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Abstract

Patients on dialysis are at risk of severe course of SARS-CoV-2 infection. Understanding
the neutralizing activity and coverage of SARS-CoV-2 variants of vaccine-elicited antibodies
is required to guide prophylactic and therapeutic COVID-19 interventions in this frail popula-
tion. By analyzing plasma samples from 130 hemodialysis and 13 peritoneal dialysis
patients after two doses of BNT162b2 or mMRNA-1273 vaccines, we found that 35% of the
patients had low-level or undetectable IgG antibodies to SARS-CoV-2 Spike (S). Neutraliz-
ing antibodies against the vaccine-matched SARS-CoV-2 and Delta variant were low or
undetectable in 49% and 77% of patients, respectively, and were further reduced against
other emerging variants. The fraction of non-responding patients was higher in SARS-CoV-
2-naive hemodialysis patients immunized with BNT162b2 (66%) than those immunized with
mRNA-1273 (23%). The reduced neutralizing activity correlated with low antibody avidity.
Patients followed up to 7 months after vaccination showed a rapid decay of the antibody
response with an average 21- and 10-fold reduction of neutralizing antibodies to vaccine-
matched SARS-CoV-2 and Delta variant, which increased the fraction of non-responders to
84% and 90%, respectively. These data indicate that dialysis patients should be prioritized
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for additional vaccination boosts. Nevertheless, their antibody response to SARS-CoV-2
must be continuously monitored to adopt the best prophylactic and therapeutic strategy.

Introduction

Patients with chronic kidney disease (CKD), in particular those with end-stage kidney disease
(ESKD) on dialysis, are highly predisposed to infections, which are the major cause of morbidity
and the second cause of mortality in this vulnerable population [1, 2]. Infection by SARS-CoV-2,
the causative agent of the Coronavirus disease-2019 (COVID-19), has posed a new threat for
CKD patients, who were found to have a greater risk of severe COVID-19 course [3, 4]. Early
reports indicated a case fatality ranging from 10 to 30% in patients on hemodialysis (HD) [5-10].

The rapid development of COVID-19 vaccines has provided an important strategy to pre-
vent SARS-CoV-2 infection and, especially, severe COVID-19 course. In particular, mRNA-
based vaccines developed by Pfizer/BioNTech (BNT-162b2) and Moderna (mRNA-1273) have
demonstrated high safety and efficacy in healthy and at-risk individuals, including patients
with chronic diseases, cancer and solid organ transplantation [11-14]. However, immunosup-
pressed patients, in particular those with hematological malignancies, autoimmune diseases
and solid organ transplantations, were shown to mount a low antibody response to these vac-
cines [15-20]. Because of their immunological frailty, patients on dialysis were prioritized in
international COVID-19 vaccination programs [21]. Recent studies in HD patients showed a
delayed and lower serological response to vaccines and a rapid decline of anti-SARS-CoV-2
antibodies [19, 22-24]. These findings suggest an overall diminished vaccine response to
SARS-CoV-2 in ESKD patients that is reminiscent of the low response observed after vaccina-
tion against Hepatitis B virus (HBV) and seasonal Influenza virus [25, 26]. In addition, the
rapid increase in cases of infection by SARS-CoV-2 Delta variant (B.1.617.2 lineage) since
April 2021 provided a new potential challenge for dialysis patients, especially those with a sub-
optimal response to the vaccine [27].

At this stage of the pandemic, it is urgent to identify populations not developing sufficient
levels of neutralizing antibodies against circulating SARS-CoV-2 variants, which therefore
may be at-risk of developing severe COVID-19. In this study, we provide evidence of a poor
neutralizing and rapidly decaying antibody response to mRNA-vaccines in the dialysis popula-
tion, which supports the strategy of prioritizing these patients for an additional boost and
other therapeutic strategies.

Material and methods
Study participants and ethics statement

Blood samples were obtained from 143 dialysis patients and 48 healthcare workers under
study protocols approved by the local Institutional Review Board (Canton Ticino Ethics Com-
mittee, Switzerland). All the participants were recruited from the four public hospitals of the
Ente Ospedaliero Cantonale (EOC) in Ticino (Southern Switzerland). All subjects provided
written informed consent for the use of blood and blood components (such as PBMCs, sera or
plasma).

Isolation of plasma

Blood samples were collected from all the participants before, 2-3 weeks and up to 7 months
after the second dose. An additional sample was collected 2-3 weeks after the first COVID-19
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vaccine dose from 26 patients and all the 48 healthcare workers. Plasma was isolated from
blood draw performed using BD tubes containing Ficoll (BD, CPT Ficoll, Cat. No. 362780)
and stored at +4°C until use.

Cell lines

Cell lines used in this study were obtained from ATCC (Vero E6 TMPRSS2) or ThermoFisher
Scientific (Expi CHO cells, Expi293F™ and HEK293F cells). Vero E6 TMPRSS2 cells were
grown in DMEM supplemented with 10% HyClone (FBS). Expi293F cells were grown in
Expi293 Expression Medium.

Production of recombinant glycoproteins

The SARS-CoV-2 RBD WT construct was synthesized by GenScript into phCMV1, with a
sequence encoding an N-terminal mu-phosphatase signal peptide, an ‘ETGT’ linker, SARS--
CoV-2 S residues 328-531, a linker sequence, an Avi tag, a twin Strep tag and a 8xHis-tag.
Recombinant ACE2 (UniProt Q9BYF1, residues 19-615 with a C-terminal thrombin cleavage
site-TwinStrep-10xHis-GGG-tag, and N-terminal signal peptide) and RBD WT constructs
were transiently transfected into Expi293F cells following manufacturer’s instructions. Super-
natants were clarified by centrifugation and affinity purified using StrepTrap HP columns
(Cytiva). Monomeric ACE2 was isolated by size exclusion chromatography using a Superdex
200 Increase 10/300 GL column (Cytiva). The SARS-CoV-2 stabilized Spike WT (D614G) con-
struct was synthesized by GenScript into pCDNA3.1 with an N-terminal mu-phosphatase sig-
nal peptide, 2P stabilizing mutation [28, 29], a TEV cleavage site and a C-terminal foldon, 8x
His-tag, Avi tag and C-tag [30] and expressed in HEK293F 293 cells following manufacturer’s
instructions. Supernatants were clarified by centrifugation and affinity purified using a 5 mL
C-tag affinity matrix column.

VSV spike mutants and pseudovirus generation

Amino acid substitutions were introduced into the D614G pCDNA_SARS-CoV-2_S plasmid
as previously described [31]. SARS-CoV-2 § glycoprotein-encoding-plasmids used to produce
SARS-CoV-2 VSV, namely the Wuhan prototype (D614, referred as WT) and variants Alpha
(B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), Epsilon (B.1.429), Kappa (B.1.617.1)
and Lambda (C.37), were obtained using a multistep based on overlap extension PCR (0ePCR)
protocol [32].

