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ABSTRACT

Background. Little is known regarding the dynamics of antibody and T-cell responses in chronic kidney disease (CKD)
following coronavirus disease 2019 (COVID-19) vaccination.

Methods. Prospective observational cohort study including 144 participants on haemodialysis (HD)

(n = 52) or peritoneal dialysis (PD) (n = 14), those undergoing kidney transplantation (KT) (n = 30) or those with advanced
CKD (ACKD) not on dialysis and healthy controls (n = 18). Anti-Spike (S) antibody and T-cell responses were assessed at
15 days (15D) and 3 months (3M) after complete vaccination schedule. HD, PD and KT patients received mRNA vaccines
(mRNA-123 and BNT162b2). Most ACKD patients received BNT162b2 (n = 23), or Ad26.COV.2.S (4). Most controls received
BNT162b2 (n = 12), or Ad26.COV.2.S (n = 5).

Results. Anti-S antibodies at 15D and 3M were detectable in 95% (48/50)/98% (49/50) of HD patients, 93% (13/14)/100% of
PD patients, 67% (17/26)/75% (21/28) of KT patients and 96% (25/26)/100% (24/24) of ACKD patients. Rates for healthy
controls were 81% (13/16)/100% (17/17). Previous severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2-S)
infection was documented in four (7.7%) HD patients, two (14.3%) PD patients, two (6.7%) KT patients, one (5.55%) healthy
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control and in no ACKD patient. Antibody levels decreased at 3M in HD (P = .04), PD (P = .008) and ACKD patients (P =
.0009). In KT patients, levels increased (P = .04) between 15D and 3M, although they were low at both time points.

T-cell responses were detected in HD patients in 37 (80%) at baseline, 35 (70%) at 15D and 41 (91%) at 3M. In PD patients,
T-cell responses appeared in 8 (67%) at baseline, 13 (93%) at 15D and 9 (100%) at 3M. In KT patients, T-cell responses were
detected in 12 (41%) at baseline, 22 (84%) at 15D and 25 (96%) at 3M. In ACKD patients, T-cell responses were detected in
13 (46%) at baseline, 20 (80%) at 15D and 17 (89%) at 3M. None of healthy controls showed T-cell response at baseline, 10
(67%) at 15D and 8 (89%) at 3M.

Conclusions. Most HD, PD and ACKD patients develop SARS-CoV-2-S antibody responses comparable to that of healthy
controls, in contrast to KT recipients. Antibody waning at 3M was faster in HD, PD and ACKD patients. No differences in

SARS-CoV-2 T-cell immunity responses were noticed across study groups.

GRAPHICAL ABSTRACT
Jeraf # Dynamics of SARS-CoV-2-Spike-reactive antibody and T-cell
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Little is known regarding the dynamics of antibody and T-cell responses in CKD following COVID-19 vaccination.
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INTRODUCTION

Patients with chronic kidney disease (CKD), including those
on haemodialysis (HD) or peritoneal dialysis (PD), those with
advanced chronic renal disease not undergoing replacement
therapy (ACKD) and kidney transplant recipients (KT) have been
prioritized for access to coronavirus disease 2019 (COVID-19)
vaccination due to their increased risk of developing severe
forms of the disease [1]. A large number of studies have assessed
the immunogenicity of different COVID-19 vaccine platforms
in CKD patients, focussing on the Spike (S) seroconversion rate
[2-21] and less commonly on evaluating S-reactive antibody and
T-cell responses in combination [22-34], returning variable and,
not uncommonly, divergent results. Most of these studies usu-
ally targeted one or two of the above CKD patient populations
and used a variety of immunological methods for measuring an-
tibody and T-cell responses, thus hampering direct comparison

of the extent of impairment (if any) of vaccine-elicited immune
responses across CKD patients. Given that the immunological
assessments were carried out relatively soon after full vaccina-
tion (up to 2 months) [2-19, 22-34] clarification of the dynamics
of post-vaccination antibody and T-cell responses over time in
CKD patients is of paramount clinical relevance, as it would
help to determine the most appropriate timing for delivery of
a booster dose, if needed. To our knowledge, only the RECOVAC
and the SENCOVAC studies comprehensively assessed either
vaccine-elicited antibody, T-cell responses or both in multi-
centre cohorts including HD, PD, ACKD, KT and healthy controls
[29-35]. Nevertheless, immunological investigations were per-
formed rather early after full vaccination with mRNA COVID-19
vaccines. In contrast, this study evaluated the kinetics of se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
antibody and T-cell responses in HD, PD, ACKD, KT and controls
up to 3 months after complete vaccination with different
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Table 1. Demographic and clinical characteristics of participants at baseline

Study group (no. of participants)

Parameter HC (18) ACKD (30) PD (14) HD (52) KT (30)
Female (%) 72.2 36.7 21.4 32.7 26.7
Age (years) 63 (58-72) 66 (53-72) 69 (58-76) 72 (59-77) 59 (52-70)
BMI (kg/m?) 25.29 + 4.41 27.98 £5.73 28.25+ 4.6 27.17 £5.16 235+8.2
Comorbidities, n (%)
Hypertension 8 (44.4) 24 (80) 13 (92.9) 42 (82.4) 27 (90)
Diabetes 2 (11.1) 9 (30) 7 (50) 22 (43.1) 8(26.7)
Previous cardiovascular disease 1(5.6) 6 (20) 8(57.1) 19 (37.3) 1(3.3)
Chronic liver disease 0 0 1(7.1) 4(7.8) 0
Primary renal diagnosis, n (%)
Nephroangioesclerosis - 9 (30) 5(35.7 8 (15.4) 1(3.3)
Diabetic kidney disease - 2(6.7) 5(35.7 8(15.4) 5(16.7)
Chronic interstitial nephritis - 3(10) 0 3(5.8) 3(10)
Cystic disease - 6 (20) 0 5(9.6) 0
Urologic - 0 0 1(1.9) 2 (6.7)
Primary glomerulonephritis - 9 (10) 2(14.3 9(17.3) 13 (43.4)
Unknown - 6 (20) 2(14.3 17 (32.7) 5 (16.7)
Other - 1(3.3) 0 1(1.9) 1(3.3)
Vaccine platform, n (%)
BNT162b2 11 (61) 23 (77) 7 (50) 22 (42) 3 (10)
mRNA-1237 1(5) 3 (10) 7 (50) 30 (58) 27 (90)
Ad26.COV.2.S 6 (33) 4(13) 0 0 0

