

Levels of antibodies targeting SARS-CoV-2 spike protein (IgG S1)
were measured twice using the AdviseDx SARS-CoV-2 IgG II Quant
assay (Abbott, Abbott Park, IL) on an Architect i200SR analyzer
(Abbott). A cutoff value >50AU/mL was considered a significant anti-
body response, as previously suggested [14]. The results of this assay
have been shown to correlate with in vitro neutralization of SARS-
CoV-2[15].

Included in the study were participants who were never positive
to polymerase chain reaction to SARS-CoV-2. In addition, every
participant was tested to IgG antibodies against the SARS-CoV-2
nucleocapsid protein. This test was performed with an Architect
i2000SR analyzer (Abbot Diagnostics, IL) and Abbott chemistry
according to the manufacture instructions. A cutoff of 1.4 index (S/
C) was used [15]. Individuals with detectable IgG to nucleocapsid
protein were excluded.

Evaluation of Cellular Immune Response

T cell response was assessed by stimulating participant peripheral blood
mononuclear cells (PBMCs) with pooled complete S-peptide mix in the
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presence of protein transport inhibitor, followed by staining for the acti-
vation marker (CD40L) and intracellular cytokines (TNFo and IFNy).
For this purpose, we used a SARS-CoV-2 T Cell Analysis Kits for human
PBMCs (Cat# 130-128-156, Miltenyi Biotec, Germany) and performed
an assay according to manufacturer instructions. Donor PBMCs were
plated in a 96-well plate at a concentration of 0.5-1 x 10° PBMCs/
100uL and incubated at 37°C and 5% CO2 with either pooled S-peptide
mix, CytoStim for positive control, or sterile water for negative control.
After 2 hours, Brefeldin A was added to each well and cells were incu-
bated for additional 4 hours. Cells were then stained with viability dye,
followed by fixation, permeabilization, and staining for surface markers
(CD3, CD20, CD14, CD4, CD8, CDI154) and intracellular cytokines
(TNFo and IFNy). After staining, samples were acquired using BD
FACSCanto II, and 20,000 CD4+ events were collected for each sample.
Analysis was performed on gated CD4+ T-cells, and the absolute number
of activated INFy*/TNFa'* double-positive cells was recorded. To evalu-
ate the actual response rate, an activation ratio was calculated while con-
sidering the absolute number of events recorded, background activation
and rate of activation relative to the positive control. For this purpose, the
rate of recorded double cytokine positive CD4* T-cells was normalized
by subtracting the rate of double-positive events in the negative control
sample and dividing it by the rate of the double-positive events in the
CytoStim positive control, as shown in the following formula:

S peptide activated __Unstimulated
Total CDA+ Total CD4+

CytoStim™ activated
Total CD4+

Immunosuppression

Induction treatment was either anti-thymocyte globulin or basiliximab,
according to patient risk of rejection, in addition to methylprednisolone
intravenously. Chronic immunosuppression was a combination of at
least 2 medications from the following: low dose prednisone, calci-
neurin inhibitors, mycophenolate mofetil or mycophenolate sodium,
mTOR inhibitors, or azathioprine.

Triple immunosuppression was defined as any combination of 3 dif-
ferent medications.

Consistent with the 2009 Kidney Disease: Improving Global Out-
comes [16] guidelines for the care of kidney transplant recipients, high-
dose corticosteroids were defined as methylprednisolone >125 mg daily
or prednisone >40 mg daily. The attending nephrologist may have con-
sidered change of the chronic regimen according to risk for rejection,
side effects, or other considerations. The change could include intensifi-
cation, reduction, change of dosage, suspending, and adding or switch-
ing of a specific agent.

Clinical data were obtained from the medical charts. Data on chronic
medications laboratory tests were obtained from the last clinic visit
before the third vaccine dose.

Estimated glomerular filtration rate was calculated using the Modifi-
cation of Diet in Renal Disease formula [17] and adjusted to body sur-
face area (Mosteller calculation).