Replication defective VSV pseudovirus [33] expressing SARS-CoV-2 Spike proteins corre-
sponding to the different VOC were generated as previously described [34].

Plasma pseudovirus neutralization assay

Vero E6-TMPRSS2 were grown in DMEM supplemented with 10% FBS and seeded into white
bottom 96 well plates (PerkinElmer, 6005688), as previously described [35]. Conditions were
tested in duplicate wells in each plate and at least six wells per plate contained untreated
infected cells (defining the 0% of neutralization, “MAX RLU” value) and infected cells in the
presence of S2E12 and S2X259 mAbs at 50 pg/mL each (defining the 100% of neutralization,
“MIN RLU” value). Average of Relative light units (RLUs) of untreated infected wells (MAX
RLU,,.) was subtracted by the average of MIN RLU (MIN RLU,,.) and used to normalize per-
centage of neutralization of individual RLU values of experimental data according to the fol-
lowing formula: (1-(RLU,—MIN RLU,,.) / (MAX RLUave-MIN RLU,.)) x 100. Data were
analyzed and visualized with Prism (Version 9.1.0). Each neutralization experiment included a
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technical duplicate. The loss or gain of neutralization potency across Spike variants was calcu-
lated by dividing the variant IDsq by the parental IDs,.

Enzyme-linked immunosorbent assay (ELISA)

Spectraplate-384 with high protein binding treatment (custom made from Perkin Elmer) were
coated overnight at 4°C with 5 pg/mL RBD or 1 pg/mL SARS-CoV-2 S protein in PBS. The
day after plates were washed and blocked with Blocker Casein in PBS (Thermo Fisher Scien-
tific, 37528) supplemented with 0.05% Tween 20 (Sigma Aldrich), 1h RT. Serial dilutions of
plasma samples were then added to plates for 1h RT. Alkaline Phosphatase-conjugated goat
anti-human IgG, IgM or IgA (Southern Biotech) were added to plates and incubated for 1h
RT. 4-NitroPhenyl Phosphate (pNPP, Sigma-Aldrich, N2765-100TAB) substrate was then
added and plates were read after 1 h (IgG) or 2 h (IgA and IgM) at 405 nm with a BioTek plate
reader. Data were plotted and analyzed with GraphPad Prism software (version 9.1.0). For
chaotropic ELISA, after incubation with plasma, plates were washed and incubated with a 1 M
solution of sodium thiocyanate (NaSCN, Sigma 251410) for 1h RT. Avidity Index was calcu-
lated as the ratio (%) of the ED5 in presence and the EDsq in absence of NaSCN.

Blockade of RBD binding to human ACE2

Plasma were diluted in PBS and mixed with SARS-CoV-2 RBD mouse Fc-tagged antigen (Sino
Biological, 40592-VO5H, final concentration 20 ng/mL) and incubated for 30 min at 37°C. The
percentage of inhibition was calculated as follows: (1-(OD sample—OD neg ctr)/(OD pos ctr
—OD neg ctr)]) x 100.

Statistical analysis

The study was designed to have 80% power to detect a minimum 25% difference in total inci-
dence of cases with poor neutralizing antibody response (i.e., low or undetectable plasma anti-
body titers) or in average neutralizing titers between dialysis patients and healthy controls as
well as within the HD subgroups. Comparisons of means between two groups of unpaired data
were made with Mann-Whitney rank test. Comparisons of means between multiple groups of
unpaired data were made with Kruskal-Wallis rank test and corrected with Dunn’s test. Com-
parisons of means between multiple groups of matched data were made with Friedman rank
test and corrected with Dunn’s test. Relative risks of poor neutralizing response in selected
groups of patients were calculated from 2x2 contingency tables using two-sided Fisher’s exact
test. Statistical significance is set as P<0.05 and P-values are indicated with: ns = non-signifi-
cant; * = 0.033; ** = 0.002; ***<0.001. ED50 and ID50 titers were calculated from the interpo-
lated value from the log(agonist) and the log(inhibitor), respectively, versus response, using
variable slope (four parameters) non-linear regression. Data were plotted and analyzed with
GraphPad Prism software (version 9.1.0).

Results

Naive dialysis patients produce low or undetectable levels of antibodies
after two vaccine doses

At the beginning of the COVID-19 vaccination campaign in January 2021, 143 dialysis patients
(130 HD, of whom 68% on hemodiafiltration, and 13 on peritoneal dialysis, PD) were enrolled
in this study from four dialysis units of the Ente Ospedaliero Cantonale in Ticino, Switzerland,
and received two doses of SARS-CoV-2 mRNA vaccines (83% with BNT162b2 from Pfizer-
BioNTech and 17% with mRNA-1273 from Moderna) between January and May 2021. Socio-
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demographic data, dialysis features, comorbidities, therapies and information about previous
vaccinations and infections are summarized in Table 1. Of note, twenty-four (17%) dialysis
patients were previously infected with SARS-CoV-2, of whom 18 (75%) had severe COVID-19
requiring hospitalization (13) or admission to an intensive care unit (5). A group of 48 health-
care workers, who received two doses of BNT162b2 vaccine between April and June 2021,
were included as healthy controls (HC). Twenty-four HC were previously infected with
SARS-CoV-2 reporting mild symptoms that did not require hospitalization.

Plasma samples were collected 2 to 3 weeks after the first and the second dose and the levels
of plasma IgG, IgA and IgM specific for SARS-CoV-2 Spike (S) were measured by ELISA. A
single vaccine dose induced detectable IgG in 34.6% of dialysis patients compared to 89.6% of
HC, with high antibody levels in all HD and HC participants, who had been previously
infected with SARS-CoV-2, and in 29.2% of HD and 79.2% of HC, who had not been exposed
to the virus (S1 Fig). Importantly, although seroconversion was observed in 94.4% of dialysis
patients after the second vaccine dose, 35% of them had still low or undetectable levels of anti-
SARS-CoV-2 S antibodies, compared to 100% of HC showing high levels of S-specific IgG (Fig
1A and 1B).