Lab parameters
Creatinine (mg/dL)

0.78 (0.68-1.02)

2.67 (1.99-3.55)

4.56 (4.02-6.15)

8.10 (6.40-9.82)

1.69 (1.15-2.81)

Urea (mg/dL) 42.0 +£8.78 101.30 &+ 35.78 125.0 +£32.27 127.10 + 32.74 70.82 £+ 28.60

eGFR (mL/min/1.73 m2) 80.0 (62-86) 22.0 (15-31) 9.75 (6.97-28.27) - 50.0 (30-71)

Serum albumin (g/dL) 4.20 (4.0-4.30) 4.10 (3.90-4.30) 3.45 (3.10-3.70) 3.60 (3.40-4.0) 4.35 (4.02-4.50)

CRP (mg/dL) 1.65 (1.00-5.07) 2.55 (0.95-5.07) 3.55 (2.12-12.50) 3.15 (1.80-8.52) 1.0 (1.0-7.02)

Leukocytes (10°/L) 6.88 (5.53-10.50) 7.43 (6.9-10.04) 7.63 (6.08-9.20) 6.25 (5.21-7.75) 6.60 (5.88-8.24)

PMN (10%/L) 3.85 (2.88-5.69) 4.58 (3.77-5.77) 4.89 (3.71-7.07) 4.31(3.57-5.17) 4.60 (3.45-5.82)

Lymphocytes (10%/L) 1.95 (1.64-2.72) 2.06 (1.46-2.87) 1.83 (1.12-11.90) 1.26 (0.93-1.73) 1.20 (0.75-1.60)
Dialysis vintage (months) - - - 36 (14-65) 23.5 (3.5-91)
Vascular access n (%)

AVF - - - 32 (69.6) -

cvC -

Kidney transplant vintage (months) -
Immunosuppressive agents, n (%)
Steroids -
Calcineurin inhibitor -
Mycophenolate mofetil -
mTOR inhibitor -

- - 26 (86.

Continuous variables displaying a normal distribution are represented as average + standard deviation. Continuous variables with no normal distribution are repre-

sented as medians (interquartile range).

ACKD, advanced chronic kidney disease; AVF, arteriovenous fistula; BMI, body mass index; CRP, C-reactive protein; CVC, central venous catheter; eGFR, estimated
glomerular filtration rate; HC, healthy controls; HD, haemodialysis; KT, kidney transplantation; PD, peritoneal dialysis; PMN, polymorphonuclear neutrophil leukocytes.

COVID-19 vaccine platforms. Anti-receptor binding domain
(RBD) total antibody assay calibrated to the first World Health Or-
ganisation (WHO) COVID-19 antibody standard [36] and a whole-
blood flow cytometry assay for intracellular cytokine staining for
enumeration of S-reactive T cells [37] were used for this purpose.

MATERIALS AND METHODS
Participants and study design

We conducted a prospective, observational cohort study be-
tween March and October 2021. It included 144 non-consecutive
adults (>18 years), CKD patients (92 male; median age, 67 years;
range, 19-86), on either HD (n = 52) or PD (n = 14), KT (n = 30)
and ACKD patients (€GFR <30 mL/min/1.73 m?) not undergoing

renal replacement therapy (n = 30). The controls were seem-
ingly healthy individuals (n = 18) without kidney diseases (eGFR
>60 mL/min/1.72 m?) that completed the COVID-19 vaccination
schedule according to the respective manufacturer’s recommen-
dations. The latter group was recruited from among partners,
siblings or household members of patients and were matched
to patients by age. Participants were enrolled at the Nephrol-
ogy Service of Hospital Clinico Universitario of Valencia, the
Nephrology Service of Hospital Universitario Dr Peset, Valencia
and two satellite haemodialysis centres from Valencia (Spain).
Current infection, neoplasia or immunosuppressive treatment
(except for KT patients) at the time of immunological monitor-
ing and receipt of a solid organ allograft other than the kidney
were exclusion criteria. All participants received complete vac-
cination with the available vaccines: BNT162b2 (Cominarty ®30
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Table 2. SARS-CoV-2 anti-RBD total antibody detection rates and levels in plasma specimens collected prior to vaccination and at different

times afterwards

SARS-CoV-2 RBD total antibody level (BAU/mL)

Baseline 15D 3M
No. of No. of No. of
positives/no. positives/no. Median BAU/mL positives/no. Median BAU/mL

Study group tested (%) Median (range) tested (%) (range) tested (%) (range)

HD 6/48 (12.5) 0 (0-2.500 48/50 (96) 1.146 (0-2.500) 49/50 (98) 388 (0-2.500)
PD 3/12 (27) 0 (0-250) 13/14 (93) 1.313 (16-2.500) 9/9 (100) 154 (24-2.500)
KT 5/28 (17) 0(0-1.920 17/26 (65.3) 5 (0-2.500) 21/28 (75) 58 (0- 2.500
ACKD 0/30 (0) 0 25/26 (96) 632 (0-2.500) 24/24 (100) 230 (1.3-2.500)
Control 1/14 (7) 0 (0-114) 13/16 (81) 641 (0-2.500) 17/17 (100) 477 (5.9-2.500)

