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Abstract
Background Determining the humoral immunogenicity of tozinameran (BNT162b2) in patients requiring chronic renal 
replacement therapy, and its impact on COVID-19 morbidity several months after vaccination, may guide risk assessment 
and changes in vaccination policy.
Methods In a prospective post-vaccination cohort study with up to 5 months follow-up we studied outpatient dialysis and 
kidney transplant patients and respective healthcare teams. Outcomes were anti S1/S2 antibody responses to vaccine or 
infection, and infection rate during follow-up.
Results One hundred seventy-five dialysis patients (40% women, 65 ± 15 years), 252 kidney transplant patients (33% women, 
54 ± 14 years) and 71 controls (65% women, 44 ± 14 years) were followed. Three months or longer after vaccination we 
detected anti S1/S2 IgG antibodies in 79% of dialysis patients, 42% of transplant recipients and 100% of controls, whereas 
respective rates after infection were 94%, 69% and 100%. Predictors of non-response were older age, diabetes, history of 
cancer, lower lymphocyte count and lower vitamin-D levels. Factors associated with lower antibody levels in dialysis patients 
were modality (hemodialysis vs peritoneal) and high serum ferritin levels. In transplant patients, hypertension and higher 
calcineurin or mTOR inhibitor drug levels were linked with lower antibody response. Vaccination was associated with fewer 
subsequent infections (HR 0.23, p < 0.05). Moreover, higher antibody levels (particularly above 59 AU/ml) were associated 
with fewer events, with a HR 0.41 for each unit increased in  log10titer (p < 0.05).
Conclusions Dialysis patients, and more strikingly kidney transplant recipients, mounted reduced antibody response to 
COVID-19 mRNA vaccination. Lesser humoral response was associated with more infections. Measures to identify and 
protect non-responsive patients are required.

Graphic abstract

Impact of tozinameran (BNT162b2) mRNA vaccine on kidney 
transplant and chronic dialysis patients: 3-5 months follow-up

Immunogenicity of standard dose tozinameran is lower in ESRD
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In mid-January 2021, while COVID-
19 cases and deaths were spiking
in Israel, the vaccination campaign
offered hope to vulnerable patients,
such as those with ESRD.

We followed SARS-CoV-2
S1/S2 IgG antibody levels in
three groups of nephrology
volunteers:
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Introduction

Vaccinations, both passive and active, have changed the 
natural course of many infectious diseases, affecting both 
spread and severity. From smallpox through rabies and mea-
sles, to hepatitis B, as well as many other viral and bacterial 
infections, vaccines have either eradicated diseases or elimi-
nated the risk for pandemic or endemic catastrophes [1, 2]. 
Therefore, efforts to develop an effective vaccination against 
COVID-19 started as soon as the impact of this coronavirus 
on global public health was appreciated. Impressively, effec-
tive vaccines were developed and approved in record time, 
within less than a year. These active vaccines offer hope for 
controlling disease spread and reducing illness severity and 
death rates. Various vaccines are already in use, and data 
emerging from real-world practice (as from Israel [3] and 
other countries) suggest effectiveness in the prevention of 
severe disease [4].

The COVID-19 pandemic brought new challenges to the 
general population and even more so to patients with end-
stage renal disease (ESRD), many of whom have comorbidi-
ties now acknowledged as risk factors for severe COVID-19 
[5]. Aside from the logistic challenges summarized else-
where [6], these patients, both dialysis-treated and kidney 
transplant patients, face morbidity and mortality risks that 
are significantly higher than the general population [7, 8]. 
Unfortunately, it is known from existing vaccine prepara-
tions such as anti-hepatitis B virus and influenza [9–12], 
that both dialysis and kidney transplant patients require 
higher doses and repeat inoculations (i.e. periodic boosts) 
in order to achieve durable protection [13, 14]. Uremia, age, 
comorbidities such as diabetes, and nutritional status have 
been shown to associate with reduced immune response to 
HBV vaccines. This diminished response to vaccination 
is thought to be secondary to dysfunction of both B and 
T lymphocytes in ESRD patients, as well as to the immu-
nosuppressant medications taken by transplant recipients 
(occasionally also after resuming dialysis). Dendritic cell 
dysfunction, described in patients with ESRD [15] likely 
compromises vaccination success. In the general population, 
a robust correlation was seen between anti-SARS-CoV-2 
neutralizing titer and efficacy and binding antibody titer and 
efficacy [16]. However, information available about COVID-
19 vaccine effectiveness in dialysis and transplanted patients 
is limited and short-termed [17, 18], and thus we sought to 
prospectively follow antibody development in these patients, 
to compare them with healthy controls and to identify risk 
factors for diminished humoral response and disease.