The larger fraction of participants with low or no antibodies (36.9%) was represented by the
HD group, with naive patients immunized with BNT162b2 showing the lowest levels of plasma
IgG (50.6%) compared to those who received mRNA-1273 (9.1%) (Fig 1A and 1B). The lower
IgG level in naive HD patients was the result of a slower kinetics of antibodies induced by the
vaccines as compared to naive HC and previously infected participants (Fig 1C). Of note,
some previously infected HD patients produced higher amounts of antibodies compared to
HC (Fig 1A), a finding that is consistent with a more severe COVID-19 course in these
patients [36-38]. Plasma samples from the 13 PD patients were collected only after the second
vaccine dose and all the participants showed detectable S-specific IgG with average plasma lev-
els that were comparable to those of HC (Fig 1A and 1B). S-specific IgG levels highly corre-
lated with RBD-specific IgG, suggesting that, similarly to natural infection, antibodies to this
domain dominated the response induced by vaccination in both patients and controls (Fig 1D
and S2 Fig, panel a). Finally, we observed that two vaccine doses induced, in the majority of
the participants, undetectable levels of IgM and detectable levels of IgA specific for SARS--
CoV-2 S, which were higher in previously infected HC and HD participants vaccinated with
BNT162b2 and in naive HD patients vaccinated with mRNA-1273 compared to naive HD vac-
cinated with BNT162b2, and correlated with the corresponding IgG levels (Fig 1E-1G and S2
Fig, panels b and c).

Poor neutralization of Wuhan prototypic SARS-CoV-2 and related risk
factors in naive dialysis patients

To determine the neutralizing activity of vaccine-induced antibodies, we used plasma samples
to perform an in vitro neutralization assay with pseudotyped vesicular stomatitis virus (VSV)
that expresses the Wuhan wild-type (WT, D614) SARS-CoV-2 S glycoprotein (Fig 2A and S3
Fig, panel a). Compared to HC, 49% of dialysis patients had no or low neutralizing activity
against the vaccine-matched SARS-CoV-2 strain (Fig 2B). In particular, while most of previ-
ously infected HD patients (87%) had moderate to high neutralizing antibody titers, which
were similar or higher than those of HC, naive HD patients had a heterogenous response with
57% of them characterized by a poor neutralizing activity, which was completely absent in the
majority (60.7%) of these patients (Fig 2A). Of note, the fraction of non-responding patients
was higher in naive HD patients immunized with BNT162b2 (65.9%) than those immunized
with mRNA-1273 (22.7%) (Fig 2B). Despite higher plasma S-specific IgG titers (Fig 1A and
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Table 1. Socio-demographic and clinical data of enrolled dialysis patients and healthy controls.

Dialysis patients Hemodialysis (HD) Peritoneal dialysis (PD) Healthy controls (HC)
Enrolled participants 143 130 13 48
Age, median years (min-max, IQR) 76 (29-97, 67-83) 76 (29-97, 68-83) 71 (32-82, 55-78) 42 (24-67, 32-49)
Gender, female, n (%) 48 (34%) 43 (33%) 5(38%) 35(73%)
BMI, median Kg/m2 (min-max, IQR) 25.9 (17.6-58.8, 22.9- 26.0 (17.6-58.8, 22.8— 25.7 (18-36.8, 23.3— 25.0 (17-3,21-28)
29.2) 29.4) 29.0)

Smoker, n (%) 21 (15%) 18 (14%) 3 (23%) 13 (27%)
Dialysis treatment, n (%)

HD, n (%) 130 (91%) 130 (100%)

HDF, n (%) 89 (68%)

PD, n (%) 13 (9%) 13 (100%)
Dialysis vintage, median months (min-max, IQR) 42 (11-268, 25-80) 46 (11-268, 26-87) 28 (11-70, 16-44)
Dialysis access, native AVFE, n (%) 96 (67%) 96 (74%)
Comorbidities, n (%)

Diabetes 58 (41%) 56 (43%) 2 (15%) 2 (4%)

Hypertension 121 (85%) 109 (84%) 12 (92%) 5(10%)

Heart failure 19 (13%) 18 (14%) 1 (8%) -

Coronary heart disease 46 (32%) 41 (32%) 5(38%) -

Peripheral arterial disease 29 (20%) 28 (22%) 1 (8%) -

Pulmonary disease 42 (29%) 38 (29%) 4 (31%) -

Chronic liver disease 12 (8%) 12 (9%) - -

Gastrointestinal disease 27 (19%) 24 (18%) 3(23%) -

Hemato-oncological disease 12 (8%) 12 (9%) 1 (8%) -

Autoimmune disease 11 (8%) 9 (7%) 2 (15%) 1(3%)

Kidney transplant 10 (7%) 10 (8%) - -

Neurodegenerative disease 4(3%) 4(3%) - -

Psychiatric disease 13 (9%) 13 (10%) - -
Charlson comorbidity index, median (min-max, IQR) 8 (3-21,7-11) 9 (3-21,7-11) 6 (5-11,6-8) -
Previous SARS-CoV-2 infection’, n (%) 24 (17%) 23 (18%) 1 (8%) 24 (50%)

mild or no symptoms 6 (25%) 5(22%) 1 (100%) 24 (50%)

severe course with hospitalization 18 (75%) 18 (78%) - -

ICU admission 5(28%) 5(28%) - -
Diagnosis-vaccine interval, median months (min-max, 3.5(1.1-9.7,2.9-7.7) 3.3(1.1-9.7,2.9-7.7) 9.3 4.8 (3.5-12.8,4.7-5.5)
IQR)

COVID-19 vaccine received
Pfizer-BioNTech, n (%) 118 (83%) 107 (82%) 11 (85%) 48 (100%)
Moderna, n (%) 25 (17%) 23 (18%) 2 (15%) -

Dose 1—dose 2 interval, median days (min-max, IQR)

28 (20-38, 26-28)

28 (20-28, 26-28)

24 (21-28,22-28)

38 (23-31, 28-28)

Sampling after dose 1, median days (min-max, IQR)

15 (9-33, 13-26)

15 (9-33, 13-26)

13 (12-16, 12-14)

Sampling after dose 2, median days (min-max, IQR)

18 (13-27, 17-19)

18 (13-27,17-19)

18 (16-25, 17-21)

13 (10-21, 12-14)

2020 seasonal flu vaccination, n (%) 101 (70%) 94 (72%) 7 (54%) 29 (60%)
Pharmacological treatment
Oral anticoagulation 27 (19%) 25 (19%) 2 (15%) -
Antiaggregant drugs 124 (43%) 124 (95%) - -
ACE inhibitors/ ARBs 70 (49%) 58 (45%) 12 (92%) 3 (6%)
Calcium antagonists 61 (43%) 51 (39%) 10 (77%) -
Beta blockers 88 (62%) 79 (61%) 9 (69%) 2 (4%)
Statins 80 (56%) 71 (55%) 9 (69%) 2 (4%)
Oral antidiabetic drugs 22 (15%) 22 (17%) - 2 (4%)
(Continued)
6/24
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Table 1. (Continued)

Insulin
Immunosuppressive drugs”
Oral/intravenous steroids
Calcineurin inhibitors®

Vitamin D derivatives

Dialysis patients Hemodialysis (HD) Peritoneal dialysis (PD) Healthy controls (HC)
37 (26%) 35 (27%) 2 (15%) -
24 (17%) 22 (17%) 2 (15%) -
17 (12%) 16 (12%) 1 (8%) -
8 (6%) 8 (6%) ; -
112 (78%) 102 (78%) 10 (77%) -

IQR, interquartile range. BMI, body mass index. HDF, hemodiafiltration. AVF, arteriovenous fistula. PCR, polymerase chain rection. ICU, intensive care unit. ACE,

angiotensin-converting enzyme. ARB, angiotensin receptor blockers.