15D, 3M, median of 15 days and 3 months after completion of the vaccination schedule; ACKD, Advanced chronic kidney disease; BAU, binding antibody units; HD,
haemodialysis; KT, kidney transplantation; PD, peritoneal dialysis; RBD, receptor-binding domain.
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FIGURE 1: Box and whisker plots depicting SARS-CoV 2 receptor-binding domain (RBD) total antibodies (in BAU/mL) in patients undergoing haemodialysis (HD),
peritoneal dialysis (PD), with advanced chronic kidney disease (ACKD), kidney transplant recipients (KT) and healthy controls at a median of 15 days (15D) and 3
months (3M) after full vaccination with COVID-19 vaccines. P-values for comparisons across study groups are shown.

mcg 21 days apart), mRNA-1273 (Spikevax® 100 p.g 28 days apart)
and Ad26.COV.2 (Janssen® 0.5 mL), as per local public health au-
thorities’ prescription. Patients’ flow-chart is available in Supple-
mentary data, Figure S1. Table 1 summarizes the most relevant
clinical characteristics of participants in each study group. It is
of note that only one participant (HD) acquired SARS-CoV-2 in-
fection between sampling times. The study was approved by the
Ethics Committee of Hospital Clinico Universitario of Valencia-
INCLIVA (2021/194). Informed consent was obtained from all par-
ticipants.

Immunological testing

SARS-CoV-2-S antibody and T-cell responses were evaluated at
baseline (a median of 44 days prior to vaccination; range, 14-120)
and at a median of 15D (range, 5-46) and 92 days/3M (range,
37-155) after complete vaccination schedule (two doses). Blood
specimens were collected in sodium heparin tubes (Becton
Dickinson, UK Ltd, UK). Plasma SARS-CoV-2-S antibodies were
quantitated by Roche Elecsys® Anti-SARS-CoV-2 S (Roche Di-
agnostics, Pleasanton, CA, USA), an electrochemiluminescence
sandwich immunoassay (ECLIA) that quantifies total (IgG and
IgM) antibodies directed against the receptor-binding domain
of the S protein (RBD) and is calibrated with the first WHO In-
ternational Standard and Reference Panel for anti-SARS-CoV-2
antibody [36], run on cobas® e601 modular analyser (Roche

Diagnostics, Rotkreuz, Switzerland). Plasma returning antibody
levels above the upper limit of the quantitation (250 U/mL)
were diluted up to 1/10 as per manufacturer’s instructions, to
maintain the linearity of the assay. Antibody levels are reported
in binding antibody units (BAU)/mL throughout the study.
Enumeration of SARS-CoV-2-S-reactive IFNy-producing-CD8"
and CD4" T cells in fresh whole blood was carried out by flow
cytometry for intracellular cytokine staining (BD Fastimmune,
Becton Dickinson and Company-Biosciences, San Jose, CA, USA)
as previously described [37]. Two sets of 15-mer overlapping
peptides (11-mer overlap) encompassing the SARS-CoV-2 Spike
(S) glycoprotein (S1, 158 peptides and S2, 157 peptides) at a
concentration of 1 ug/mL per peptide (JPT Peptide Technologies
GmbH; Berlin, Germany), in the presence of 1 g/mL of costim-
ulatory monoclonal antibodies (mAbs) to CD28 and CD49d were
used. Stimulated whole blood specimens were treated with BD
FACS™ lysing solution for lysing red blood cells and cryopre-
served at —80°C until assayed. On the day of testing, specimens
were thawed at 37°C, washed, permeabilized (BD permeabiliz-
ing solution) and stained with a combination of labelled mAbs
(anti-IFNy-FITC, anti-CD4-APC-H7, anti-CD8-PerCP-Cy5.5 and
anti-CD3-APC) for 1 h at room temperature. Appropriate positive
(phytohemagglutinin) and isotype controls were used. Cells were
then washed, re-suspended in 200 uL of 1% paraformaldehyde
in PBS and analysed within 2h on a FACSCanto flow cytometer
using DIVA v8 software (BD Biosciences Immunocytometry
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Systems, San Jose, CA, USA). CD3+/CD8* or CD3%/CD4" events
were gated and then analysed for IFN-y production. All data
were corrected for background IFN-y production (FITC-labelled
isotype control antibody) and expressed the number of SARS-
CoV-2-reactive IFN-y-producing CD4" or CD8" T cells relative
to the absolute number of CD4" and CD8" T cells, respectively,
x100 (%). Any frequency value of SARS-CoV-2-reactive IFN-y-
producing CD4* or CD8" T cells after background subtraction
was considered as a positive (detectable) result and used for
analysis purposes. Antibody and T-cell assays were run at the
Microbiology Service of the Hospital Clinico Universitario of
Valencia (HCU) in singlets.

Statistical methods

Frequency comparisons for categorical variables were carried
out using the Fisher exact test. Differences between medians
were compared using the Mann-Whitney U-test, the Wilcoxon
test or the Kruskal-Wallis H test, as appropriate. Two-sided ex-
act P-values were reported. A P-value <0.05 was considered sta-
tistically significant. The analyses were performed using SPSS
version 20.0 (SPSS, Chicago, IL, USA).

The data underlying this article will be shared on reasonable
request to the corresponding author.