Statistical Analysis

Continuous variables were tested for normality using the Kolmogorov-
Smirnov test and Q-Q plots and were summarized and displayed as
mean (standard deviation [SD]) for normally distributed variables and
as median (interquartile range [IQR]) for non-normally distributed vari-
ables and were compared by using a ¢ test or analysis of variance if nor-
mally distributed or by Kruskal Wallis/Mann-Whitney test if non-
normally distributed.
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Categorical variables were displayed as number of participants and
percentage. x> statistic was used to assess the statistical significance
between groups.

Correlation between 2 continuous parameters was analyzed by
Spearman analysis. To identify multicollinearity, we calculated var-
iance inflation factors and reported the factors for values >3.
Binary logistic regression models were fitted for the risk of nega-
tive serologic response including the significant variables that were
found in univariate analysis.

P < .05 was considered statistically significant for all analyses. IBM
SPSS Statistics for Windows, version 22, (IBM Corp., Armonk, NY)
was used for all statistical analyses.

This research did not receive any specific grant from funding agen-
cies in the public, commercial, or not-for-profit sectors.

RESULTS

Two transplant recipients were excluded from the study due
to positive test of IgG antibodies to SARS-CoV-2 nucleo-
capsid protein as a marker of past exposure to the natural
virus. Both patients had positive levels of antispike antibod-
ies as well.

The study group consisted of 130 kidney transplant recipients
who received transplants between January 1, 1996, and May 1,
2021. Four of them had liver and kidney transplants, and 8 had
simultaneous kidney and pancreas transplants.

Sixteen recipients had the first and second doses of SARS-
CoV2 vaccine before transplantation (and the third dose was
given after transplantation).

The mean time from the transplantation was 66 months, and
25 patients (19.2%) in this group were transplanted during the
year preceding the vaccination, but none of them in the 3
months before vaccination. The control group included 48
immunocompetent healthy individuals.

As shown in Table 1, participants in the control group were
younger and had a higher prevalence of women. The time inter-
vals between the first and third dose of the vaccine, and between
the third vaccine dose and the postvaccine sample collection,
were similar between the 2 groups.

Maintenance immunosuppression of most recipients included
low-dose prednisone, tacrolimus, and mycophenolate mofetil or
mycophenolate sodium.

Clinical Outcomes and Adverse Reactions After the Third
Dose Administration

After receiving the third vaccine dose, 3 participants developed
COVID-19. One kidney recipient was tested seronegative
21 days after the third dose and is currently admitted with
severe COVID-19. Two participants—a kidney recipient and a
health care worker—tested positive in the postvaccine sample
and suffered only mild disease 24 and 14 days post vaccination.

In both recipients and control groups, the booster dose of
vaccination was safe, with no biopsy-proven acute rejections
(in the study group), severe allergic reactions, or new neuro-
logic diagnoses (Guillain-Barre syndrome, Bell's palsy, zoster,
or other neuropathies) during a mean follow-up period of
46 days (£11) after administration of the booster.
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Table 1. Baseline Characteristics of the Study Groups