'with positive PCR and/or serology.

%include any of steroids, cyclosporine, tacrolimus, rituximab, mycophenolate mofetil and azathioprine.

*include cyclosporine and tacrolimus.

https://doi.org/10.1371/journal.pone.0263328.t001

1B), 60% of naive PD patients had a similar poor neutralizing response compared to naive HD
patients, with 33.3% of those, who received BNT162b2 vaccine, showing no neutralizing activ-
ity (Fig 2A and 2B). The poor neutralizing activity was confirmed also by the low capability of
plasma antibodies to inhibit binding of RBD to human ACE2 receptor (S3 Fig, panel b). In
some previously infected dialysis patients, we observed neutralizing and ACE2-inhibiting anti-
body titers that were higher than those of HC and correlated with S- and RBD-specific IgG lev-
els (Fig 2A and S3 Fig, panels c-e).

We next performed a sub-analysis to understand which socio-demographic and clinical
data were associated to a significant risk for dialysis patients of being poor responders, here
defined as having low or no neutralizing antibody titers after two mRNA-vaccine doses.
Among all patients, dialysis mode (HD or PD) was not identified as risk factor, whereas vacci-
nation with BNT162b2 and no previous SARS-CoV-2 infection represented the major risk fac-
tors for having a poor neutralizing antibody response (relative risk of 2.75 and 4.50, 95%
confidence interval [CI] of 1.37 to 6.30 and 1.78 to 13.1, respectively) (Table 2). Within the
larger naive HD group, socio-demographic factors, including gender, age, body mass index,
smoke and dialysis features could not be identified as risk factors (Table 3). Among comorbid-
ities, we found that patients with heart failure history had an 1.68-increased relative risk of
poor response (95% CI, 1.16 to 2.17). As expected, patients in therapy with immunosuppres-
sive drugs had a 1.53 relative risk of poor response to the vaccine (95% CI, 1.05 to 2.02) with,
in particular, calcineurin inhibitors accounting for the highest relative risk (1.87; 95% CI, 1.18
to 2.29). Vaccination with BNT162b2 was confirmed as a major factor with a relative risk of
poor response of 2.88 (95% CI, 1.47 to 6.55), which increased to 3.60 (95% CI, 1.79 to 8.23) in
22 naive HD patients who were matched to 22 naive HD patients immunized with mRNA-
1273 by age, gender, dialysis vintage and comorbidities. Among HD patients immunized with
BNT162b2, those older than 80 and with heart failure history had an increased risk of poor
response of 1.57 (95% CI, 1.18 to 2.08) and 1.55 (95% CI, 1.11 to 1.96), respectively (Table 3).

Loss of neutralization of Delta and other SARS-CoV-2 variants in dialysis
patients

We next addressed the question whether vaccine-induced antibodies that neutralize wild-type
SARS-CoV-2 could also neutralize current circulating SARS-CoV-2 variants, in particular the
Delta variant (B.1.617.2 lineage) (Fig 2C). Most dialysis patients (76.9%) had plasma antibod-
ies with low or undetectable neutralizing activity against the Delta variant, with 48.0% and
80.0% of naive HD and PD patients with detectable levels of neutralizing antibodies against
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Fig 1. Comparison of mRNA vaccine-induced plasma antibody titers against SARS-CoV-2 between healthy controls and dialysis patients. a) Plasma IgG
titers (ED50) to SARS-CoV-2 S after two doses of Pfizer/BioNTech (P/B) or Moderna (M) vaccines in previously infected (square) and naive (circle) healthy
controls (HC, red), hemodialysis (HD, blue) and peritoneal dialysis (PD, orange) patients. Grey areas indicate non-specific IgG titers <50, a cut-off that was
determined on non-specific binding to uncoated ELISA plates. An additional cut-off of 1’000, determined from the lowest titers in HC after two doses, was
used to distinguish low (50-1°000) from high (>1°000) IgG titers. Statistical significance is set as P<0.05 and P-values are indicated with asterisks (* = 0.033; **
=0.002; ***<0.001). b) Percentages of participants with high, low or no plasma SARS-CoV-2 S-specific IgG after two doses of mRNA-vaccine. Total number of
participants within each cohort of HC and dialysis patients (DP) and within each subgroup is shown at the top of each bar. c) Kinetics of plasma IgG titers to
SARS-CoV-2 S measured before vaccination (T0), after one (T1) or two (T2) vaccine doses. Each line connects samples from the same individual. White
squares indicate HD patients who were not yet infected at TO sampling. d) Correlation analysis between plasma IgG titers to SARS-CoV-2 S and RBD in all the
plasma samples collected after the second vaccine dose. e) Plasma IgM titers to SARS-CoV-2 S after two vaccine doses in HC, HD and PD patients. Grey areas
indicate non-specific IgM titers <50. f) Plasma IgA titers to SARS-CoV-2 S after two vaccine doses in HC, HD and PD patients. Grey areas indicate non-
specific IgA titers <50. g) Correlation analysis between plasma IgG and IgA titers to SARS-CoV-2 S in all the plasma samples collected after the second vaccine
dose.

