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ABSTRACT

Background. Humoral responses to coronavirus disease 2019 (COVID-19) vaccines in hemodialysis (HD) patients can
direct vaccination policy.
Methods. We compared 409 COVID-19-naïve HD patients from 13 HD units in Israel to 148 non-dialysis-dependent
COVID-19-naïve controls. Twenty-four previously infected (antinucleocapsid positive) HD patients were analysed
separately. Blood samples were obtained ≥14 days post-vaccination (BNT162b2, Pfizer/BioNTech) to assess
seroconversion rates and titers of anti-spike (anti-S) and neutralizing antibodies.
Results. The median time from vaccination to blood sample collection was 82 days [interquartile range (IAR) 64–87] and
89 days (IQR 68–96) for HD patients and controls, respectively. Seroconversion rates were lower in HD patients compared
with controls for both anti-S and neutralizing antibodies (89% and 77% versus 99.3%, respectively; P < 0.0001). Antibody
titers were also significantly lower in HD patients compared with controls {median 69.6 [IQR 33.2–120] versus 196.5 [IQR
118.5–246], P < 0.0001; geometric mean titer [GMT] 23.3 [95% confidence interval (CI) 18.7–29.1] versus 222.7 [95% CI
174–284], P < 0.0001, for anti-S and neutralizing antibodies, respectively}. Multivariate analysis demonstrated dialysis
dependence to be strongly associated with lower antibody responses and antibody titers waning with time. Age, low
serum albumin and low lymphocyte count were also associated with lower seroconversion rates and antibody titers. HD
patients previously infected with sudden acute respiratory syndrome coronavirus 2 (SARS-CoV-2) had no difference in
their seroconversion rates or antibody titers compared with COVID-19-naïve patients.
Conclusion. This study demonstrates diminished and waning humoral responses following COVID-19 vaccination in a
large and diverse cohort of HD patients, including those previously infected with SARS-CoV-2. Considering these results
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and reduced vaccine effectiveness against variants of concern, in addition to continued social distancing precautions, a
third booster dose should be considered in this population.

GRAPHICAL ABSTRACT

Keywords: anti-S antibodies, BNT162b2 vaccine, COVID-19, hemodialysis, humoral response, neutralizing antibodies,
seroconversion, waning immunity

INTRODUCTION

The messenger RNA (mRNA)-based coronavirus disease 2019
(COVID-19) vaccine BNT162b2 (Pfizer/BioNTech) received emer-
gency authorization by the US Food and Drug Administration in
November 2020, following a phase III study that included more
than 43 000 subjects. Over a follow-up period of 3 months the
vaccine showed 95% efficacy against symptomatic SARS-CoV-2
[1].

Various studies have shown high real-world vaccine effec-
tiveness in the prevention of severe disease, hospitalization and
death related to COVID-19 [1–5]. Nevertheless, diminished ef-
fectiveness was shown in patients with multiple comorbidities
[6]. Moreover, patients with severe breakthrough sudden acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infections
leading to hospitalizations have been found to have a high
rate of comorbidities and immunosuppression [7]. Diminished
immunogenicity has been previously reported in immuno-
compromised patients, including patients with haematological
malignancies, transplant recipients and patients receiving
immunosuppressive therapy [8–13].

Patients with end-stage renal disease (ESRD) are known to
have reduced immune responses [14], as evidenced by their di-
minished response to several types of vaccines, including the
hepatitis B vaccine [15, 16], as well as by a relatively rapid anti-
body titer waning following pneumococcal vaccination [17].

Limited data are available regarding the humoral response
following BNT162b2 vaccination in ESRD patients requiring dial-
ysis, all studied in relatively small cohorts. Antibody titers were
measured only for a short time following the second dose of
the vaccine and most studies have not looked at neutralizing
antibody levels, which are correlated with protection against
SARS-CoV-2 infection [18, 19]. Nevertheless, lower seroconver-
sion rates and lower anti-spike (anti-S) binding antibody titers
were demonstrated in this patient population [20–23].

In the current study we investigated humoral responses
including anti-S antibody levels, neutralizing antibody levels
and factors associated with it, 2–3 months after the second
BNT162b2 vaccine dose in a large and diverse maintenance
hemodialysis (MHD) cohort.