Methods

This prospective study was designed to follow IgG anti-
body levels after COVID-19 vaccination and/or infection 
in kidney transplant patients and patients requiring mainte-
nance dialysis, and to estimate associations between vaccine 
inoculation, the resulting humoral response and subsequent 
COVID-19 infections. Nephrology healthcare personnel 
served as controls.

Participants and setting

Immunization with tozinameran, Pfizer and BioNTech's 
BNT162b2 vaccine, commenced in Israel on 12-Dec-
2020, and immunocompromised patients were among the 
first priority groups. Prior to initiation of vaccination we 
launched the COVID-19 mRNA Vaccine Immunogenicity 
in patients with end-stage Renal Disease (COVIReD) pro-
spective cohort study designed to investigate the long-term 
kinetics and implications of antibody response to COVID-
19 vaccine and infection in this vulnerable population. We 
are characterizing the humoral response to COVID-19 
infection and vaccination as well as disease occurrence 
among patients treated with maintenance dialysis, kidney 
transplant recipients (regardless of allograft function) and 
control subjects at Hadassah Medical Center, a two-cam-
pus tertiary medical center in Jerusalem, Israel. Jerusalem 
was the area with the highest COVID-19 prevalence in 
Israel [19, 20] and since the beginning of the pandemic, 
more than 4,500 COVID-19 patients have been admit-
ted to our institution. We recruited control subjects from 
amongst medical, nursing and administrative healthcare 
staff at the dialysis unit and/or the transplantation clinic.

Clinical methods

All procedures performed in this study were in accord-
ance with the ethical standards of the institutional Helsinki 
Committee and with the 1964 Helsinki Declaration and its 
later amendments. Written informed consent was obtained 
from participants.

The study protocol included documentation of vacci-
nation, but not the act of vaccination or monitoring for 
adverse effects. Adults in Israel that had not been previ-
ously infected with COVID-19 were offered, beginning in 
late December 2020, two tozinameran (BNT162b2 vac-
cine) injections, at the manufacturer’s standard recom-
mended dose, 3 weeks apart. The 2nd dose was omitted 
in subjects infected with COVID-19 within the interval 
between the 1st and intended 2nd dose. Subjects who have 
had COVID-19 before vaccination were offered a single 
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vaccine dose (≥ 5 months after infection). Blood samples 
were given by dialysis and transplant patients during rou-
tine visits, at several designated time-windows during the 
vaccination period: at baseline (namely, before adminis-
tration of the first vaccine dose), 10–20 days after the first 
vaccine, 2–6 weeks after the second vaccine inoculation 
(typically scheduled 21 days after the first inoculation) 
and 3 months or longer after the first vaccination. The 
precise timing of blood sampling was not uniform between 
or within the study groups because there were no dedicated 
study visits, but rather blood was withdrawn at the time 
of blood sampling for routine clinical indications. Most 
hemodialysis patients and controls provided samples at all 
or most time-points, while transplant and peritoneal dial-
ysis patients provided samples sporadically during their 
scheduled outpatient visits. We followed up participants 
for overall and COVID-free survival until 31-May-2021.