https://doi.org/10.1371/journal.pone.0263328.9001
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Fig 2. Analysis of neutralizing activity of plasma antibodies against wild-type SARS-CoV-2, Delta and other variants. a) Neutralizing antibody titers
(ID50, 50% of inhibitory dilution) against pseudotyped VSV viruses harboring wild-type (D614) SARS-CoV-2 S determined using plasma from previously
infected (square) and naive (circle) healthy controls (HC), hemodialysis (HD) and peritoneal dialysis (PD) patients after two doses of Pfizer/BioNTech (P/B) or
Moderna (M) vaccines. Grey areas indicate non-neutralizing titers (<50). A cut-off of 200, determined from the lowest neutralizing titers in HC, and a cut-off
of 1000, determined from the 25% percentile of titers in previously infected HC cohort, were used to distinguish low (50-200) from moderate (200-1’000) or
high (>1’000) neutralizing titers. Statistical significance is set as P<0.05 and P-values are indicated with asterisks (* = 0.033; ** = 0.002; ***<0.001). Shown are
data from n = 2 independent experiments. b) Percentages of participants with high, moderate, low or no plasma neutralizing antibodies to WT SARS-CoV-2 S
after two doses of mRNA vaccine. Total number of participants within each cohort of HC and dialysis patients (DP) and within each subgroup is shown at the
top of each bar. ¢) Neutralization of WT (black) and Delta (B.1.617.2, blue) SARS-CoV-2 pseudotyped VSV by four representative plasma samples showing
high, moderate, low or no neutralization to WT SARS-CoV-2. d-e) Side-by-side comparison (d) and fold change analysis (e) of neutralizing titers against WT
and Delta SARS-CoV-2 in 48 HC, 130 HD and 13 PD patients. Fold change is calculated as the ratio of ID50 value of WT and ID50 value of Delta variant.
Shown are data from n = 2 independent experiments. f) Side-by-side comparison of neutralizing titers against WT and Alpha (B.1.1.7), Beta (B.1.351), Gamma
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(P.1), Epsilon (B.1.429) and Kappa (B.1.617.1) SARS-CoV-2 variants in 28 HC, 47 HD and 5 PD patients. g) Fold change analysis of neutralizing titers against
different variants. Numbers in each cell of panel g indicate the average fold change values of WT ID50 to variant ID50 in all the cohorts analyzed including only
participants with ID50 neutralizing titers against WT SARS-CoV-2 greater than 80. Shown are data from n = 2 independent experiments.

https://doi.org/10.1371/journal.pone.0263328.9002

WT SARS-CoV-2 showing complete loss of neutralization against this variant (Fig 2D and S4
Fig, panel a). Almost all the participants, including HC, had a greater than 2-fold reduction in
the neutralizing activity against Delta variant, with naive HD patients showing up to 17-fold
(average 4.7) loss in neutralization, as compared to previously infected patients that showed a
maximum 5-fold loss (average 3.0) (Fig 2E). Similarly, naive PD patients showed up to 10-fold
(average 5.4) loss of neutralization against Delta variant (Fig 2E).

The loss of neutralization against some of the other circulating SARS-CoV-2 variants was
higher compared to Delta, in particular for naive HD patients, who showed an average 7.3-,
7.6- and 6.8-fold reduction in their neutralizing activity against Beta (B.1.351), Epsilon
(B.1.429) and Kappa (B.1.617.1) variants (Fig 2F and 2G and S4 Fig, panels b-d). Neutraliza-
tion of Alpha (B.1.1.7), Gamma (P.1) and Lambda (C.37) was also reduced in HD patients, but
with minor loss compared to Delta (1.8-, 3.3- and 3.1-fold reduction, respectively) (Fig 2F and
2G and $4 Fig, panels e-h). Previously infected HD patients and naive PD patients also showed
a drastic loss of neutralization against different variants, which was comparable to that of naive
HD patients, but higher than that of HC (Fig 2F and 2G and S4 Fig). Complete loss of neutral-
ization of Beta, Epsilon and Kappa variants was observed in 37-43.3% of HD and 75% of PD
patients with detectable neutralizing antibodies against WT SARS-CoV-2 (S84 Fig, panel a).

The reduced neutralizing activity correlates with a low antibody avidity

To further characterize the poor neutralizing activity of vaccine-induced antibodies, we deter-
mined the avidity of plasma antibodies by measuring their binding to SARS-CoV-2 S in pres-
ence of sodium thiocyanate, a chaotropic agent that induces dissociation of the antibody from
the antigen in case of low affinity. While most of the previously infected HD patients (87%)
showed moderate to high-avidity antibodies, a high fraction of naive HD showed low- (42%)
or no (9%) avidity antibodies and most of the naive PD patients (75%) also showed low-avidity
antibodies (Fig 3A). As expected, antibodies of all HC that were previously infected with
SARS-CoV-2 showed high avidity (index >50%), whereas naive HC showed moderate avidity
(23-50%), consistent with the different duration of affinity maturation ongoing in the two
groups (Fig 3A). The avidity indexes correlated with SARS-CoV-2 S-specific antibody and
neutralizing titers (Fig 3B and S5 Fig, panel a). In particular, we observed larger fractions of
HD patients with moderate to high avidity among patients with higher neutralizing antibody
titers (Fig 3C). The lower avidity titers were paralleled by higher fractions of dialysis patients

Table 2. Analysis of relative risk of poor neutralizing response to COVID-19 vaccination in dialysis patients.

Variable Analyzed group Reference group n,, Nyef Relative Risk 95% CI P-value Significant®
Dialysis mode HD/HDEF PD 130 13 1.07 0.661-2.16 >0.9999 ns
Previous SARS-CoV-2 infection No Yes 119 24 4.50 1.78-13.1 <0.001 o
mRNA vaccine BNT162b2 mRNA-1273 118 25 2.75 1.37-6.30 0.002 *

CI, confidence interval.
Sng = non-significant; * = 0.033
**=0.002

***<0.001.

https://doi.org/10.1371/journal.pone.0263328.t1002
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23%) from moderate (23-50%) or high (>50%) avidity. Statistical significance is set as P<0.05 and P-values are indicated with asterisks (* = 0.033; ** = 0.002;
¥*¥*<0.001). Shown are data from n = 2 independent experiments. b) Correlation analysis between plasma IgG avidity index to WT SARS-CoV-2 S and
neutralization of WT SARS-CoV-2 in all the plasma samples collected after the second vaccine dose. ¢) Percentages of participants having plasma antibodies
with high, moderate, low or no avidity to WT SARS-CoV-2 S after two doses of mRNA vaccine. Participants are shown as a total (bold) or divided by level of
neutralization of WT SARS-CoV-2 (no, low, moderate, high). Total number of participants within each group is shown at the top of each bar. d) Percentages of
participants having plasma antibodies with high, moderate, low or no neutralization of Delta SARS-CoV-2 after two doses of mRNA vaccine. Participants are
shown as a total (bold) or divided by level of avidity to WT SARS-CoV-2 S (no, low, moderate, high). Total number of participants within each group is shown
at the top of each bar.

https://doi.org/10.1371/journal.pone.0263328.g003

showing low- or non-neutralizing antibodies against the Delta and other SARS-CoV-2 variants
(Fig 3D and S5 Fig, panels b-f).

Rapid decay of neutralizing antibody in 7 months after vaccination

We followed 47 HC and 133 dialysis patients (121 HD and 12 PD) up to 7 months after vacci-
nation (mean 5 months) and measured plasma titers and avidity of antibodies to SARS-CoV-2
S and their neutralizing activity against the vaccine-matched SARS-CoV-2 and Delta variant
(Table 4). We found that 12.8% and 77.4% of HC and dialysis patients had low or undetectable
S-specific IgG with a 4.2- and 5.2 fold- average reduction of IgG titers compared to the peak of
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Table 4. Follow-up analysis of SARS-CoV-2 S IgG titer, wild-type SARS-CoV-2 and Delta neutralization, and avidity index.