MATERIALS AND METHODS

Study design and setting

A prospective cohort study comparing the immunogenicity of
BNT162b2 vaccine in adult patients on chronic MHD with con-
trol group participants not on dialysis. The dialysis cohort con-
sisted of patients recruited from 13 HD units, 11 of which
were community units operated by the A.P.C Health Special-
ists Clinics HD chain and 2 were hospital-based HD units at the
Assuta University Medical Center in Ashdod and the Barzilai
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University Medical Center in Ashkelon. The control group con-
sisted of healthcareworkers of the participating HDunits aswell
as adult family members of the dialysis subjects enrolled in the
study.

Venous blood was drawn from patients and controls at least
14 days following the second dose of BNT162b2 vaccination and
assayed for SARS-CoV-2 anti-S, antinucleocapsid (anti-N) and
SARS-CoV-2 neutralizing antibody levels.

Humoral response assessment

Anti-S antibody levels were tested with the LIAISON SARS-CoV-
2 S1/S2 IgG assay (DiaSorin, Saluggia, Italy), which targets the
S1 and S2 subunits of the spike protein. The assay is consid-
ered highly sensitive and specific (97.4% sensitivity and 98.9%
specificity), correlating well with neutralizing antibody titers
[24]. Antibody titers are presented as AU/mL. The cut-off value
for a positive result being ≥15 AU/mL.

Anti-N antibody presence, which is indicative of previous
SARS-CoV-2 infection, was tested using the qualitative Elec-
sys anti-SARS-CoV-2 assay (Cobas, Roche Diagnostics, Basel,
Switzerland). The test has a sensitivity of 89% and a specificity
of 100%.

Neutralizing antibody levels were measured by a pseu-
dovirus microneutralization assay as previously described [25]
using a green fluorescent protein reporter–based pseudotyped
virus with a vesicular stomatitis virus backbone coated with
SARS-CoV-2 spike protein, which was obtained from Gert Zim-
mer (Institute of Virology and Immunology, Mittelhäusern,
Switzerland). Sera not capable of reducing viral replication by
50% at 1: 8 were considered non-neutralizing. Levels are pro-
vided as geometric mean titer (GMT) and 95% confidence inter-
val (CI).

Other variables

All participants filled out a questionnaire with demo-
graphic details. For all dialysis patients, relevant medi-
cal history including comorbidities, ESRD etiology, use of
immunosuppressive medications, dialysis treatment details
(Kt/Vurea, number of treatments per week, etc.) and most recent
serum albumin level, hemoglobin level, white blood cell and
lymphocyte counts as well as hepatitis B surface antibody (anti-
HBsAb) levels were retrieved from the dialysis units’ medical
records.

Outcomes

We analysed four serological outcomes: the post-vaccination
seropositivity rate with the anti-S and neutralization assays
and the antibody titers achieved by vaccination in these two
assays.

Statistical methods

Categorical variables were summarized as frequency and
percentages. Continuous variables were evaluated for normal
distribution using histograms and the Kolmogorov–Smirnov
test. Non-normally distributed variables are reported as median
and interquartile range (IQR). Chi-square and Fisher’s exact
tests were used to study the association between categori-
cal variables. Spearman’s correlation coefficient was used to
evaluate the association between continuous variables. The
Kruskal–Wallis and Mann–Whitney tests were applied to com-

FIGURE 1: Study cohort.

pare continuous variables between categories. All statistical
tests were two-sided and P-values <0.05 were considered sta-
tistically significant. For multivariate analysis we used logistic
regression models including variables with a significant effect
on the outcome in the univariate analysis. We used NCSS
2021 version 21.0.2 software (NCSS, Kaysville, UT, USA) for all
statistical analyses.

Ethical considerations

All participants signed an informed consent and the study was
approved by the Samson Assuta Ashdod University Hospital
Institutional Review Board (IRB) and by the Barzilai University
Medical Center IRB.

RESULTS

Study cohort

The original study cohort included 436 MHD patients and
163 controls. One MHD patient withdrew consent prior to ob-
taining blood samples. Two more MHD patients were excluded,
as<14 days had passed from the date of the second vaccine dose
to blood sampling. Twenty-four MHD and 15 control samples
were found to have anti-N-positive tests, signifying previous
SARS-CoV-2 infection, and were therefore analysed separately.
The final analysis included a cohort of COVID-19-naïve subjects
(409 MHD patients and 148 controls) and a cohort of previously
infected subjects (24 MHD patients and 15 controls) (Figure 1).