Laboratory methods

All serum samples were tested at Hadassah's clinical virol-
ogy laboratory, using kits supplied by the Israeli Ministry 
of Health. Anti-SARS-2 IgG antibodies were quantified 
using LIAISON SARS-CoV-2 S1/S2 IgG (DiaSorin) and 
ARCHITECT SARS-CoV-2 IgG II (Abbott) immunoas-
says, and the former kit results are reported here. Accord-
ing to the recommendation of the State of Israel’s Ministry 
of Health, results were categorized as negative when < 12 
AU/ml, borderline (equivocal) when ≥ 12 but < 19 AU/ml 
and positive when ≥ 19 AU/ml. In addition, before as well 
as after vaccination, patients were tested for viral RNA using 
qPCR assays when clinically or epidemiologically indicated, 
but we did not perform routine PCR screening except for 
staff. Inpatient and outpatient diagnoses, patient demograph-
ics and serology, virology and additional selected labora-
tory results (see Table 1) were extracted by the institution's 
information system for the period between 01-Mar-2020 and 
patient vaccination.

Statistical analysis

Deidentified clinical information and laboratory data and 
metadata were stored as spreadsheets and processed using 
R (R Core Team, 2021) [21] and related statistical packages. 
Clinical characteristics of study participants were summa-
rized by group using means ± SD or medians and ranges, as 
appropriate. Right-skewed variables (e.g. antibody levels) 
were  log10-transformed prior to statistical testing. Between-
group differences in baseline clinical characteristics were 
assessed using ANOVA or chi squared test. Statistical sym-
bols embedded within plots reflect Mann–Whitney U test 
results. Potential clinical predictors of antibody response 
and disease (COVID-19 infection) were examined using 

mixed-effects linear for numeric antibody levels, general-
ized linear models for dichotomous antibody results and 
Cox proportional hazards models, respectively, using ‘lme4’ 
[22], ‘coxme’ (mixed effects cox models) and ‘survival’ 
[23] packages. In models of antibody response, measure-
ments performed in patients after COVID-19 infection were 
excluded, thus only response to vaccination is modeled and 
predicted. The tested independent predictor variables were 
renal replacement status (dialysis, transplant or control), age, 
sex, number of vaccine inoculations received, comorbidities 
(chronic obstructive pulmonary disease, obesity, hypothy-
roidism, cancer, cirrhosis, anemia, smoking, hyperlipidemia, 
hypertension, peripheral vascular disease and diabetes mel-
litus) and laboratory results (C-reactive protein, ferritin, 
hemoglobin, white blood cell count, lymphocyte count, 
albumin and vitamin D). In addition, in models restricted to 
patients receiving dialysis we included the dialysis vintage 
and 3-months’ averaged urea reduction rate (URR, a sur-
rogate of dialysis adequacy), while in models restricted to 
transplant patients we included time since transplantation, 
donor type (living or cadaver), estimated glomerular filtra-
tion rate (eGFR) and calcineurin or mTOR inhibitor trough 
levels. Time post-vaccination was modeled as an independ-
ent variable using splines, and the time × group interaction 
was also included in some models. Missing data were not 
imputed. We accounted for repeated measurements (from 
the same subject) by including a participant identifier as a 
random effect in these models. Model outputs are presented 
using the ‘sjPlot’ package [24]. Antibody level or positivity 
rate predictions based on these models were generated and 
plotted using the ‘ggeffects’ package [25]. For Cox modeling 
of COVID-19 infection events with vaccination or sero-
logical test results as independent variables, the respective 
time-dependent covariates were constructed as suggested by 
Therneau et al. using the ‘tmerge’ function of the ‘survival’ 
R/Bioconductor package [23]. We generated plots in R using 
the ‘ggplot2’ [26] and ‘NMF’ [27] packages.