RESULTS

SARS-CoV-2-S antibody and T-cell responses in
haemodialysis patients

A total of 52 HD patients were included (median age, 72.5 years;
range, 35-86). In all, 30 and 22 patients completed the vaccina-
tion schedule with mRNA-1273) or BNT162b2, respectively. Out
of the 52 patients, 5 had SARS-CoV-2 infection prior to the first

P<0.001 P<0.001
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FIGURE 2: Box and whisker plots depicting SARS-CoV-2-receptor-binding domain
(RBD) total antibodies (in BAU/mL) in patients undergoing haemodialysis (HD),
at a median of 15 days (15D) and 3 months (3M) after full vaccination according
to the COVID-19 vaccine platform used. P-values for comparisons across study
groups are shown.

vaccine dose (all of them vaccinated with mRNA1273). Overall,
most patients had detectable anti-RBD total antibodies at 15D
(48/50; 96%) and 3M (49/50; 98%) after complete vaccination
(Table 2), with no significant differences across participants
vaccinated with mRNA1273 and BNT162b2 (100% versus 91% at
15D, respectively, P = 0.12; 100% versus 95% at 3M, respectively,
P = 0.48). Patients not exhibiting detectable anti-RBD antibody
responses had been vaccinated with the BNT162b2 COVID-19
vaccine.

Overall, antibody levels measured at 15D were found to de-
crease at 3M (P = 0.04) (Figure 1 and Table 2) by a median
of 2.5-fold (range, 0.08-16.4). Antibody decline was comparable
(P = 0.49) for patients vaccinated with mRNA1273 (median, 2.28-
fold) and BNT162b2 (median, 2.66-fold) (Supplementary data,
Figure S2).

Patients vaccinated with mRNA1273 displayed higher (P <
0.001) antibody levels at both sampling times compared with

Table 3. SARS-CoV-2-Spike T- cells detection rates and frequencies levels in whole blood specimens collected prior to vaccination and at

different times afterwards

Study group
Time of assessment  Parameter KT HD PD ACKD Control P-value
Baseline No. of participants (%) with 12/27 (41) 37/46 (80) 8/12 (67) 13/28 (46) 0/17 (0) <.001
detectable T cells (either
CD8*, CD4* or both)
Median frequency of CD8* 0 (0-7.06) 0.03 (0-3.60) 0 (0-0.06) 0 (0-2.54) 0 <.001
T cells, % (range)
Median frequency of CD4* 0 (0-2.03) 0.06 (0-2.30) 0 (0-0.07) 0 (0-2.86) 0 <.001
T cells, % (range)
15D No. of participants (%) with 22/26 (84) 35/50 (70) 13/14 (93) 20/25 (80) 10/15 (67) 26
detectable T cells (either
CD8*, CD4" or both)
Median frequency of CD8* 0.04 (0-1.66)  0.02 (0-4.08) 0.03 (0-0.62) 0.06 (0-1.88)  0.02 (0-1.37) 94
T cells, % (range)
Median frequency of CD4* 0.03 (0-6.05) 0 (0-0.93) 0(0-1.03)  0.02(0-0.73)  0.03 (0-2.51) 83
T cells, % (range)
3M No. of participants (%) with 25/26 (96) 41/45 (91) 9/9 (100) 17/19 (89) 8/9 (89) .77
detectable T cells (either
CD8*, CD4" or both)
Median frequency of CD8* 0.11 (0-9.89) 0.2 (0-2.47)  0.01(0-0.97)  0.04 (0-1.07)  0.25 (0-3.15) 40
T cells, % (range)
Median frequency of CD4*  0.05 (0-11.10)  0.03 (0-6.21)  0.04 (0-1.57)  0.03 (0-0.63)  0.08 (0~14.90) 41

T cells, % (range)

15D, 3M, median of 15 days and 3 months after completion of the vaccination schedule; ACKD, advanced chronic kidney disease; HD, haemodialysis; KT, kidney

transplantation; PD, peritoneal dialysis.
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those who received the BNT162b2 vaccine (Figure 2), irrespective
of pre-vaccination SARS-CoV-2 infection status (Supplementary
data, Figure S3).

A salient feature regarding SARS-CoV-2-S-reactive T-cell im-
munity (Table 3) was the documentation of either detectable
CD8" or CD4" T-cell responses (or both) in most patients at
baseline (37/46; 80%), frequencies of both SARS-CoV-2-S-reactive
T-cell subsets were below 0.1% (median, 0.03% and 0.06%,
respectively). Overall, the rate of detectable T-cell responses
slightly declined at 15D and notably increased at 3M, when most
patients (41/45; 91%) tested positive. This pattern was similar in
patients vaccinated with  mRNA1273 and BNT162b2 (P = 0.669).
Overall, while the frequency of SARS-CoV-2-S-reactive T CD4*
T cells at 3M was significantly (P < 0.022) increased relative to
that found at baseline, that of CD8* T cells remained unchanged.
This observation was made for patients vaccinated with both
mRNA1273 and BNT162b2 (Figure 3).

SARS-CoV-2-S antibody and T-cell responses in PD
patients

Out of the 14 PD patients (11 males; median age, 68 years;
range, 41-84), 7 were vaccinated with mRNA1273 and 7 with
BNT162b2. Two patients had a record of SARS-CoV-2 infection
prior to receiving the first vaccine dose. Overall, 93% (13/14)
and 100% of patients had measurable SARS-CoV-2-RBD antibod-
ies at 15D and 3M, respectively (Table 2). Antibody levels sig-
nificantly waned (median, 3.75-fold; range, 1.0-8.06) at 3M (P
= 0.008). Antibody decline was similar (P = 0.53) for patients
vaccinated with mRNA1273 (median, 5.0-fold) and BNT162b2
(median, 3.06-fold).

Baseline SARS-CoV-2-S T-cell responses were documented
in 67% (8/12) of patients (Table 3). The rate of detectable re-
sponses increased by 15D (13/14; 93%) and 3M after vaccination
(9/9; 100%), with no differences across patients vaccinated
with mRNA1273 and BNT162b2 (not shown). In addition, over-
all, the frequencies of both SARS-CoV-2-S CD8" and CD4"
T cells were not significantly different (P = 0.6) at baseline
and 3M (Table 3), irrespective of the vaccine platform used
(not shown).