Comparison of COVID-19-naïve MHD patients
and controls

The time from vaccination to sampling ranged from 15
to 120 days, but the medians were >80 days (IQR 65–90),
satisfying the goal for a late (2–3 months) assessment of
immunogenicity.

The subjects’ demographic characteristics, seroconversion
rates and antibody titers are presented in Table 1. MHD patients
were older than controls [median 71.9 years (IQR 63–80) versus
48.5 years (IQR 38–58); P < 0.0001, respectively] and had a higher
percentage of males. The median time from the second dose of
BNT162b2 to blood sampling for serology was shorter in MHD
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Table 1. Characteristics and humoral responses in naïve MHD patients and controls

Characteristics MHD group (n = 409) Control group (n = 148) P-value

Age (years) median (IQR) 71.9 (63–80) 48.5 (38–58) <0.0001
Sex (male), n (%) 269 (65.7) 51 (34.4) <0.0001
Time to serologic sampling (days), median (IQR) 82 (64–87) 89 (68–96) <0.0001
Anti-S seropositive, n (%) 364 (89) 147 (99.3) <0.0001
Anti-S titer, median (IQR) 69.6 (33.2–120) 196.5 (118.5–246) <0.0001
Neutralizing Ab seropositive, n (%) 315 (77) 147 (99.3) <0.0001
Neutralizing Ab, GMT (95% CI) 23.3 (18.7–29.1) 222.7 (174–284) <0.0001

Ab, antibody.

Controls MHD Controls MHD
10

100

1000

An
ti-

S 
tit

er

1

10

100

1000

N
eu

tra
liz

in
g 

an
tib

od
ie

s 
(G

M
T)

A B

****

****

FIGURE 2:Antibody titers of naïve MHD patients and controls, including (A) anti-
S and (B) neutralizing antibodies. Boxes represent medians and whiskers repre-
sent the IQR. Neutralizing antibody levels are displayed as GMT.

patients than in controls [82 days (IQR 64–87) versus 89 days (IQR
68–96), respectively (P < 0.0001)].

A positive anti-S antibody titer developed in 364 of 409 (89%)
naïve MHD patients compared with 147 of 148 (99.3%) con-
trols (P < 0.0001). The median anti-S titer was significantly
lower in MHD patients compared with controls [median 69.6
(IQR 33.2–120) versus 196.5 (IQR 118.5–246); P < 0.0001] (Table 1,
Figure 2A).

Neutralizing antibodies developed in 315 of 409 (77%) naïve
MHD patients compared with 147 of 148 (99.3%) controls
(P < 0.0001). Neutralizing titers were lower in MHD patients
than controls, with a GMT of 23.3 (95% CI 18.7–29.1) ver-
sus 222.7 (95% CI 174–284) (P < 0.0001), respectively (Table 1,
Figure 2B).

Importantly, anti-S and neutralizing antibodies in both con-
trols and study group participants were strongly correlated
[Spearman correlation coefficient (rs) = 0.84].

On multivariate analysis including age and sex, dialysis de-
pendence was strongly associated with reduced seroconversion
rates and antibody titers (Figure 3 and Supplementary Tables S1–
S4). MHD patients had 54.2% and 76.5% reduced anti-S and neu-
tralizing antibody titers, respectively, compared with controls,
whereas age had a more modest contribution to titer decline,
with 18% and 36.8% decreases per decade, respectively.

Analysis of COVID-19-naïve MHD patients

Clinical and laboratory characteristics including comorbidities,
dialysis-related details and etiologies for ESRD as well as hu-
moral responses of COVID-19-naïve MHD patients are presented
in Table 2.

Of the 364 naïve MHD patients who had positive anti-S
antibodies, 57 (15.7%) did not develop neutralizing antibodies.
Anti-S seropositivity (seroconversion) in MHD patients was sig-
nificantly associated with younger age, higher albumin levels,
higher absolute lymphocyte count, higher hemoglobin levels
and higher serum iron levels and was negatively associated
with use of immunosuppressive medications including the
use of steroids, calcineurin inhibitors (CNIs), rituximab and
chemotherapy (all at the time of blood sampling). Other comor-
bidities, including dialysis vintage, Kt/Vurea etiology of ESRD,
residual urine output, previous kidney transplantation and the
time from vaccination to blood sampling, were not significantly
associated with anti-S positivity (Table 2).