Parameter Study Group Control Group P Value
Number 130 48
Age, years 58 (12.8) 53.4 (11.1) .015
Sex, female (%) 29(60.4) 41 (31.5) .009
BMI, kg/m? 27.2(4.2) 25.8 (4.1) .33
Time on dialysis before 28 (24.6) - -
transplantation, months
Pre-emptive 32(31) - -
transplantation, (%)
Time since first 66 (88.1) - -
transplantation, months
First transplant (%) 124 (95.3) - -
Etiology for kidney failure - -
Diabetes/nephrosclerosis 50 (38.4)
Glomerulonephritis 31(23.8)
Polycystic kidney disease 29 (15.4)
Other/unknown 29 (22.3)
Donor type, living (%) 87(66.9) - -
Hypertension, (%) 94 (72.3) - -
Diabetes mellitus, (%) 61(46.8) - -
High dose steroids last 34 (26.1) - -
year, (%)
Anti-thymocyte globulin, 59 (45.4) - -
(%)
Anti-thymocyte globulin last 23 (17.7) - -
year, (%)
Rituximab last 12 months, 7 (5.4) - -
(%)
Low dose prednisone, (%) 111 (85.3) - -
CNls, (%) 117 (90) - -
MMF, (%) 99 (76.1) - -
Triple maintenance 101 (77.6) - -
immunosuppression, (%)
Hemoglobin, g/dL 13.5(1.8) - -
White blood cell count, 8.1 (2.5) - -
10e%/uL
Neutrophils’ count, 5.3(1.8) - -
10e%/uL
Lymphocyte count, 1.9 (0.9) - -
10e%/uL
Serum albumin, g/dL 41(1.9) - -
Serum creatinine, mg/dL 1.3(0.5) - -
eGFR, mL/min/m? 64.4(20.2) - -
Period of time from 1st to 206 (17.5) 207 (11.6) 43
3rd dose of vaccine,
Days
Period of time from 3rd 21 (2.1) 20 (2.9) 115

dose of vaccine to
serology test, days

Data are expressed as mean (standard deviation) unless otherwise stated.

BMI, body mass index; CNls, calcineurin inhibitors (tacrolimus or cyclosporin);
eGFR, estimated glomerular filtration rate; MMF, mycophenolate mofetil or myco-
phenolate sodium.

Humoral Response After a Third Vaccine Dose

After 2 doses and just before the third dose, most of the controls
had detectable levels of IgG anti spike antibodies (47 out of 48,
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99%), whereas only 40% of recipients (52 of 130) were sero-
positive (P < .001).

As in our previous work [4], the levels of anti-spike IgG in
the recipients group (median = 35 AU/mL [IQR 0-135]) was
significantly lower before the booster than in the controls
(median, 687 AU/mL [IQR 308-1139]; P = .003) (Fig 1). How-
ever, when considering only seropositive participants, mean
antibody levels were similar in both groups (median,
189 AU/mL [IQR 93-682] vs 709 AU/mL [IQR 336-1142],
study vs controls, respectively; P = .43).

All seropositive patients in the control group and in the study
group remained seropositive after the third dose of the vaccine.
In the control group, the only seronegative individual converted
after receiving the third vaccine dose. Among the study group,
most of the 78 kidney recipients who were seronegative before
the booster developed a serologic response of significant levels
of IgG anti S after the booster (47 of 78, 60%) (Fig 2), thus
bringing the number of seropositive recipients to 99 of 130
(76%, as compared to just 40% after 2 vaccine doses).

After the third dose, there was a significant increase in anti-
bodies titers in both groups. The mean increase in antibody
titers was significantly higher in the controls (median,
1278 AU/mL [IQR 68-7075] vs 28,358 AU/mL [IQR 15,951-
36,766] for study vs controls, respectively; P < .001) (Fig 2).

Factors Related to Humoral Immune Response

Univariate and multivariate analysis of variables associated
with the risk of negative humoral response after the third vac-
cine dose are demonstrated in Table 2.
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Age was inversely correlated to mean increase in antibody
titers in both groups (correlation coefficient, —0.359 [P < .001]
and —0.213 [P = .04] for study and controls, respectively). In
addition, levels of antibody before the third dose were signifi-
cantly correlated with increased titer after it (correlation coeffi-
cient, 0.515 and 0.64, for study and control groups,
respectively; P < .001, for both).

Decreased humoral response was significantly correlated
with a lower lymphocyte count, and a lower level of antibodies
before the vaccine booster administration. In addition, every
year of age increased the risk of having a negative serology by
5%.

The differences in the magnitude of the humoral immune
response to the booster in both groups according to patient
age are shown in Figure 3. Comparison of the participants
(controls and kidney transplant recipients) in the different
age groups (<50, 50-59, and >60) has revealed significant
benefit for the younger groups in the magnitude of antibody
level after the booster administration and in the delta of
antibody levels before and after the booster. The difference
in mean antibody levels before booster administration
between participants of the control group aged <50 and 50
to 59 years did not reached a statistical difference
(P = .06); older individuals (>60 years old) in the control
group had a significantly lower antibody level.