SARS-CoV-2-S antibody and T-cell responses in kidney
transplant recipients

KT recipients (n = 30; 22 males; median age, 59 years; range,
26-82) mostly received the mRNA1273 vaccine (27/30) and
were SARS-CoV-2 naive (25/30). The remaining three patients
had been vaccinated with BNT162b2 COVID-19 vaccine. Trans-
plantation had been performed at a median of 27.0 months
(interquartile range, 14.7-38.2) prior to vaccination. Only 6.7%
(2/30) were vaccinated in their first-year post-transplantation.
Detectable anti-RBD antibodies were found in 67% (17/26) and
75% (21/28) of patients at 15D and 3M after complete vaccina-
tion, respectively (Table 2). Antibody levels increased (P = 0.04)
between 15D and 3M, although they were rather low at both time
points (median of 5 and 58 BAU/mL, respectively; Table 2).

Detectable SARS-CoV-2-S T-cell responses were present in
41% (12/27), 84% (22/26) and 96% (25/26) of patients at baseline,
at 15D and 3M after full vaccination (Table 3). Frequencies of
both SARS-CoV-2-S CD8*' and CD4" T cells were found to in-
crease at 3M compared with baseline levels (P =0.08 and P=0.01,
respectively).
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FIGURE 3: Box and whisker plots depicting SARS-CoV-2-Spike (S)-IFN-y produc-
ing (A) CD4" and (B) CD8" T-cell frequencies in patients undergoing haemodial-
ysis at baseline (pre-vaccination) and at a median and 3 months (3M) after full
vaccination according to the COVID-19 vaccine platform used (mRNA1273 and
BNT162b2). P-values for comparisons across study groups are shown.

SARS-CoV-2-S antibody and T-cell responses in
patients with ACKD not undergoing renal replacement
therapy

ACKD patients (n = 30; 19 males; median age, 66.5 years; range,
38-77) had been vaccinated with BNT162b2 (n = 23), mRNA1273
(n = 3) or Ad26.CoV2.S vaccine (n = 4). The vaccine platform
used was unknown for one patient. No patients had a record of
SARS-CoV-2 infection occurring prior to vaccination. Detectable
anti-RBD antibodies were found in 96% (25/26) and 100% (24/24)
of patients at 15D and 3M, respectively. Antibody levels at 3M
were a median of 2.16-fold lower (P = 0.0009) than those mea-
sured at 15D. SARS-CoV-2-S T cells were detected in 46% of pa-
tients (13/28) at baseline and the rate of detection increased af-
terward, reaching 80% (20/25) and 89% (17/19) of patients at 15D
and 3M, respectively. As shown in Table 3, the frequency of both
SARS-CoV-2-S CD4" and CD8" T cells increased at 15D (P = 0.10
and P = 0.03, respectively) as compared with that found at base-
line, and remained relatively stable at 3M (P = 0.95 and P = 0.60,
respectively).
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Table 4. SARS-CoV-2-RBD antibody and S-reactive T-cell responses in patients undergoing haemodialysis or peritoneal dialysis and kidney

transplant recipients at different time points after full vaccination with the mRNA1273 COVID-19 vaccine

Anti-SARS-CoV-2-RBD Levels of Anti-SARS-CoV-2-RBD Levels of
total antibody detection at anti-SARS-CoV-2-RBD total total antibody detection at anti-SARS-CoV-2-RBD total
15D antibody at 15D 3M antibody at 3M
Study group (no. Median BAU/mL Median BAU/mL
of participants) Rate (%) P-value (range) P-value Rate (%) P-value (range) P-value
HD (30) 100 .08 2.500 (0.90-2.500) .001 100 40 637 (39-2.500) 04
PD (7) 100 1.120 (65.0-2.500) 100 121 (35.0-2.500)
KT (26) 74 7.00 (0.90-2.500) 84 75.6 (0.90-2.500)
Anti-SARS-CoV-2-S CD4+ Frequency of SARS-CoV-2-S Anti-SARS-CoV-2-S CD4* Frequency of SARS-CoV-2-S
T-cell response detection CD4" T cells at 15D T-cell response detection CD4* T cells at 3M
at 15D at 3M
Rate (%) P-value = Median % (range) P-value Rate (%) P-value Median % (range) P-value
HD (30) 84 44 0.04 (0-2.64) 72 81 41 0.20 (0.0-2.17) 91
PD (7) 71 0.02 (0-0.62) 75 0.34 (0.0-0.97)
KT (26) 70 0.04 (0-1.62) 92 0.12 (0-9.89)
Anti-SARS-CoV-2-S CD8* Frequency of SARS-CoV-2-S Anti-SARS-CoV-2-S CD8* Frequency of SARS-CoV-2-S
T-cell responses detection CD8" T cells at 15D T-cell responses detection CD8" T cells at 3M
at 15D at 3M
Rate (%) P-value = Median % (range) P-value Rate (%) P-value Median % (range) P-value
HD (30) 46 .07 0 (0-0.93) 23 63 .04 0.03 (0-6.21) .07
PD (7) 71 0.30 (0-1.03) 100 0.79 (0.04-1.57)
KT (26) 65 0.04 (0.0-6.05) 71 0.05 (0.0-11.1)

15D, 3M, median of 15 days and 3 months after completion of the vaccination schedule; ACKD, advanced chronic kidney disease; BAU, binding antibody units; HD,

haemodialysis; KT, kidney transplantation; PD, peritoneal dialysis.

