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Anti-staphylococcus aureus
adaptive immunity is impaired in
end-stage renal disease patients
on hemodialysis: one-year
longitudinal study
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Beatrice Bernabe1, Aurélie Lechevallier1, Raffaella Iantomasi1,
Bachra Rokbi1, Elisabeth Botelho-Nevers2,3,4 and Sophie Ruiz1

1Research Department, Sanofi, Marcy l’Etoile, France, 2Infectious Diseases Department, University
Hospital, Saint-Etienne, France, 3CIC Inserm, University Hospital, Saint-Etienne, France,
4CIRI – Centre International de Recherche en Infectiologie, Team GIMAP, University, Lyon,
Université Jean Monnet, Inserm, CNRS, Saint-Etienne, France
Introduction: Patients with end-stage renal disease (ESRD) display defects in

adaptive and innate immunity, increasing susceptibility to infection.

Staphylococcus aureus (S. aureus) is a major cause of bacteraemia in this

population and is associated with increased mortality. More information on the

immune response to S. aureus in these patients is needed to inform effective

vaccine development.

Methods: A longitudinal prospective study was carried out at two medical

centers and included 48 ESRD patients who started chronic hemodialysis (HD)

treatment ≤3 months before inclusion. Control samples were taken from 62

consenting healthy blood donors. Blood samples were obtained from ESRD

patients at each visit, on month (M) 0 (beginning of HD), M6 and M12. Around 50

immunological markers of adaptive and innate immunity were assessed to

compare immune responses to S. aureus in ESRD patients versus controls to

document the changes on their immune profile during HD.

Results: S. aureus survival in whole blood was significantly higher in ESRD patients

than in controls at M0 (P=0.049), while impaired oxidative burst activity was

observed in ESRD patients at all timepoints (P<0.001). S. aureus-specific

immunoglobulin G (IgG) responses to iron surface determinant B (IsdB) and S.

aureus a hemolysin (Hla) antigens were lower in ESRD patients than in healthy

donors at M0 (P=0.003 and P=0.007, respectively) and M6 (P=0.05 and P=0.03,

respectively), but were restored to control levels at M12. Moreover, S. aureus-

specific T-helper cell responses were comparable to controls for IsdB but were

impaired for Hla antigen at all timepoints: 10% of ESRD patients responded to Hla at

M0, increasing to 30% at M12, compared with 45% of healthy donors. B-cell and T-

cell concentrations in blood were significantly reduced (by 60% and 40%,

respectively) compared with healthy controls. Finally, upregulation of Human

Leucocyte Antigen-DR (HLA-DR) and C-C chemokine Receptor type 2 (CCR2)

was impaired at M0 but was restored during the first year of HD.
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Conclusion: All together, these results show that adaptive immunity was largely

impaired in ESRD patients, whereas innate immunity was less impacted and

tended to be restored by HD.
KEYWORDS

B-Lymphopenia, ESRD, hemodialysis, immune dysregulation, longitudinal study,
Staphylococcus aureus
Introduction

Chronic kidney disease (CKD) is a major public health concern,

and patients with end-stage renal disease (ESRD) who require

dialysis initiation or kidney transplantation are estimated at

between 4 and 7 million worldwide (1). ESRD patients are

immunocompromised and display significant immunological

defects in both adaptive and innate immunity. These

immunological defects are the result of the dysregulation of

uremic metabolism and are comparable to premature aging of the

immune system (2, 3). Although the exact mechanisms underlying

these defects are not yet fully understood, they often result in an

increased concentration of polymorphonuclear cells (PMN), a

decreased concentration and functionality of whole lymphocytes,

chronic activation of innate immune cells, and increased

susceptibility to immune cell apoptosis.

Immune dysregulation in ESRD patients is also associated with

low seroconversion rates and a rapid drop in antibody titers

following vaccination (4, 5), potentially reducing the ability of

these patients to respond to vaccines. This immune defect

requires an adapted vaccination regimen, higher dose and/or

increased injection frequencies (6–8). Immune dysregulation also

makes ESRD patients susceptible to infections (9). Bacterial

infections are one of the major causes of hospitalization and

death in ESRD hemodialysis (HD) patients. Staphylococcus aureus

(S. aureus) is one of the main pathogens responsible for bacteremia

in this population (10). The high incidence of S. aureus infection in

ESRD patients is exacerbated by recurrent exposure to the hospital

environment and dependence on vascular access catheters. The

incidence is approximately 40 cases per 1000 person-years, far

higher than in the general population (<1 case per 1000 person-

years) (11) and associated with a nine-fold increased risk of death

(12). Methicillin-resistant S. aureus (MRSA) is responsible for a

significant number of these deaths. Recurrent S. aureus infections

and biofilm formation can cause long-lasting infections in ESRD

HD patients, which are difficult to eradicate with antibiotic

treatment. It is now accepted that humoral response alone is not

sufficient to protect efficiently against S. aureus infection; specific T-

cell response is also required. Several studies in murine models of

infection or in patients with altered T-helper (Th) cell responses

have demonstrated the requirement of Th1 and Th17 cells to

sustain both the antibody response and neutrophil priming
02
through cytokine production (13–16). ESRD patients must also

display functional antigen presenting cells (APC) capable of sensing

bacteria, and functional PMN, which are the main effectors required

to eradicate the bacteria (17, 18).