For neutralizing antibodies, seropositivity was significantly
associated with younger age, higher albumin levels, higher ab-
solute lymphocyte count and serum iron level and negatively
associated with immunosuppressive therapy as well as the time
from vaccination to blood sampling (Table 2).

On univariate analysis, higher anti-S and neutralizing anti-
body titers were associated with younger age, higher albumin
levels and higher absolute lymphocyte count and negatively as-
sociated with longer time from vaccination to blood sampling
and immunosuppressive medications (Supplementary data,
Table S5).

Multivariable logistic regression analysis, for variables influ-
encing anti-S and neutralizing antibodies, verified that younger
age remained significantly associated with neutralizing anti-
bodies for seroconversion and with titer levels of both anti-
body types. Higher albumin levels remained significantly asso-
ciated with anti-S seropositivity and with titer levels of both
anti-S and neutralizing antibodies. Higher absolute lymphocyte
count remained significantly associated with seropositivity and
titer levels of neutralizing antibodies. Immunosuppression re-
mained negatively associated with seroconversion and titer lev-
els for both anti-S and neutralizing antibodies. Longer time
from vaccination to blood sampling remained associated with
seronegativity of neutralizing antibodies (Table 3) and with titer
levels for both antibody types (Figure 4; Supplementary data,
Table S6).

Association of SARS-CoV-2 antibodies with hepatitis B
antibodies in MHD patients

Considering that MHD patients are routinely vaccinated against
hepatitis B, we compared their anti-HBsAb seropositivity and
titer levels with the SARS-CoV-2 antibodies seroconversion rates
and titer levels following the second dose of BNT162b2 vaccine.
Anti-S seroconversion rates were not significantly associated
with anti-HBsAb titers (P = 0.14); however, the association was
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MHD vs. control: –54.2% [–64.8% to –40.5%]

Age (per 10 years): –18% [–25% to  –11%]

Male sex: 3.6% [–14.7% to 25.8%]

MHD vs. control: –76.5% [–85.5% to –62%]

Age (per 10 years): –36.8% [–49.3% to –24.2%]

Male sex: 8.65% [–24% to 55.4%]

Anti-S and neutralizing antibodies titers: multivariate analysis

Percentage change

Anti-S

Neutralizing antibodies

FIGURE 3:Multivariate regression analysis of factors associated with anti-S (blue) and neutralizing antibody (red) titers in MHD patients and controls. Associations are
presented as the percent change (boxes) and 95% CI (whiskers).

significant for neutralizing antibodies seropositivity (P = 0.04)
(Table 2, Figure 4).

In a univariate analysis, anti-S and neutralizing antibody
titers were only weakly associated with anti-HBsAb titers
(rs = 0.18 and rs = 0.16, P < 0.01, respectively; Table 2). Accord-
ingly, multivariate analysis demonstrated a very weak effect of
anti-HBsAb titers on both anti-S andneutralizing antibody titers:
1% per 100 IU/mL (Figure 4).

Humoral response in MHD patients previously infected
with SARS-CoV-2 (positive anti-N antibodies)

Twenty-four MHD patients and 15 controls were found to have
positive anti-N antibodies, indicating previous infection with
SARS-CoV-2. The median anti-S titer was higher in controls ver-
sus MHD patients (174 versus 101.8 AU/L; P = 0.0001). Notably,
four of the anti-N-positive MHD patients (17%) did not serocon-
vert for anti-S antibodies following both infection and vacci-
nation. For neutralizing antibodies, six MHD patients (25%) did
not seroconvert—four of whom had no anti-S antibodies and
two additional patients who had an anti-S titer of 57 AU/L and
3130 AU/L. Notably, all were elderly (69–91 years old) and two of
themwere immunosuppressed.Conversely, in the control group,
all anti-N-positive subjects (100%) had seroconversion for both
antibody types. Importantly, there was no statistically signifi-
cant difference in the seroconversion rate as well as titer lev-
els for both anti-S and neutralizing antibodies between MHD
patients who were COVID-19 naïve (anti-N negative) and those
who were previously infected with SARS-CoV-2 (anti-N positive)
(Table 4).