Results

One hundred and seventy-five patients treated with dialy-
sis (152 hemodialysis and 23 peritoneal dialysis), 252 kid-
ney transplant patients and 71 nephrology healthcare team 
control participants provided specimens for serological 
analyses. Table 1 summarizes their demographic and clini-
cal characteristics. Specimens were given before, between 
and/or after administration of vaccine doses and COVID-19 
infections, as described in Table S1 (online supplement). 
Infections occurred prior to vaccine availability in 7.0%, 
9.1% and 9.1% of control, dialysis-treated and transplant 
participants, respectively (p = NS). The cumulative PCR-
verified case rate in Jerusalem by the same cutoff date was 
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Table 1  Demographic 
and clinical characteristics 
according to study group

a Tacrolimus in 83%, everolimus 9%, cyclosporine (multiplied by 0.06) 7%, sirolimus 1%

Control, N = 71 Dialysis, N = 175 Transplant, N = 252 p-value

Age, years
 Mean (SD) 43.6 (14.3) 65.1 (15.0) 53.5 (14.4) < 0.001

Sex
 Female 46 (64.8) 70 (40.0) 84 (33.3) < 0.001
 Male 25 (35.2) 105 (60.0) 168 (66.7)

Hypertension
 No 69 (97.2) 102 (58.3) 170 (67.5) < 0.001
 Yes 2 (2.8) 73 (41.7) 82 (32.5)

Diabetes
 No 70 (98.6) 118 (67.4) 203 (80.6) < 0.001
 Yes 1 (1.4) 57 (32.6) 49 (19.4)

CHF
 No 71 (100) 148 (84.6) 248 (98.4) < 0.001
 Yes 0 (0) 27 (15.4) 4 (1.6)

COPD
 No 71 (100) 169 (96.6) 247 (98.0) 0.238
 Yes 0 (0) 6 (3.4) 5 (2.0)

Cancer
 No 70 (98.6) 164 (93.7) 240 (95.2) 0.269
 Yes 1 (1.4) 11 (6.3) 12 (4.8)

Prior COVID-19
 No 66 (93.0) 159 (90.9) 229 (90.9) 0.848
 Yes 5 (7.0) 16 (9.1) 23 (9.1)

Vaccine inoculations
 0 12 (16.9) 31 (17.7) 41 (16.3) 0.732
 1 3 (4.2) 6 (3.4) 16 (6.3)
 2 56 (78.9) 138 (78.9) 195 (77.4)

Time from Tx, years
 Median (range) 4.0 (0.25–49.0)

Dialysis vintage, years
 Median (range) – 2.8 (0.47–18.6) – –

Urea reduction rate, %
 Mean (SD) – 72.1 (8.2) – –

Creatinine, µmol/l
 Median (IQR) 67.5 (16.5) - 123.3 (73.4) < 0.001

eGFR, ml/min/1.73m2

 Mean (SD) 92.4 (17.5) - 52.8 (21.8) < 0.001
Tacrolimusa, ng/ml
 Mean (SD) – – 6.8 (1.9) –

Hemoglobin, g/dl
 Mean (SD) 13.6 (1.6) 10.5 (1.1) 12.8 (1.8) < 0.001

WBC, count per µl
 Mean (SD) 7.6 (1.9) 7.6 (2.7) 8.4 (2.4) 0.004

Lymphocytes, per µl
 Mean (SD) 2.2 (0.7) 1.2 (0.6) 1.7 (0.9) < 0.001
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similar to our control group, 6.75% [28, 29]. However, 20%, 
31% and 17% of our respective cases were identified solely 
via positive serology, without documentation of positive 
PCR tests.

Of our study participants, 82–83% (varying by 
group) received at least 1 dose of tozinameran and 77–79% 
received 2 inoculations, while among participants who were 
not infected with COVID-19 prior to vaccine availability, 
complete vaccination rates were 83–85%. Figure S1 in the 
online supplement indicates the timeline of COVID-19 
infections in our cohort (beginning at the epidemic onset) 
and of vaccination events.