For all age groups, serologic response was lower in study
verus control group both before and after receiving the booster.
However, booster vaccination lead to significant increase of
antibody levels in both groups and all age groups (P < .05 for
all comparisons).

Study group

10000+

1000+

100
L e Eiihiieteteieiel SEREEEELEERY EEEEEEEEEEES

AU/mL

0.1

*
pre vaccine post vaccine

Fig 2. Negative and positive humoral response, before and after the booster administration, in kidney recipients and controls (P < .001).
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Table 2. Univariate and Multivariate Analysis of Variables Related to Risk of Negative Response After the Third Dose in Kidney
Transplant Recipients

Univariate Analysis

Multivariate Analysis

Variable Exp (B) 95% ClI P value Exp (B) 95% CI P value
Age (y) 1.07 1.02-1.12 .002 1.054 1.01-1.14 .03
Antibody level before booster (AU/mL) 0.93 0.90-0.97 <.001 0.93 0.89-0.98 .002
Sex 0.95 0.4-1.7 .92 - - -
Donor (deceased vs living) 1.3 0.79-3.3 .52 - - -
eGFR, mL/min 0.97 0.95-0.99 .03 0.97 0.92-1.01 15
BMI 0.97 0.83-1.15 .62 - - -
Time on dialysis (mo) 1.1 0.9-1.27 12 - - -
MMF 1.04 1.01-1.3 .05 1.01 0.99-1.3 .28
Lymphocyte count 0.81 0.73-0.75 .03 0.97 0.91-0.99 .04
Time since transplantation, months 0.97 0.92-1.06 .07 0.97 0.96-1.11 17

BMI, body mass index; Cl, confidence interval; eGFR, estimated glomerular filtration rate; MMF, mycophenolate mofetil or mycophenolate sodium.

Cellular Immune Response

Intracellular cytokine staining stimulated PBMCs was performed
before the third vaccine dose in 14 healthy controls and 14 kidney
transplant recipients. For this purpose, donors’ cells were stimu-
lated with a pooled S-peptide mix or controls, and intracellular
cytokine production was evaluated by flow cytometry, gating on
the CD4* population. Mean percentage of CD4'TNFa* and
CD4"INFy* cells was significantly higher in controls compare to
kidney recipients (Fig 4). In a correlation analysis, CD4 " TNFa*
significantly correlated with the mean increase in antibody titers

after the vaccine boost (correlation coefficient, 0.58; P = .029), and
correlation of CD4*INFy* with mean antibody increase showed a
trend toward statistical significance (correlation coefficient, 0.49;
P = .07). Healthy controls and patients who underwent transplants
did not show appreciable CD8 response (data not shown).

DISCUSSION

Data evaluating the response to SARS-CoV-2 vaccines have
been exponentially accumulating over the last several months.
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Fig 3. IgG anti S levels in study cohorts subtracted to age groups of below 50 years, 50 to 59 years, and above 60 years. Dashed line
indicates IgG = 50 AU/mL as cut off for seropositive level. *P = 0.06 for controls age <50 years and 50 to 59 years before booster admin-
istration. For all other comparisons of study vs control, before vs after booster: P < .05.
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Fig 4. Mean and standard deviation of CD4+INFy+ and CD4+TNFa+ (activation ratio) in participants of both study group. P = .048 and

.046, respectively

There is a consistent evidence that both humoral and cellular
immune responses to SARS-CoV-2 vaccines are significantly
reduced in kidney transplant recipients [18,19].

Observation of the waning immunity—demonstrated by
decreased antibody levels in vaccinated subjects as well as cor-
relation between breakthrough infections and the time that has
passed since the second vaccine dose—has led experts, includ-
ing those in the U.S. Food and Drug Administration, to recom-
mend giving a booster vaccine dose to individuals over the age
of 65, as well as immunocompromised patients and health care
workers of any age, for whom the time interval since their sec-
ond vaccine dose is over 5 months [20,21].