DISCUSSION

Similar to the findings in previous studies, this study confirms
that when MHD patients are compared with healthy controls,
older age and being on MHD conferred a higher risk for lack of
seroconversion as well as for lower antibody titers [21, 22]. No-
tably, the effect of being dialysis dependent wasmuchmore pro-
nounced than advancing age on both seroconversion and anti-
body titer levels.

Unlike other studies, we demonstrated waning of immune
response over time and reduced neutralizing antibody response,
hinting toward suboptimal protection in MHD patients, as

well as a reduced response among vaccinated convalescent
MHD patients, whom we previously considered as relatively
protected.

In our study, the timing for blood sampling was 2–3 months
after the second vaccine for most subjects: 82 days (IQR 64–87)
for MHD patients and 89 days (IQR 68–96) for controls. This time
period was similar to the one used in the original study that
led to vaccine authorization [1] and significantly longer than the
median time in other published studies (30–58 days) [20–22].

Waning immunity following BNT162b2 vaccination was a
significant unknown at the time of emergency authorization. In
the current study, multivariate analysis demonstrated a gradual
antibody waning in MHD patients, with anti-S titers decreasing
by 1.36%/day (95% CI 0.74–1.38) and neutralizing antibodies by
2.37%/day (1.29–3.63, as well as loss of neutralizing antibodies
with time. Interestingly, the anti-S titers published by Yanay
et al. [21], who used the same laboratory assay, measured 21–35
days post-vaccination, were 116 AU/mL in MHD patients and
176 AU/mL in controls, whereas our study showed a lower
median titer of 69.6 AU/mL in MHD patients after a median of
82 days and a similar median titer of 196.5 AU/mL in controls.
These findings suggest a significant decline over time in anti-S
titers in dialysis patients as opposed to younger and healthier
controls. Waning immunity might be more important with
emerging vaccine-escape variants and was reported in elderly
individuals infected with the Delta variant in Israel [26].

Neutralizing antibodies are considered to be associated with
protection from SARS-CoV-2 infection and development of se-
vere disease [18] and therefore serve as a better indication for
the level of protection for MHD patients. Currently only limited
data are available regarding the neutralizing antibody response
in dialysis patients,with one studymeasuring antibody titers af-
ter a single dose [27] and the other measuring neutralizing anti-
body response in 22MHD patients only, shortly after vaccination
[28] (Table 5).

Our study was the first one to demonstrate in a large cohort
and in a relatively long interval after full vaccination reduced
immune responses, with only 77% of MHD patients achieving
any titer of neutralizing antibodies.

Older age,poor nutritional status (lower albumin levels, lower
absolute lymphocyte count) and use of immunosuppressive
therapy (steroids, CNIs, rituximab and chemotherapy) were sig-
nificantly associated with a lack of seroconversion and lower
titers for both anti-S and neutralizing antibodies.
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Table 2. Clinical characteristics and humoral responses of naïve MHD patients: univariate analysis of anti-S and neutralizing antibody
seropositivity

Characteristics Total

Anti-S
seropositive
(n = 364)

Anti-S
seronegative

(n = 45) P-value

Neutralizing
antibodies
seropositive
(n = 315)

Neutralizing
antibodies

seronegative
(n = 94) P-value

Sex (male) n/N (%) 269/409 (66) 241/364 (66.2) 28/45 (62.2) 0.59 209/315 (66.4) 60/94 (63.8) 0.65
Comorbidities, n/N (%)

HTN 347/399 (87) 310/356 (87.1) 37/43 (86.1) 0.85 266/308 (86.4) 81/91 (89) 0.5
DM 235/399 (58) 211/356 (58.3) 24/43 (55.8) 0.76 180/312 (57.7) 55/93 (59.1) 0.8
CHF 68/399 (17) 59/356 (16.6) 9/43 (20.9) 0.47 50/308 (16.2) 18/91 (19.8) 0.43
Cancer 26/399 (7) 22/356 (6.2) 4/45 (9.3) 0.51 17/308 (5.5) 9/91 (9.9) 0.14
Kidney transplant 21/399 (5) 16/364 (4.4) 5/45 (11.1) 0.07 15/315 (4.8) 6/94 (6.4) 0.59