Serological results

Figure 1a and Table S1 present the binary serological outcome 
among the 3 groups of participants at several occasions in rela-
tion to vaccination and infection. While 100% of control subjects 
generated positive antibody levels when sampled 22–71 days 
after the first vaccination (namely, 1–50 days after being fully 
vaccinated), only 70% of dialysis patients and 28% of transplant 
recipients achieved such levels when tested at the same time win-
dow, increasing to 79% and 42%, respectively, 3 months or more 
after the first shot (range 90–139 days). In unvaccinated COVID-
19 survivors, the respective positive antibody rates were 100%, 
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Fig. 1  Qualitative results of anti S1/S2 SARS-CoV-2 IgG serology 
testing. a Distribution of categorical results among the study groups 
along the study time points. Patients with positive or borderline serol-
ogy at the baseline (pre.v1*) time point were assumed to have recov-
ered from COVID-19 infection that was not otherwise suspected or 
diagnosed. b Model prediction of IgG positivity rates in the 3 study 
groups according to the timing of testing in relation to the 1st vac-
cination. The generalized linear mixed effects model also included 
a time × group interaction term, age and a patient identifier. c Model 
prediction of IgG positivity rates in the 3 study groups at different 
time points according to the participant’s age. The generalized linear 

mixed effects model also included a patient identifier. d Factors asso-
ciated with humoral non-response to vaccination according to gen-
eralized linear mixed effects models with group, age, time from 1st 
vaccination and each one of the depicted additional variables sepa-
rately. The dependent variable was categorical (≥ 19 AU/ml) antibody 
response after either 1 or 2 vaccine doses. Measurements from previ-
ously infected patients were not included. Definitions: pre.v1, before 
vaccination; post.v1, between vaccinations; post.v2, up to 10  weeks 
after the 2nd vaccine; post.v2.3m, more than 10 weeks after the 2nd 
vaccine (3  months post 1st vaccine); post.COVID, after COVID-19 
infection (regardless of vaccination status)
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94% and 69%. Predictors of lack of anti-spike IgG response after 
single or double vaccine inoculation were: being a dialysis (odds 
ratio = 39, 95%CI 6.0–2.6 ×  102, p < 0.001) or transplant patient 
(OR = 7.1 ×  102, 95%CI 7.1–7.0 ×  103, p < 0.00001) compared to 

control, shorter time interval between immunization and testing 
(OR = 0.97 per day, 95%CI 0.96–0.98, p < 0.00001, Fig. 1b), age 
above the median (58 years) (OR = 3.7, 95%CI 1.6–8.8, p < 0.01, 
and see Fig. 1c), cancer diagnosis (OR = 5.9, 95%CI 1.3–27, 

Fig. 2  Numerical results of anti S1/S2 SARS-CoV-2 IgG serology 
testing. a Dot- and box-plots showing antibody concentrations (log 
scale) in the 3 study groups at 5 specified time points. b Scatter plot 
showing antibody levels (log scale) versus time elapsed after 1st 
vaccine in the 3 study groups. Repeat measurements from the same 
participant are connected with lines. Measurements from previously 
infected patients were excluded. c Model prediction of IgG levels by 
age in the 3 study groups at different time points. The linear mixed 

effects model included a group × time point interaction term and a 
patient identifier. d Model prediction of IgG levels versus time after 
1st vaccination in the 3 study groups. The linear mixed effects model 
included age, a group × time past first vaccination (as polynomial 
splines) interaction term and a patient identifier. See Fig. 1 legend for 
time point definition. The dashed yellow lines represent the equivocal 
concentration range
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p < 0.05) or diabetes (OR = 2.6, 95%CI 1.1–6.4, p < 0.05), as 
well as lower lymphocyte count (OR = 0.49, 95%CI 0.29–0.82, 
per 1,000 cells/µl, p < 0.01) and (in subjects with available data) 
lower vitamin D levels (OR = 0.94, 95%CI 0.89–1.00, per 1 ng/
ml, p < 0.05).