Nr. | Months | SIgG titer Fold WT Fold Delta Fold Avidity | Variation (%)
after 2™ reduction | neutralization | reduction | neutralization | reduction index
dose

Mean | Responders Nr.” | Mean Responders Nr.? | Mean Responders Nr.? | Mean Responders Nr.!| Mean

(min- (%)* (min- (%) (min- (%) (min- (%) (min-

max) max) max) max) max)

Healthy controls 47 |46 (45-| 41(872) | 47 | 42 28 (59.6) 47 | 127 13 (27.7) 45 | 6.2 17(36.2) | 47 | 1.2
4.9) (1.6- (0.2- (0.4- (-29.6-

14.9) 100) 28.4) 36)

Prev. infected”™’® 24 | 47 (45-| 24(100) 24 | 42 22 (91.7) 24 | 127 12 (50) 22 | 62 5 (20.8) 24 1.2
4.9) (1.6- (0.2- (0.4- (-29.6-

14.9) 100) 28.4) 36)

Naive™® 23 | 46(45-| 17(739) | 23 | 33 6 (26.1) 23 | 47 1(4.3) 23 | 26 12(52.2) | 23 | -44
4.9) (1.6- 0.2- 0.6- (-29.6-

9) 17.4) 8.2) 14)

Dialysis patients 133 |53 (3.4- | 30(22.6) | 126 | 5.2 22 (16.5) 87 | 211 14 (10.5) 48 | 9.8 51(38.3) |103| 7.1
6.8) (1.6- (3.4- (0.4- (-12.8-

14.9) 100) 28.4) 36)

Hemodialysis 121]53(34-| 28(23.1) | 114 | 106 21 (17.4) 79 | 117 13 (10.7) 45 | 133 43(355) | 93 | 29
6.8) 0.5- 0.1- (1.1- (-45.6-

83.2) 100) 100) 40.9)

Prev. infected 21 | 5.1(4- 16(76.2) | 20 @ 9.8 16 (76.2) 18 | 109 11 (52.4) 18 12 5(23.8) 19 1.9
6.7) 1.1- = (1.1- (-45.6-

72.1) 100) 100) 40.9)

Pfizer-BioNTech | 20 | 5.2 (4- 15 (75) 19 | 51 15 (75) 17 9 10 (50) 17 | 157 4(20) 18 | -32
6.7) (1.8- (1.9- 1.1- (-15.7-

15.2) 45.4) 67) 7)

Moderna 1 | 4.04.0- 1 (100) 1 5.2 1 (100) 1 9.3 1 (100) 1 | 164 1 (100) 1 3.7
4.0) (1.8- (1.9- (1.1- (-15.7-

15.2) 45.4) 67) 7)

Naive 100 | 5.3 (3.4- 12 (12) 94 | 34 5(5) 61 | 42 2(2) 27 | 31 38 (38) 74 | 53
6.8) (3.4- (4.2- (3.1- (5.3-

3.4) 42) 3.1) 5.3)

Pfizer-BioNTech | 80 | 5.3 (3.4- 8 (10) 74 | 108 2(2.5) 42 | 115 1(1.3) 14 | 95 26(32.5) | 54 | 32
6.8) 1.1- (- (2.2- (-45.6-

72.1) 100) 100) 40.9)

Moderna 20 | 5.5(3.7- 4 (20) 20 11 3(15) 19 |10(1- 1(5) 13 12 12 (60) 20 1.1
6.2) 1.1- 100) (2.2- (-45.6-

72.1) 100) 40.9)

Peritoneal dialysis 12 | 5.4 (43- | 2(16.7) 12 | 98 1(8.3) 8 | 148 1(8.3) 3 6.8 8 (66.7) 10 | 88
6.2) (2.2- (1.1- (2.4- (-12.5-

20.6) 59.8) 37) 31)

Prev. infected”’® 1 |53(53- 0(0) 1 18.8 0(0) 1 193 0 (0) 1 328 1 (100) 1 12.9
5.3) 0.5- 0.1- (5.6- (-13.2-

83.2) 100) 82.8) 31.4)

Naive 11 | 54(43-| 2(182) 11 | 832 1(9.1) 7 100 1(9.1) 2 | 828 7 (63.6) 9 | 212
6.2) (83.2- (100~ (82.8- (21.2-

83.2) 100) 82.8) 21.2)

Pfizer-BioNTech | 9 |5.5(4.8-| 2(22.2) 9 | 129 1(1L.1) 5 7.8 1(11.1) 1 7.8 6 (66.7) 7 12
6) (0.5- 0.1- (5.6- (-13.2-

30.4) 23.5) 9.9) 31.4)

Moderna 2 | 5243 0(0) 2 | 145 0(0) 2 7.1 0 (0) 1 9.9 1 (50) 2 14
6.2) 0.5- 0.1- (9.9- (-13.2-

30.4) 23.5) 9.9) 31.4)
(Continued)
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Table 4. (Continued)

Nr. | Months | SIgG titer Fold WT Fold Delta Fold Avidity | Variation (%)
after 2™ reduction | neutralization | reduction | neutralization | reduction index
dose

Mean | Responders Nr.” | Mean Responders Nr.? | Mean Responders Nr.? | Mean Responders Nr.!| Mean

(min- (%)* (min- (%) (min- (%) (min- (%) (min-

max) max) max) max) max)

Total 180 | 5.1 (3.4- 71 (39.4) 173 5.8 50 (27.8) 134 9.7 27 (15) 93 5.6 68 (37.8) 150 4.9
6.8) (5.1- (8- (5.6- (0.8-

6.5) 11.5) 5.6) 9.1)

P/Bpfizer-BioNTech.

*ED50>1°000.

Pparticipants with ED50 titers >50 at 2 weeks after the second dose were counted.
“ID50>200.

dparticipants with neutralizing ID50 titers >80 at 2 weeks after the second dose were counted.
“avidity index variation >5%.