Immunosuppression, n/N
(%)
Any type 23/409 (6) 15/364 (4.1) 8/45 (17.8) <0.01 11/308 (3.6) 12/91 (13.2) <0.0001
Prednisone 18/409 (4) 12/356 (3.4) 6/43 (14) 0.01 9/308 (2.9) 9/91 (9.9) <0.01
Rituximab 1/409 (0.002) 1/356 (0.3) 0/43 (0) 1.0 1/308 (0.3) 0/91 (0) 1.0
Chemotherapy 4/409 (1) 2/356 (0.56) 2/43 (4.65) 0.06 1/308 (0.3) 3/91 (3.3) 0.04
CNI 7/409 (2) 3/356 (1.8) 4/43 (9.3) <0.01 2/308 (0.7) 5/91 (5.5) <0.01

ESRD etiology, n/N (%)
Unknown 57/409 (14) 47/364 (12.9) 10/45 (22.2) 0.41 43/315(13.7) 14/94 (14.9) 0.72
DM 177/409 (43) 159/364 (43.7) 18/45 (40) 132/315 (41.9) 45/94 (47.9)
HTN 62/409 (15) 54/364 (14.8) 8/45 (17.8) 47/315 (14.9) 15/94 (16)
ADPKD 21/409 (5) 21/364 (5.8) 0/45 (0) 18/315 (5.7) 3/94 (3.2)
Ischaemic 6/409 (1.5) 6/364 (1.65) 0/45 (0) 6/315 (1.9) 0/94 (0)
Glomerulonephritis 38/409 (9) 33/38 (9.1) 5/45 (11.1) 29/315 (9.2) 9/94 (9.6)
Urologic 42/409 (10) 38/364 (10.4) 4/45 (8.9) 35/315 (11.1) 7/94 (7.5)
Other 6/409 (1.5) 6/364 (1.5) 0/45 (0) 5/315 (1.6) 1/94 (1.1)

Residual urine output, n/N
(%)

215/342 (63) 194/306 (63.4) 21/36 (58.3) 0.55 170/260 (65.4) 45/82 (54.9) 0.09

Age (years), median (IQR) 72 (63–80) 71.4 (62–79.9) 76.6 (68.3–82.5) 0.02 70.6 (61.1–79.3) 75.2 (68.3–82.3) <0.001
Dialysis vintage (years),

median (IQR)
2.7 (1.2–5.2) 2.6 (1.2–5) 3.1 (1.4–6.3) 0.59 2.5 (1.2–4.8) 3.2 (0.96–5.7) 0.81

Kt/Vurea, median (IQR) 1.4 (1.2–1.6) 1.4 (1.2–1.6) 1.4 (1.2–1.6) 1.0 1.4 (1.2–1.6) 1.4 (0.96–5.7) 0.94
Anti-HBsAb titer (AU/mL),

median (IQR)
6 (0–99) 7.6 (0–110) 2 (0–42) 0.14 11 (0–112) 2(0–36) 0.04

Albumin (mg/L), median
(IQR)

3.9 (3.7–4.1) 3.9 (3.7–4.1) 3.7 (3.3–3.9) <0.001 3.9 (3.7–4.1) 3.8 (3.5–4.1) 0.04

Ferritin (μg/L), median (IQR) 592 (386–885) 605 (399–900) 478 (321–746) 0.12 614 (403–876) 480 (321–966) 0.1
Haemoglobin (g/dL),

median (IQR)
11.2(10.4–11.9) 11.2 (10.5–11.9) 10.7 (9.8–11.8) 0.02 11.2 (10.5–11.9) 11.1 (10–12) 0.54

WBC (103/μL), median (IQR) 6.7 (5.6–8.1) 6.7 (5.6–8.1) 6.5 (5.2–8.7) 0.96 6.7 (5.7–8.2) 6.7 (5.1–8) 0.26
Absolute lymphocyte count

(103/μL), median (IQR)
1.3 (9.3–1.8) 1.3 (1–1.8) 1.0 (0.7–1.4) <0.01 1.3 (1–1.8) 1.1 (0.7–1.5) <0.001

Time to sample (days),
median (IQR)

82 (15–120) 81 (64–87) 84 (68.5–90) 0.06 81 (62–87) 83 (71.8–90) 0.01

HTN, hypertension; DM, diabetes mellitus; CHF, congestive heart failure; ADPKD, autosomal dominant polycystic renal disease; Ab, antibody.
Values in bold are statisticall significant.