Quantitative serological results

Figure 2a and Table S2 display the numerical serological 
outcome among the 3 groups at several time points, in rela-
tion to vaccination and infection. The quantitative levels par-
allel the qualitative results presented above. Linear mixed 
effects models indicated that in addition to the time point 
of testing, IgG levels depended on the study group, being 
0.54  log10 lower in dialysis patients and 1.29  log10 lower in 
transplant patients, compared to controls (both p < 0.00001). 
 Log10 titers were 0.01 lower per year of age (p < 0.00001). 
In addition, higher lymphocyte counts (0.12  log10 per 1,000 
cells/µl, p < 0.01) and lower ferritin levels (0.03  log10 per 
100 ng/ml, p < 0.05) were linked with higher antibody levels. 
Figure 2b depicts antibody levels in participants that were 
fully vaccinated according to the time elapsed from the first 
dose. Predictions based on linear mixed effects models (with 
time post-vaccination introduced as an independent variable 
using splines and the time × group interaction also included 
in the model) are shown in Fig. 2c, d. A plateau is notable 
to emerge in controls and dialysis patients at ~ 55 days post 
1st vaccination, while in transplant recipients a mild incline 
in antibody titers may persist beyond this period.

Group‑specific associations

In transplant recipients, the step-up in antibody levels after 
the 2nd vaccination was significantly greater in younger than 
the median (< 55 years) compared to older patients (Figure 
S2). In fact, 3 months or longer after the first dose, 60% of 
younger patients but only 24% of older transplant patients 
had a positive antibody response. Time from transplanta-
tion was associated with antibody titers in a non-linear man-
ner; compared to patients transplanted 6–18 months before 
antibody testing (having lowest levels), recipients less than 
6 months from transplantation date had 0.92  log10 higher 
levels (p < 0.01) and recipients of 18 months from trans-
plantation or longer duration had 0.30  log10 higher levels 
(p < 0.01). In models including age, timing of antibody 
testing and time after transplantation, antibody concentra-
tions were 0.20  log10 lower in patients with a diagnosis of 
hypertension (p < 0.05) and 0.51  log10 lower with a diagnosis 
of anemia (p < 0.05). The aggregated immunosuppressive 
drug level—tacrolimus, cyclosporin (transformed by multi-
plying by 0.06), everolimus and sirolimus—was also linked 
with lower titers (0.063  log10 per ng/ml, p < 0.05, Figure 
S2c), however this association was not significant when 

accounting for time after transplantation (0.055  log10 lower 
per ng/ml, p = 0.08). Serum creatinine and estimated glo-
merular filtration rate (CKD-EPI equation) did not associate 
with antibody levels.

In dialysis patients, unique predictors of antibody lev-
els were: (1) modality; peritoneal dialysis patients had 
0.41 higher  log10titer compared to hemodialysis patients 
(adjusted for age and time post-vaccination, p < 0.01). (2) 
Ferritin levels were linked with lower  log10titers (0.03 per 
100 ng/ml, p < 0.05) (Figure S3). Conversely, dialysis vin-
tage, comorbidity conditions and averaged urea reduction 
rate (in hemodialysis patients) were not associated with anti-
body concentrations.

Occurrence of COVID‑19

Ninety six study participants had COVID-19 infection 
before or after the vaccination period, up until 31-May-
2021 (Figure S1b). Cumulative rates were 15.5% in con-
trols, 20.6% in transplant patient and 18.3% in dialysis 
patients (p = NS). The respective cumulative PCR-veri-
fied case rate in Jerusalem was 13.58% [28, 29]. Vaccine 
inoculations, introduced as time-varying covariates, are 
seen in Fig. 3a (and Figure S4a) to inversely associate 
with COVID-19 infection risk, after vaccine availabil-
ity. This relationship was marginally stronger in con-
trols compared to both ESRD groups (p-values for the 
interactions ~ 0.1), but was significantly weaker in older 
(58.1–95 year old) compared to younger (18.2–57.9 year 
old) subjects (Figs. 3b, S4b), possibly owing to lower 
baseline risk in this subgroup (p-value for the interaction 
0.013). Also, vaccine breakthrough infections in dialy-
sis patients and particularly transplant recipients were of 
lesser severity compared to infections in unvaccinated 
patients (not shown).