SARS-CoV-2-S antibody and T-cell responses in healthy
controls

Controls (n = 18; 13 females; median, 68.5 years; range 29-77) had
been vaccinated with BNT162b2 (n = 11), Janssen Ad26.CoV2.S
vaccine (n = 6) or mRNA1273 (n = 1). All, except one patient, were
SARS-CoV-2 naive prior to vaccination. Detectable anti-RBD an-
tibodies were found in 81% (13/16) and 100% (17/17) by 15D and
3M after full vaccination, respectively. Antibody levels waned
slightly at 3M (Table 2 and Figure 1) (median, 1.24-fold; range, 0-
10; P = 0.57). None of the participants evaluated (n = 12) had de-
tectable SARS-CoV-2-S-detectable T-cell responses at baseline,
whereas 67% (10/15) and 89% (8/9) exhibited them at 15D and 3M,
respectively (Table 3). SARS-CoV-2-S CD4" and CD8" T-cell fre-
quencies were found to increase, albeit not significantly (P = 0.38
and P = 0.080, respectively) between 15D and 3M (Supplementary
data, Figure S4).

Comparison of SARS-CoV-2 antibody and T-cell
responses across groups according to the vaccine
platform used

Due to the limited study sample size, a comparative analysis of
the kinetics of SARS-CoV-2-S antibody and T-cell responses fol-
lowing vaccination with mRNA1273 could only be performed for
dialysis and KT patients (Table 4). Significant differences were
observed across groups regarding both the rate of detection and
measurable levels of anti-RBD total antibodies, which were lower
in KT as compared with dialysis patients, regardless of whether
or not SARS-CoV-2 experienced individuals were included in the
analyses (Supplementary data, Table S1). In addition, while the

rate of detection and median frequency of SARS-CoV-2-S CD4+ T
cells appeared comparable across groups, that of SARS-CoV-2-S
CD8" T cells was substantially higher in PD as compared with
HD and KT. SARS-CoV-2-S antibody and T-cell responses in HD,
ACKD and controls after vaccination with BNT162b2 could also
be compared (Table 5). Notably, we found no significant differ-
ences across groups.

DISCUSSION

We examined SARS-CoV-2-S-reactive antibody and T-cell re-
sponses in CKD patients, including HD, PD, ACKD, KT and healthy
controls early (15D) and at mid-term (3M) following full vac-
cination with different COVID-19 vaccine platforms, mainly

mRNA1273 and BNT162b2. To our knowledge, this is the first
study to analyse T-cell response in CKD at 3M. For that purpose
we used a SARS-CoV-2-RBD total antibody assay calibrated to the
first WHO SARS-CoV-2 antibody standard [36], returning quanti-
tative results that strongly correlate with neutralizing antibody
titres measured using wild-type virus neutralization assays [38,
39].In turn, we employed a whole-blood flow cytometry assay for
enumerating peripheral blood SARS-CoV-2-S-reactive CD4" and
CD8* T cells [37]. It is important to stress that the comparison of
immunological data from this study with that reported in other
studies, using SARS-CoV-2-S1 or S trimeric chemiluminescent
antibody assays or ELISPOT/Quantiferon® assays for assess-
ment of T-cell responses, is not straightforward. There are no-
table differences in the analytical features of each data set. Also,
there is a lack of side-by-side performance comparison studies
carried out in the above or other population groups. In addition,
when comparing the findings of the current study with those of
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Table 5. SARS-CoV-2-RBD antibody and S-reactive T-cell responses in patients undergoing haemodialysis or peritoneal dialysis and kidney
transplant recipients at different time points after full vaccination with the BNT162b2 COVID-19 vaccine

Anti-SARS-CoV-2-RBD Levels of Anti-SARS-CoV-2-RBD Levels of
total antibody detection anti-SARS-CoV-2-RBD total total antibody detection anti-SARS-CoV-2-RBD total
at 15D antibody at 15D at 3M antibody at 3M

Study group (no. of Median BAU/mL Median BAU/mL
participants) Rate (%) P-value (range) P-value Rate (%) P-value (range) P-value
HD (22) 90 .08 381 (0.90-2.500) 13 95 92 119 (0.90-7.00) 10
ACKD (22) 100 1075 (39-2500) 100 247 (24-2.500)
Healthy controls (12) 70 517 (0.90-2.500) 100 517 (5.90-2.500)

Anti-SARS-CoV-2-S CD4*
T-cell responses detection

Frequency of SARS-CoV-2-S
CD4* T cells at 15D

Anti-SARS-CoV-2-S CD4+
T-cell responses detection

Frequency of SARS-CoV-2-S
CD4* T cells at 3M

at 15D at 3M
Rate (%) P-value  Median % (range)  P-value Rate (%) P-value  Median % (range)  P-value
HD (22) 68 24 0.02 (0-4.08) 61 78 85 0.22 (0-2.47) 87
ACKD (22) 63 0.05 (0-1.88) 71 0.03 (0-0.92)
Healthy controls (12) 50 0.01 (0-1.24) 75 0.19 (0-0.73)

Anti-SARS-CoV-2-S CD8™"
T-cell responses detection

Frequency of SARS-CoV-2-S
CD8* T cells at 15D

Anti-SARS-CoV-2-S CD8™"
T-cell responses detection

Frequency of SARS-CoV-2-S
CD8" T cells at 3M

at 15D at 3M
Rate (%) P-value  Median % (range)  P-value Rate (%) P-value  Median % (range)  P-value
HD (22) 50 61 0.01 (0-0.35) 21 55 21 0.03 (0-4.89) 47
ACKD (22) 58 0.03 (0-0.73) 64 0.02 (0-0.63)
Healthy controls (12) 60 0.06 (0-1.74) 75 0.21 (0-14.9)

15D, 3M, median of 15 days and 3 months after completion of the vaccination schedule; ACKD, advanced chronic kidney disease; BAU, binding antibody units; HD,

haemodialysis; KT, kidney transplantation; PD, peritoneal dialysis.

others studies it is important to note that most patients in our
cohort were SARS-CoV-2 naive at the time of completion of the
vaccine schedule. Such participants are known to frequently dis-
play less robust post-vaccination immune responses compared
with their SARS-CoV-2 experienced counterparts [2]. When tak-
inginto consideration all participants irrespective of the COVID-
19 vaccine platform used, the rate of detection of anti-RBD anti-
bodies early (15D) following full vaccination was similar for HD
(96%), PD (93%) and ACKD (96%) and it was even slightly higher
in these groups compared with healthy controls (81%).