Table 3. Multivariate regression analysis for seronegativity of anti-S and neutralizing antibodies among naïve MHD patients: results of regres-
sion analysis displaying odds ratios (ORs) for being seronegative

Anti-S seronegativity Neutralizing Ab seronegativity

Variable OR (95% CI) P-value OR (95% CI) P-value

Immunosuppression 7.8 (2.4–25.4) 0.0001 6.6 (2.1–21.1) 0.001
Age (years) 1.03 (1–1.07) 0.06 1.04 (1.01–1.07) 0.004
Albumin (mg/L) 0.24 (0.09–0.63) 0.003 0.55 (0.26–1.16) 0.11
Hemoglobin level (mg/dL) 0.91 (0.68–1.21) 0.5 Not included
Absolute lymphocyte count (103/μL) 0.57 (0.3–1.06) 0.08 0.58 (0.36–0.92) 0.02
Time to sample (days) 1.2 (0.99–1.43) 0.06 1.2 (1.02–1.32) 0.02
Anti-HBsAb (AU/mL) Not included 0.86 (0.75–0.99) 0.03

Values in bold are statistically significant.
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Neutralizing antibodies

Age (per 10 years): –15.9% [–24.7% to –0.6%]
Immunosuppression: –66.5% [–80.1% to –43.7%]

Albumin (per 0.1 mg/dL): 8.3% [3.2% to 15.3%]
Absolute lymphocyte count (per 1000/mm3): 9.5% [–7.6% to 29.6%]

Anti-HBs titer (per 100 IU/ml): 1% [–1% to 2%]
Time to sampling (per 10 days): –13.6% [–13.8% to –7.4%]

Age (per 10 years): –32.5% [–49.7% to 15.9%]
Immunosuppression: –77.2% [–91.5% to –38.7%]

Albumin (per 0.1 mg/dL): 8.6% [0.1% to 24.6%]
Absolute lymphocyte count (per 1000/mm3): 40.1% [1.4% to 93.5%]

Anti-HBs titer (per 100 IU/ml): 1% [0.1% to 4%]
Time to sampling (per 10 days): –23.7% [–36.3% to –12.9%]

FIGURE 4: Multivariate regression analysis of various factors associated with anti-S (blue) and neutralizing antibody (red) titers in MHD patients. Associations are
presented as the percent change (boxes) and 95% CI (whiskers).

HD patients are routinely vaccinated against Hepatitis B, but
some of them do not develop antibodies or their titers decrease
over time [29, 30]. Hypothesizing that in a given patient the re-
sponse to one vaccinewould be similar to their response to other
viral vaccines, we compared between the humoral response to
hepatitis B vaccine and the response to themRNA-based vaccine
BNT162b2. In univariate analysis, anti-HBsAb titers were only
weakly associated with SARS-CoV-2 serologic response (rs = 0.18
and rs = 0.16 for anti-S andneutralizing antibodies, respectively).
A multivariate analysis demonstrated an extremely modest ef-
fect (1% per 100 IU/mL) of anti HBsAb titers on both anti-S and
neutralizing antibodies titers. These results are contradictory to
the study published by Danthu et al. [31], which demonstrated
that non-responders to hepatitis B vaccine had the lowest anti-
SARS-CoV-2 antibody titers. Nonetheless, the cohort in that
study was much smaller, composed of 78 MHD patients and 74
kidney transplant recipients. The missing information regard-
ing the timing of hepatitis B vaccination in most of our patients
could possibly explain theweak correlation, although it was also
not documented in the aforementioned study [31]. The associa-
tion between anti-HBsAb and SARS-CoV-2 post-vaccination an-
tibodies in HD patients deserves further investigation.

MHD patients who were previously infected with SARS-CoV-
2 as indicated by positive anti-N had no advantage in mounting
humoral responses for both anti-S and neutralizing antibodies.
These results are contradictory to a study by Saadat et al. [32]
that demonstrated a much higher neutralizing antibody titer
in subjects previously infected with SARS-CoV-2 compared
with naïve subjects. Nevertheless, the subjects who were
studied were young healthcare workers, who are considered
to be a healthy population. Lacson et al. [33] demonstrated a
100% seropositivity of anti-S antibodies post-vaccination in 38
previously infected MHD patients, although the timing of the
serologic test was not indicated. Chan et al. [34] demonstrated
an earlier increase in antibodies as well as higher antibody
titers post-vaccination with mRNA-1273 vaccine (Moderna) in
previously SARS-CoV-2-infected MHD patients compared with
infection-naïve patients, although the last serologic test was
obtained only 2 weeks after the second vaccine dose.