‘participants with detectable titers (ED50>>50) at 2 weeks and up to 7 months after the second dose were counted.

https://doi.org/10.1371/journal.pone.0263328.t1004

the antibody response after the second vaccine dose (Fig 4A and S6 Fig, panel a). This titer
decay was paralleled by a 12.7- and 21-fold average reduction of neutralizing antibodies to
wild-type SARS-CoV-2 in HC and dialysis patients, which resulted in 40% and 84% of non-
responders, respectively (Fig 4C and S6 Fig, panel ¢). In the case of antibodies neutralizing the
Delta variant, we observed a 6.2- and 9.8-average reduction in HC and dialysis patients, which
increased the fraction of non-responders to 72% and 90%, respectively (Fig 4D and S6 Fig,
panel d). In line with the analysis at 2 weeks after the second dose, the most affected patients
were those in hemodialysis, naive to SARS-CoV-2 and vaccinated with BNT-162b2, with
97.5% and 99% of non-responders to WT SARS-CoV-2 and Delta variant, respectively

(Table 4). Interestingly, only 36.2% and 38.8% of HC and dialysis patients showed an increase
in the avidity index of SARS-CoV-2 S IgG, which, however, maintained its correlation with the
neutralizing activity (Fig 4B and S6 Fig, panels b and e). Importantly, despite the overall wan-
ing of the antibody response during the follow-up, no new cases of SARS-CoV-2 infection
were diagnosed in both HC and dialysis patients after vaccination.

Discussion

In this phase of the COVID-19 pandemic where SARS-CoV-2 variants are rapidly spreading
worldwide, we urgently need to understand the efficacy of vaccines administered so far in
high-risk immunocompromised populations, in particular patients with chronic diseases
[39, 40]. In this study, we provide evidence that dialysis patients do not develop sufficient
levels of neutralizing antibodies against SARS-CoV-2 variants after two doses of mRNA
vaccines.

The analysis of plasma SARS-CoV-2-specific IgG showed an overall response to mRNA
vaccine in 94.4% dialysis patients, which is comparable to data shown in other reports (70.5-
96%) [19, 22, 41, 42]. Nevertheless, we observed reduced antibody levels after both the first
and the second dose in HD patients who were naive to SARS-CoV-2, a finding consistent with
a delayed immune response in this population [19, 43, 44]. These data suggest that measuring
serum antibody titers to SARS-CoV-2 in dialysis patients could help clinicians to identify vac-
cine non-responders and guide clinical decision-making. However, currently available sero-
logical tests detect antibodies against the Spike of the Wuhan SARS-CoV-2 and do not define
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Fig 4. Follow-up analysis of SARS-CoV-2 S IgG, neutralizing titers and avidity index. a) Plasma IgG titers (ED50) to SARS-CoV-2 S after
two doses of Pfizer/BioNTech (P/B, red, light blue and light orange) or Moderna (M, dark blue and dark orange) vaccines in samples
collected from previously infected (square) and naive (circle) healthy controls (HC, red), hemodialysis (HD, blue) and peritoneal dialysis
(PD, orange) patients 2 weeks and up to 7 months (indicated mean 5 months) after vaccination. Cut-offs are shown as explained in Fig 1.
Statistical significance is set as P<0.05 and P-values are indicated with asterisks (* = 0.033; ** = 0.002; ***<0.001). b) Avidity index of plasma
antibodies to WT SARS-CoV-2 S. Cut-offs are shown as explained in Fig 3C and 3D) Neutralizing antibody titers (ID50) against
pseudotyped VSV viruses harboring wild-type (D614) SARS-CoV-2 S (c) or Delta variant (d). Cut-offs are shown as explained in Fig 2.

https://doi.org/10.1371/journal.pone.0263328.g004

the level of neutralizing activity against the virus, which is considered a more relevant serologi-
cal correlate of protection [45].

In this study, we found that 49% of dialysis patients had low or undetectable levels of neu-
tralizing antibodies against the vaccine-matched SARS-CoV-2 with a significant reduction in
neutralizing titers against different circulating variants in dialysis patients, which is consistent
with an immune evasion by the virus [27, 35, 46]. Based on these data, we calculated that the
fraction of dialysis patients non-responding to the vaccine further increased to 77% in the case
of the Delta variant, suggesting that the great majority of the patients immunized with two
doses of an mRNA vaccine may not develop a protective antibody response against SARS--
CoV-2 variants. Importantly, follow-up data collected up to 7 months after vaccination showed
arapid decay of neutralizing antibodies to both wild-type SARS-CoV-2 and Delta variant,
which increased the fraction of non-responders to 84% and 90%, respectively. These data sug-
gest that dialysis patients have an increased risk of infection with possible severe outcomes
over time from vaccination, an association which has been recently described in a US veteran
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cohort followed up to 6 months after vaccination [47]. However, we did not diagnose new
cases of SARS-CoV-2 infection during the follow-up, which might be explained by the lowest
incidence observed in Switzerland in the spring-summer season, and by the strict preventive
measures adopted by the dialysis patients that might have compensated for the waning of the
vaccine-induced antibodies.

Despite the huge discrepancy between the fraction of non-responders based on antibody
levels and their neutralizing activity, we observed a high correlation between these titers,
which may help to define proper cut-offs in the serological tests used in clinical settings to
identify non-responding patients. Furthermore, the correlation observed between avidity and
neutralization suggests that vaccine-induced antibodies require high avidity to neutralize
SARS-CoV-2. Therefore, the identification of non-responders may be guided by a SARS-CoV-
2 avidity test, as successfully implemented for other infectious diseases [48-52].

We identified that having never been exposed to SARS-CoV-2 is the major factor that
increases the risk of a poor antibody response after vaccination, especially in HD patients.
Indeed, naive individuals were shown to develop lower titers of neutralizing antibodies to
SARS-CoV-2 variants compared to previously infected individuals after two mRNA vaccine
doses [35], indicating that vaccination may boost the neutralizing antibody response in dialysis
patients after infection [53]. This effect can be explained by the higher antibody avidity that
previously infected patients gained over time compared to naive patients, who instead showed
a delayed and low-avidity response. These findings are consistent with a slower affinity matu-
ration of SARS-CoV-2 S-specific B cells, which appears to be a peculiar immunological feature
of the dialysis population.

A recent report by Carr et al [54], showed that naive HD patients vaccinated with
BNT162b2 developed higher neutralizing antibodies against SARS-CoV-2 variants compared
to Astra Zeneca—Oxford University AZD1222 vaccine, suggesting that mRNA vaccines pro-
vide a higher level of protection in dialysis patients compared to adenovirus-based vaccines.
However, a difference in efficacy may exist among mRNA vaccines, as we found that being
immunized with BNT162b2 instead of mRNA-1273 was the second most relevant risk factor
for a poor response in the dialysis population, especially in naive HD patients. This difference
can be explained by the lower mRNA amount provided by one dose of BNT162b2 compared
to mRNA-1273 [11, 12]. Indeed, the mRNA-1273 vaccine was found to be more reactogenic
[55] and to induce higher antibody titers in healthy individuals as well as in the more vulnera-
ble elderly population [56-59].