This study describes the anti-S1 IgG antibody response of
kidney transplant recipients after a booster dose of the
BNT162b2 (Pfizer-BioNTech) vaccine, and highlights parame-
ters associated with it. We also studied the cellular response
after the second dose of vaccine and showed it could serve as
prediction for post-booster humoral response.

Our pivotal finding was that most kidney recipients (60%)
remained seronegative after the second dose of the vaccine,
as compared to ~3% in the healthy controls. However,
most kidney recipients who did not develop response after
the second dose showed a seroconversion after the booster
vaccine administration, raising the level of seropositivity in
the of recipients to 76%.

The clinical importance of this laboratory finding is sup-
ported by growing evidences, suggesting that elapsed time has
a major role in breakthrough infections due to wanning immu-
nity and declining of antibody titers [20]. Bergwerk et al [7]
described breakthrough infections with SARS-CoV-2 in a
cohort of health care workers and a correlation of these infec-
tions with the declining of neutralizing antibody titers in the
peri-infection period.

According to the data of recent studies, including data from
Israel, the booster is effective in reducing infections, as well as
the rates of severe infections and hospitalizations due to
COVID-19 [22,23].

The data on the cellular immune response performed in our
study demonstrated, unsurprisingly, significantly reduced cellu-
lar response in kidney transplant recipients in comparison to
healthy controls. Somehow encouraging is our finding, showing

that the presence of measurable levels of cellular immunity was
associated with a better response following the third vaccine
dose, despite lower absolute antibody levels.

The predictors of blunt humoral response among transplant
recipients after third dose of vaccine were decreased antibody
response after the second dose, advanced age, and low lympho-
cyte count at the time of booster administration.

Advanced age was consistently related to reduced antibody
response in immunocompetent patients after COVID-19
[24], as well as after SARS-CoV-2 vaccination [25,26], and in
kidney transplant recipients [27]. In concordance with previous
studies, our study shows inferior serologic response after the
third dose of vaccine, which is similar to the 2-dose vaccination
schedule, in addition to a lower surge in net antibody titers after
the booster in the elderly patients.

Recent studies demonstrated that the serologic response to
vaccination against SARS-CoV-2 was affected by the net
burden of patient immunosuppression [4,5]. After adjusting
to other variables, we were not able to show this correlation
in the present study. Although it is tempting to speculate
that booster vaccinations overcome the barrier of high bur-
den of immunosuppression, a more realistic explanation
might be that the lower titer of antibody before the booster
has a strong statistical significancy, which overcome other
clinical parameters related to it.

Strengths of this study include its novelty. This is the first
published data on booster administration 6 months after the
second dose of the vaccine and correlation to cellular
response before the third dose. Validation of the findings
were done by a comparison to immunocompetent individu-
als who were vaccinated on similar schedule. Exclusion of
participants with IgG antibodies to nucleocapsid protein
eliminates the possibility of response to the virus itself and
therefore contributes to the validation of our results.

Limitations of the study include a short follow-up period and
absence of assessing the cellular immune response after the
third dose, thus preclude us to address full spectrum of its
immunogenicity as well as the clinical implications.

Despite these limitations, the accumulating data of signifi-
cantly reduced immune response to SARS-CoV-2 vaccines in
transplant recipients warrant prompt consideration and further
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studies about possible ways to improve immunogenicity in this
vulnerable population, as well as the precise ideal timing of vac-
cination doses.

CONCLUSIONS

A third dose of the Pfizer- BioNTech BNT162b2 vaccine in kid-
ney transplant recipients is safe and effectively results in
increased IgG anti-S levels, including in transplant recipients
who were seronegative after 2 doses. Our results strongly sup-
port the current recommendations of administration of booster
mRNA vaccine to solid organ transplant recipients. However,
long-term studies of the length of the immune response and pro-
tection are required.
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