The strengths of this study are the size and diversity of our
study group, with >400 MHD patients from different locations
all over the country treated in both community and hospital-
based dialysis units, the comprehensive clinical and laboratory

data collected and the longer time frame between a second vac-
cine dose and the timing of serology testing. Furthermore, the
serologic assessment included not only the “classic” anti-S an-
tibodies, but also neutralizing antibody titer levels, which are a
better indicator for protection and have not been well studied
in dialysis patients thus far. Another important strength is the
measurement of anti-N antibodies, which enabled us to identify
patients with previous COVID-19, which could potentially bias
the results. A separate analysis of previously infected anti-N-
positive patients gave us further insights into the reduced hu-
moral immune response in MHD patients.

Some limitations also exist in this study. First, although the
Israeli population is composed of varied immigrant origins,most
participants were Caucasian Jews and we therefore may not
be able to generalize our findings to different races and ethnic
groups. Second, the median age was significantly lower in the
control group sincemost of it was composed of healthcarework-
ers. However, given our large cohort size, we were able to adjust
for the effect of age differences between groups. Lastly, ideally,
in order to obtain a more comprehensive image of immune re-
sponse to SARS-CoV-2, the T-cell response component should
also have been evaluated. Cellular immunity has been shown to
play an important role in protecting against SARS-CoV-2 infec-
tion, regardless of antibody titer levels [35]. Only limited data are
available regarding early cellular response [36], showing dimin-
ished cellular response in MHD patients 10–14 days following
the second BNT162b2 vaccine. Unfortunately we were unable to
evaluate this component of the immune response given the size
of our cohort and the complexity and cost of cellular immunity
testing.

In conclusion,our study demonstrates thatMHDdependence
confers a significant risk for decreased humoral response fol-
lowing vaccination for SARS-CoV-2. This diminished response
is most evident in those MHD patients who are older, suffer
from poor nutritional status and are treated with immunosup-
pressive medications. Furthermore, humoral responses show
significant waning 2–3 months after vaccination in MHD
patients.

Given these results, and in light of decreased vaccine ef-
fectiveness against emerging variants of concern [37, 38], MHD
patients should be considered less protected by COVID-19
vaccines. This should indicate the need for continued social
distancing precautions. MHD patients are likely to benefit from
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Table 4. Comparison of humoral response in MHD patients according to anti-N status

Status

Anti-S
positive,
n/N (%) P-value

Neutralizing
Ab negative,

n/N (%) P-value
Anti-S titer level,
median (IQR) P-value

Neutralizing Ab
titer level, GMT

(95% CI) P-value

Anti-N positive
(n = 24)

20/24 (83) 0.33 19/24 (78) >0.99 101.8 (35.6–193.8) 0.2 57.5 (16–206.1) 0.09

Anti-N negative
(n = 409)

364/409 (89) 315/409 (77) 69.6 (33.2–120) 23.3 (18.7–29.1)

Ab, antibody.

Table 5. Summary of published data on humoral response after BNT162b2 vaccination in MHD patients

Study
Number of
participants

MHD patients’
age (years)

median (range)
or mean ± SD

Time from vaccination
to sampling (days),
median (range)

Anti-S
seroconversion,

%

Neutralizing
antibody

seroconversion,
%

Grouper et al. [22] HD 56
Controls 95

74 ± 11 30 (27–34) 96 n/a

Yanay et al. [21] HD 127
Controls 132

69 (62–78) 21–35 90 n/a

Agur et al. [20] HD 122 72 ± 12 36 (32–40) 93 n/a
Speer et al. [28] HD 22

Controls 48
74 18–22 77 82

Simon et al. HD 81
Controls 80

67 (34–86) 21 80 n/a

Frantzen et al. HD 244 76 ± 13 30 91 n/a
Lacson et al. HD 186 68 ± 12 23 (15–31) 89 n/a
Attias et al. HD 64 70 ± 12 21 86 n/a
Our cohort

Angel-Korman et al.
HD 409

Controls 148
72 (26–97) 82 (18–99) 89 77

n/a, not applicable.

a third vaccine dose. This strategy for individuals >60 years of
age was implemented in Israel starting 1 August 2021.
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Supplementary data are available at ckj online.
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