Moreover, positive (including borderline) anti-SARS-
CoV-2 IgG serology after vaccination was linked with lower 
risk of COVID-19 infection (Figs. 3c, S4c), hazard ratios 
0.23 (95% CI 0.05–0.99). Importantly, not a single partici-
pant became infected with a most recent anti S1/S2 IgG anti-
body test result of 59 AU/ml or higher (Fig. 3d and Supple-
mentary Text). Likewise, quantitative IgG titers were linked 
with significantly lower COVID-19 risk (Fig. 3e, S4d). See 
additional analyses including mortality as supplementary 
material (Supplementary Text and Figure S5).

Post‑COVID‑19 serology

SARS-CoV-2 S1/S2 IgG antibody concentrations after 
COVID-19 infection were lower compared to vaccine-driven 
antibodies in controls. However, in transplant recipients and 
dialysis patients the opposite was true (Fig. 4).
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Fig. 3  Associations between vaccine inoculations, anti S1/S2 IgG 
test results and COVID-19 infection. a COVID-19 infection-free sur-
vival from epidemic onset according to vaccination status as a time-
varying covariate (see “Methods”), split by study group. *, p < 0.05 
for 2 vs. 0–1 inoculations. b Risk of COVID-19 infection by inocula-
tion status and age group (< 58 year old vs. ≥ 58 year old). The model 
also included a patient identifier and was stratified by study group. 
c COVID-19 events presented as Kaplan Meier curves according to 

IgG serology status. d Histograms showing the distribution of serol-
ogy results (logarithmic scale) according to whether or not the par-
ticipant became infected after the test was performed, but prior to the 
subsequent test. A putative protective cutoff is observed at ~ 60 AU/
ml. e Determinants of COVID-19 risk in a model including log IgG 
level as a time-varying covariate. The older vs. younger break is the 
median age, 58 years. In a and c the green star marks the beginning 
of the vaccination period
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Discussion

This prospective study was designed to follow serum anti-
body levels after COVID-19 vaccination and/or disease in 
patients requiring chronic renal replacement therapy, and 
to estimate associations of vaccine inoculation and the 
resulting humoral response with subsequent COVID-19 

infections. Healthcare team personnel (nursing, medical, 
assisting and administrative staff, working in the respective 
dialysis units and/or in the transplantation clinic) served as 
controls. Anti-spike antibody positivity rates and levels did 
not differ between groups at baseline. However, dialysis and 
more prominently kidney transplant patients had signifi-
cantly lower positive response rates and antibody levels after 
both the first and second vaccine administration compared 
to the healthcare controls. These findings are in line with 
previous studies in kidney dialysis and transplant patients 
[30–32]. Not previously reported, we found that immuniza-
tion using the tozinameran mRNA vaccine was linked with 
lower risk of COVID-19 infection in all groups. This effect 
was smaller in patients compared to controls. Also, we pro-
pose a putative protective S1/S2 antibody level cutoff of 60 
AU/ml (DiaSorin), consistent with a prior publication [33].

Prior to vaccination, positive serology was found in < 10% 
of participants, indicating the prevalence of past infection 
with SARS-CoV-2 virus. About one third of these infections 
were not detected or suspected previously, despite screen-
ing measures in dialysis patients – questioning for possible 
contacts with verified COVID-19 patients, risk factors for 
exposure (as recent flight, attending crowded events or living 
in communities with high rates of infection), and symptoms 
that can suggest active infection, as well as measuring body 
temperature and repeated SARS-CoV-2 nucleic acid quan-
tification by nasal swabs after exposure.

Only 28% of transplant patients and 70% of dialysis 
patients had a positive (not including borderline) antibody 
response after the second shot of the vaccine, improving 
by 3 months to 42% and 79%, respectively, yet still having 
significantly lower antibody titers compared with controls. 
This raises the question whether a vaccine boost or higher 
doses are needed in this patient population, as was previ-
ously reported for the hepatitis B vaccine [13].

Strikingly, many fully vaccinated transplant patients were 
identified with no detectable antibodies (and some devel-
oped severe COVID-19 after infection). Similar findings, of 
reduced or lack of humoral response to the two-dose regimen 
of tozinameran, were reported previously in dialysis patients 
[31, 34–36], kidney transplant [30, 37, 38], and other solid-
organ recipients [39–41], although follow-up periods were 
usually much shorter than in our study and there were typi-
cally no investigations or links with subsequent infection.