Our data concur with that published in other studies [3, 5, 11,
12, 14, 17, 19, 22, 23, 27, 31, 35] and indicate that most patients
on dialysis (HD or PD) or with severe kidney disease not under-
going replacement therapy are capable of mounting S-reactive
antibody responses within 2—4 weeks after completion of mRNA
COVID-19 vaccine schedules. In contrast, a few other studies
found lower rates of seroconversion (between 70%-80%) among
HD patients vaccinated with mRNA vaccines compared with
healthy controls [26, 28, 34]. The reasons for this discrepancy
are currently unclear but may relate to differences across
cohorts in several parameters, including patient age, dialysis
vintage, uraemic status and immunosuppressive treatments.
In this sense, it should be emphasized that no patient in our
series (except KT patients) were under immunosuppressive
treatments. In the current study, the overall median anti-RBD
antibody levels at 15D were comparable across HD, PD, ACKD
and healthy controls. Our data differ from that published in two
large studies examining post-vaccination antibody responses
in these population groups at a median of 4 weeks following
complete vaccination which showed lower antibody levels in
patients on dialysis as compared to controls [24, 29]. Differences
across studies regarding demographics, the clinical character-
istics of patients and the mRNA vaccine platforms employed

across study groups may in part explain the discrepancy. The
use of an anti-RBD assay in this study as opposed to S1-based
[29] or S-trimeric-based [24] chemiluminescent assays in the
above-quoted studies may have also had an impact.

Contradictory data have been published concerning the im-
munogenicity of mRNA COVID-19 vaccines in CKD patients. As
for HD patients, SARS-CoV-2-S antibody levels measured within
2-4 weeks after vaccination were reported to be significantly
greater in patients vaccinated with mRNA1273 compared with
those with BNT162b2 [10-34], in line with our findings. Other
studies, nevertheless, observed no substantial differences across
these vaccine platforms [11, 24].

A few studies [20, 21] have assessed antibody responses per-
sisting at mid-term (3M) following full vaccination with mRNA
COVID-19 vaccines in dialysis patients. These studies have con-
sistently shown a significant decline in anti-S1-reactive anti-
body levels. Our data concur with this observation and ex-
tend it to ACKD patients. Nevertheless, while antibody levels
decreased in all patient groups and controls, the decline was
more marked in the former compared with the latter partici-
pants, which suggests accelerated kinetics of antibody waningin
CKD patients.

KT patients, most of whom were vaccinated with mRNA1273,
displayed poorer qualitative (rate of detection) and quantita-
tive (plasma levels) anti-SARS-CoV-2-S antibody responses com-
pared to HD, PD, ACKD and controls. This result is exhaustively
documented irrespective of the mRNA COVID-19 vaccine plat-
form used [4, 7-9, 13, 15, 18, 22, 24, 25, 28-30, 32, 35] and is demon-
strated at both 15D and 3M. The relatively high rate of serocon-
version found in the current study (67% and 75% at 15D and
3M) likely relates to the long time period between transplan-
tation and vaccination, during which immunosuppression had
tapered.
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Table 6. Similar studies published to the date

Type of Follow-
Study n patients Type of vaccine up Outcome Measurement method Result
Broseta et al. 175 HD mRNA1273 (n: 3 weeks Anti-S1-RBD IgG Siemens Healthineers 95.4%
[21] 100) Atellica IM

BNT162b2 (n: 75) SARS-CoV-2 IgG
(sCOVG) assay
69 Cells expressing Flow cytometry 62%
CD69 and
intracellular
(IFN-y)
Quirogaetal. 1746 1116 HD mRNA1273 28 days Anti-S1-RBD IgG Chemiluminescence HD 98%
[35] 171 PD BNT162b2 immunoassay (CLIA, PD 99%
176 ACKD ChAdOx1-S Covid-19 Spike ACKD 100%
283 KT Ad26.COV.2 Quantitative Virclia® KT 79%
1gG Monotest, Vircell
SL, Spain)

Sandersetal. 800 162 ACKD mRNA-1273 28 days Anti-S1-RBD IgG Fluorescence ACKD 100%
[29] 159 Dialysis bead-based multiplex  Dialysis 99.4%

288 KT immunoassay KT 56.9%

191 HC HC 100%

29 KT Neutralizing PRNT 79.3%

antibodies
39 ACKD T-cell response Interferon-gamma ACKD 71.8%
42 Dialysis release assay (IGRA) Dialysis 64.3%

68 KT KT 16.2%

46 HC HC 84.8%
Sattler et al. 104 39 HC BNT162b2 1 week SARS-CoV-2 spike  ELISA (EUROINMMUN) HC 100%
[30] 39 KT S1 domain-specific SARS-CoV-2 HD 84.6%

26 HD IgG and IgA neutralization test KT 2.6%

Spike-specific
CD154+ CD137+
Th cells (CD4)
Activation-
dependent
co-expression of
CD137 and IFN-y+