Similarly to other studies analyzing the factors that were associated to low antibody levels
after COVID-19 vaccination in dialysis patients, we also found a few risk factors of poor neu-
tralizing antibody response to mRNA vaccines, including age, heart failure and immunosup-
pression [14, 20, 22, 23, 43, 60-62]. However, other factors, such as gender and dialysis vintage
[43], dialysis adequacy measured by Kt/V [20], comorbidities [14] and non-responsiveness to
Hepatitis B vaccination [20, 23] were not identified as risk factors in our study.

Our study has some limitations including a missing control group of patients matched by
age, gender and comorbidities, without ESKD, while our control group was composed by
younger individuals with few or no comorbidities. Another limitation was the low number of
PD patients that did not allow to make subgroup analyses of risk factors of poor response. In
addition, our patients were unbalanced in terms of type of mRNA vaccine received
(BNT162b2 or mRNA-1273), although we had sufficient statistical power to make a compari-
son, even in a subgroup of patients matched by age, gender and comorbidity index.

In conclusion, our study demonstrates, at the functional level, that mRNA vaccines induce
a poor neutralizing and rapidly decaying antibody response against SARS-CoV-2 variants in
dialysis patients, in particular in naive HD patients immunized with BNT162b2. Our findings
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support the need of an additional boost, preferentially with a high-dose mRNA vaccine, in this
population [62-67], which, however, need to be continuously monitored with proper serologi-
cal tests that measure not only the serum antibody levels, but also their neutralizing activity,
either directly or indirectly through an avidity test. Finally, our data suggest that some patients
may not respond efficiently even after an additional boost and, therefore, in case of SARS--
CoV-2 infection, they should be considered for other therapeutic strategies, including early
immunotherapy with monoclonal antibodies.

Supporting information

S1 Fig. Plasma antibody titers to SARS-CoV-2 after one dose of mRNA vaccine. a) Plasma
IgG titers (ED50) to SARS-CoV-2 S after one dose of Pfizer/BioNTech (P/B) or Moderna (M)
vaccines in previously infected (square) and naive (circle) healthy controls (HC, red) and
hemodialysis (HD, blue) patients. Grey areas indicate non-specific IgG titers <50, a cut-off
that was determined on non-specific binding to uncoated ELISA plates. An additional cut-off
of 1’000, determined from the lowest titers in previously infected HC, was used to distinguish
low (50-1°000) from high (>1’000) IgG titers. Statistical significance is set as P<0.05 and P-
values are indicated with asterisks (* = 0.033; ** = 0.002; ***<0.001). b) Percentages of partici-
pants with high, low or no plasma IgG to SARS-CoV-2 S after one dose of mRNA-vaccine.
Total number of participants within each cohort of HC and dialysis patients (DP) and within
each subgroup is shown at the top of each bar.

(TIF)

S2 Fig. Kinetics of plasma antibody titers to SARS-CoV-2 in healthy controls and dialysis
patients. a) Plasma IgG, IgM and IgA titers to SARS-CoV-2 RBD. b) Plasma IgM and IgA
titers (ED50) to SARS-CoV-2 S measured before vaccination (T0), after one (T1) or two (T2)
vaccine doses. ¢) Plasma IgG, IgM and IgA titers to SARS-CoV-2 Nucleoprotein (N).

(TIF)

S3 Fig. Correlation of plasma IgG titers, ACE2 inhibition and neutralization against wild-
type SARS-CoV-2. a) Neutralization of WT SARS-CoV-2 pseudotyped VSV by four represen-
tative plasma samples showing high, moderate, low or no neutralization. b) Inhibition of RBD
binding to human ACE2 by plasma antibodies in previously infected (square) and naive (cir-
cle) healthy controls (HC), hemodialysis (HD) and peritoneal dialysis (PD) patients after two
doses of mRNA vaccine. Grey areas indicate no ACE2 inhibition by plasma antibodies with
BD8O titers lower than 10. A cut-off of 80, determined from the lowest inhibition capacity in
HC, was used to distinguish low (10-80) from high (>80) inhibition. Statistical significance is
set as P<0.05 and P-values are indicated with asterisks (* = 0.033; ** = 0.002; ***<0.001).
Shown are data from n = 2 independent experiments. ¢) Correlation analysis between plasma
IgG titers index and WT SARS-CoV-2 neutralization in all the plasma samples collected after
the second vaccine dose. d) Correlation analysis between ACE2 inhibition and plasma RBD
IgG titers index in all the plasma samples collected after the second vaccine dose. ) Correla-
tion analysis between ACE2 inhibition and WT SARS-CoV-2 neutralization in all the plasma
samples collected after the second vaccine dose.

(TIF)

$4 Fig. Comparison of neutralizing antibody titers against wild-type SARS-CoV-2 and
other variants. a) Fraction of participants with neutralizing titers against WT SARS-CoV-2
(ID50>40) showing complete loss of neutralization against Alpha (B.1.1.7), Beta (B.1.351),
Gamma (P.1), Delta (B.1.617.2), Epsilon (B.1.429), Kappa (B.1.617.1) and Lambda (C.37) vari-
ants. b-g) Fold change analysis of neutralizing titers against WT and Beta (b), Epsilon (c),
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Kappa (d), Alpha (e), Gamma (f) and Lambda (g) SARS-CoV-2 in 28 HC, 36 HD and 5 PD
patients with ID50 neutralizing titers against WT SARS-CoV-2 greater than 80. h) Side-by-
side comparison of neutralizing titers against WT and Lambda (C.37) SARS-CoV-2 variant in
28 HC, 47 HD and 5 PD patients.

(TTF)

S5 Fig. Correlation of avidity and neutralization of plasma antibodies to wild-type SARS--
CoV-2 and other variants. a) Correlation analysis between plasma IgG titers index and
SARS-CoV-2 S IgG avidity in all the plasma samples collected after the second vaccine dose. b-
f) Percentages of participants having plasma antibodies with high, moderate, low or no neu-
tralization of Alpha (b), Beta (c), Gamma (d), Epsilon (e) and Kappa (f) SARS-CoV-2 after two
doses of mRNA vaccine. Participants are shown as a total (bold) or divided by level of avidity
to WT SARS-CoV-2 S (no, low, moderate, high). Total number of participants within each
group is shown at the top of each bar.

(TIF)

$6 Fig. Comparison of variation of SARS-CoV-2 S IgG, neutralizing titers and avidity
index. a-d) Fold change analysis of SARS-CoV-2 S IgG (a), avidity index (b), neutralizing titers
against WT SARS-CoV-2 (c) and Delta variant (d) measured in samples collected at 2 weeks
and up to 7 months (average 5 months) after the second vaccine dose. n indicates the number
of analyzed participants as explained in Table 4. e) Correlation analysis between plasma IgG
avidity index to WT SARS-CoV-2 S and neutralization of WT SARS-CoV-2 in all the 180
plasma samples collected up to 7 months after the second vaccine dose.

(TIF)

S1 File.
(ZIP)
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