During the 5.5 month study period, infection rates in 
Israel, Jerusalem included, dropped drastically. Despite 
these circumstances, we found that COVID-19 infection 
following vaccination was independently associated with 
lower post-vaccination antibody titers, implying benefit 
from immunization with the mRNA vaccine on top of herd 
immunity. This association, suggesting a vaccine-related 
beneficial effect, was reported previously with neutralizing 
antibody assays [42] but not with antibodies detected by 

Fig. 4  Comparison of post-vaccination with post-COVID-19 infec-
tion anti S1/S2 SARS-CoV-2 IgG levels. a Dot- and violin plots 
showing IgG concentrations post-COVID-19 vaccination (post.v2) 
or infection (post.COVID). Also shown are the means and confidence 
limits (based on the t-distribution). b Model prediction of IgG con-
centration versus age, post-infection and post-vaccination, in the three 
study groups, showing higher predicted levels post-vaccine in con-
trols but not in the ESRD groups. The linear mixed effect model also 
included the time post-vaccination (modeled with polynomial splines) 
and a patient identifier. Dashed yellow lines cover the equivocal anti-
body level range.
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common immunoassays. This is of clinical and epidemio-
logical importance, because by identifying individuals at 
high risk of infection with readily available tests, one can 
apply individualized protective measures, while easing on 
the general population, or introduce additional vaccination 
boosts for specific vulnerable groups.

The findings that lower lymphocyte counts and higher 
serum levels of immunosuppressive medications are asso-
ciated with lesser antibody response also suggest the need 
for additional vaccination for immunosuppressed patients. 
Intriguingly, controls mounted lower anti S1/S2 concen-
trations after infection compared to vaccination, while the 
reverse was true in patients. A partial explanation for the 
latter finding in transplant recipients is the practice of lower-
ing immunosuppressive medications (aside from corticoster-
oids) during and shortly after infection.

There are several limitations to our study. This is a sin-
gle-center study, and may not represent the larger ESRD 
community when considering future immunization poli-
cies, though we believe that combined with contemporary 
publications the study is large enough to facilitate further 
research. A longer follow-up period can enrich the data on 
antibody titers, and the recurrent escalation of COVID-19 
incidence in Israel means that new data regarding protection 
will be available [43]. There are significant age differences 
between the control group and the dialysis patient group, 
which is compatible with the average age of dialysis patients. 
As significant age-related differences in antibody concen-
trations were found in the vaccine's clinical trials, where 
older individuals had lower antibody concentrations (also 
observed among our study participants), we adjusted for age 
in the statistical models, and are thus reporting a significant 
age-independent relationship between study group and anti-
bodies. Additionally, COVID-19 infection was defined as a 
positive PCR, regardless of symptoms, but routine nucleic 
acid screening was not performed, and therefore we might 
have missed asymptomatic patients. Lastly, we did not report 
in this study ongoing investigation of cellular immunity or 
non-IgG antibodies which could add to our understanding 
of the immune response and protection after vaccination.

In conclusion, we show that kidney transplant and dialy-
sis patients exhibit impaired humoral response to two doses 
of tozinameran, a prototype of mRNA vaccination, mani-
fested either by negative immunoassay or lower concentra-
tions compared to healthy controls. Of note, a small rise in 
antibody levels and proportion of responding patients is evi-
dent beyond three months, suggesting a different time scale 
of the immune response. Additionally, we show an inverse 
association of IgG concentrations with the risk of contract-
ing COVID-19 after immunization, and propose 60 AU/ml 
as a putative protective cutoff (using the LIAISON SARS-
CoV-2 S1/S2 IgG serology test by DiaSorin). We suggest 
testing immune-compromised patients for COVID-19 IgG 

antibodies in order to identify high-risk patients, and to 
expand research regarding the effects of booster dosing.
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