(CD8)
Bertrand 55 45 KT BNT162b2 4 weeks  Anti-spike protein
et al. [22] 55 HD antibodies
SARS-CoV-2-

reactive IFN
y -producing T

cells
Strengert 81 HD (81) BNT162b2 3 weeks Anti-SARS-CoV-2-
etal. [31] HC (34) RBD Ig G and
IgA
SARS-CoV-2-
specific T-cell
responses
Van Praet 618 HD (543) mRNA1273 4-5 Anti-SARS-CoV-2
et al. [34] HC (75) BNT162b2 weeks spike antibodies
8-9
weeks
SARS-CoV-2-

reactive IFN
y -producing T
cells

(SVNT, GenScript)
FACS Fortessa X20 (BD)
flow cytometer

ARCHITECT IgG II
Quant test (Abbott)
Colorimetric assay
(UCytech, Utrecht, The
Netherlands)
Automated ELISPOT
reader (AID,
Strassberg, Germany)
Measured by
MULTICOV-AB, and
further analysed with
anti-SARS-CoV-2-
QuantiVac-ELISA IgG
(EUROINMMUN)
ACE2-RBD competition
assay
SARS-CoV-2 Interferon
Gamma Release Assay
(Cat #ET-2606- 3003,
Euroimmun, Germany)
ARCHITECT IgG II
Quant test (Abbott)

QuantiFERON
SARS-CoV-2 test
(Qiagen)

92%-100%

HC 45%
HD 30%
KT <10%

KT 17.8%
HD 88.9%
KT 57.8%
HD 100%

HC 100%
HD 95.08%

HC 97.1%
HD 71.6%

HD 31.8%
HC 53.6%

HD 46.9%
HC 64.4%

HD, haemodialysis; HC, healthy controls, KT, kidney transplant recipients; RBD, receptor-binding domain; PRNT, plaque reduction neutralization test; ACKD, non-dialysis

advanced chronic kidney disease.
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Data in the literature regarding SARS-CoV-2-S-reactive T-cell
responses in dialysis and ACKD patients are quite divergent. Re-
sults of previous studies are summarized in Table 6. When T-cell
immunity assessments were performed within the first month
after full vaccination with mRNA COVID-19 vaccines the rate of
detectable T-cell responses (either CD8", CD4" or both) as de-
termined by IGRA assays (ELISPOT, the Quantiferon® or an ‘in-
house’ ELISA assay) was found to vary between 40 and 100% in
HD, PD or ACKD patients [22, 26, 27, 31, 34]. In another study
employing a whole-blood flow cytometry assay, 64% of HD pa-
tients had detectable CD4* T-cell responses [23]. As for KT re-
cipients, the prevalence of detectable T-cell responses early af-
ter full vaccination was also reported to vary widely, ranging
from <10 to 100% [22, 24, 25, 27, 29, 30, 32], with marked dif-
ferences depending upon the time between transplantation and
vaccination [24]. In our study, the overall prevalence of vacci-
nated individuals displaying SARS-CoV-2-S T-cell responses at
15D was rather high (between 67 and 93%) and similar in partic-
ipants across all groups. Moreover, detectable T-cell responses
were documented at 3M for the majority of participants with no
substantial differences noted across HD, PD, ACKD or KT patients
and healthy controls, in terms of neither prevalence nor mag-
nitude. For participants vaccinated with mRNA1273, however,
those undergoing PD appeared to display a higher rate of de-
tectable T-cell responses at 3M than did HD and KT patients. Be-
yond detection rates, the magnitude of T-cell responses has been
consistently reported to be lower in dialysis, ACKD and KT pa-
tients relative to that of healthy controls [22, 24-27, 29, 31, 32, 34].
This was not the case in the current study for both SARS-CoV-2-S
CD4" and CD8* T-cell responses, regardless of the COVID-19 vac-
cine platform used. In this respect, it must be highlighted that
a large fraction of presumably non-SARS-CoV-2 experienced pa-
tients had detectable SARS-CoV-2-S-cross-reactive (presumably)
T cells at baseline (pre-vaccination), likely as a result of previous
infections caused by seasonal coronaviruses. Whether this may
impact the rate of detection and magnitude of post-vaccination
T-cell immune responses is uncertain and warrants further in-
vestigations. Unfortunately, no attempt was made to discrimi-
nate between vaccine-elicited and pre-existing cross-reactive T-
cell immunity, an analysis that is far from straightforward. In
this context, most of the above-quoted studies did not provide
T-cell immunity data gathered prior to vaccination.

The main limitation of our study was the relatively small
sample size which most notably precluded a robust assessment
of potential differences in immunogenicity between COVID-19
vaccine platforms across all study groups as well as the in-
vestigation of demographic and clinical factors associated with
impaired antibody responses in KT patients. In addition, dialy-
sis and ACKD patients undergoing immunosuppressive therapy
were excluded. Moreover, neither virus neutralization tests nor
immune assays exploring functional capabilities of SARS-CoV-
2-S T cells other than IFN-y production were performed.

In conclusion, most SARS-CoV-2-naive HD, PD and ACKD pa-
tients are seemingly capable of developing SARS-CoV-2-S an-
tibody responses comparable to those of healthy controls af-
ter full vaccination with different COVID-19 vaccine platforms,
in contrast to KT recipients. Nevertheless, the kinetics of an-
tibody waning at 3M, while documented in participants of all
study groups, appeared to be faster in HD, PD and ACKD patients
compared with controls. Regarding SARS-CoV-2 T-cell immunity,
overall, no differences either in the rate of detection or the mag-
nitude of measured responses were noticed across study groups
at 15D and 3M. Despite this, the accelerated decline in antibody

levels observed in CKD patients at 3M and the suboptimal an-
tibody responses documented in KT recipients lend support to
the implementation of a booster dose in the former and perhaps
alternative vaccination strategies for the latter.

SUPPLEMENTARY DATA

Supplementary data are available at ckj online.
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