Accordingly, the high frequency of infections in ESRDHDpatients

makes sense to use two S. aureus proteins as model antigens to assess

the changes in their immune profile over the first year of HD. To

evaluate the potential immunity against S. aureus, we designed a

prospective study including ESRD patients who recently started HD

treatment and followed the immune profile of these patients over their

first year of HD. The start of HD treatment is a period during which

patients are particularly susceptible to S. aureus infections. We

simultaneously investigated around 50 immunological markers for

each patient and processed all the data together to define the

immunological status during the first year of HD with respect to the

anti-S. aureus response.
Materials and methods

Study design

The study is a prospective, longitudinal study carried out at two

centers, the University Hospital of Saint-Etienne and ARTIC 42,

Saint Etienne, France. Consecutive ESRD patients, who started

chronic HD treatment with a central venous catheter less than 3

months before inclusion, were invited to participate. Patients aged

18 years and above who accepted and provided written informed

consent were included between January 2018 and December 2019.

Exclusion criteria included positivity for human immunodeficiency

virus, infection with hepatitis B or C viruses or anemia (hemoglobin

<7 g/dL). Controls were healthy donors who volunteered at the

French blood bank, Etablissement Français du Sang (EFS; Lyon,

France), and provided informed consent for the use of their blood

for scientific research purposes.

The conduct of this study was consistent with standards

established by the Declaration of Helsinki and compliant with the

International Conference on Harmonisation guidelines for Good

Clinical Practice, including all local and/or national regulations and

directives. The study was approved by the Review Board of Comité

De Protection Des Personnes Est-III, CHRU Nancy, France, N°ID

RCB: 2017-A00707646, N°CPP: 17.05.17.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1123160
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Darbouret- Hervier et al. 10.3389/fimmu.2023.1123160
Data and sample collection

Deaths and S. aureus infections were recorded during the one-year

follow-up period. Patient monitoring included three visits: at inclusion

(ESRD M0), after 6 months (ESRD M6) and after 12 months (ESRD

M12). At each visit and before each dialysis session, patients were tested

for S. aureus carriage using nasal swabs. Additionally, 50 mL of blood

was collected through the vascular access into lithium heparin tubes

(BD Vacutainer, BD Biosciences) for subsequent biochemical and

immunological analyses. Blood samples from controls were collected

by venipuncture into citrate tubes at EFS. Whole leukocytes were

isolated for immediate use and peripheral blood mononuclear cells

(PBMCs) were isolated for immediate use or were frozen in liquid

nitrogen for subsequent analysis. Plasma samples were also collected

and stored at −20°C for subsequent analyses.
Leukocyte and PBMC isolation

Leukocytes were isolated from 10 mL of blood following a 10-

minute incubation with 90mL ammonium chloride-based lysing buffer

(150 mM NH4Cl, 10 mM KHCO3, 1 mM EDTA, pH 7.4). Leukocytes

were washed in RPMI 1640-hepes medium supplemented with 2 mM

L-glutamine (In vivoGen), 100 U/mL penicillin, 100 µg/mL

streptomycin (Sigma-Aldrich) (RPMIc) and 0.5% bovine serum

albumin (BSA) (Eurobio). Total leukocyte and PMN (defined as large

leukocyte) concentrations were determined using a Multisizer cell

counter (Beckman Coulter). For PBMC separation, blood was diluted

with an equal volume of 0.9% NaCl (Aguettant) and `PBMCs were

isolated by density gradient centrifugation, using ficoll-hypaque (Sigma-

Aldrich) and leucosep tubes (Greiner). PBMCs were then washed in

RPMIc plus 5% fetal bovine serum (FBS; Hyclone) and viable PBMCs

were counted using viacount staining and a Muse cell counter

(Millipore). An aliquot of the isolated PBMCs was cryopreserved in

FBS 10% DMSO for subsequent ELISPOT interferon (IFN)-g assay.
In vitro activation of leukocytes and PBMCs
with toll-like receptor agonists

Freshly purified PBMCs and leukocytes were plated in duplicate

in RPMIc 5% FCS at 0.5 x 106/well in a 96-well plate. Either 0.5 µg/

mL E6020 TLR4-agonist (EISAI) or 2.2 µg/mL CpG TLR9-agonist

(Avecia) was added. Leukocytes and PBMCs cultured in medium

alone were used as negative controls of stimulation. Cells were

incubated overnight at 37°C in a 5% CO2-humidified environment.

Culture supernatants of PBMCs were then collected for evaluation

of secreted inflammatory cytokines and leukocytes were stained for

analysis by flow cytometry.
Bacteria survival in whole blood

Blood was collected as described above and a 3 mL sample was

mixed with 35 mL of newly thawed S. aureus strain Newman at ∼65
Frontiers in Immunology 03
× 106 CFU/ml. The blood/bacteria mixture was then incubated for

one hour at 37°C under horizontal stirring. Bacterial viability was

evaluated in the initial mixture and after the one-hour incubation in

serial dilutions of blood/bacteria mixture on Trypticase Soy Agar

(TSA; Biomerieux) plates followed by overnight incubation at 37°C.

The percentage of bacterial survival after one hour-incubation was

determined relative to the initial inoculum.
Oxidative burst activity in neutrophils

Oxidative burst induced in PMNs was evaluated using flow

cytometry, by measuring released H2O2 with dihydrorhodamine

(DHR) 123 (Invitrogen). When oxidized by H2O2, DHR 123 is

converted to fluorescent DHR+ which is excitable at 488 nm on the

cytometer. The well-known S. aureus strain Newman, isolated from

an osteomyelitis human infection (ATCC), was used for the assay.

Bacteria were thawed on the day of the assay, washed in PBS and the

concentration adjusted to 108 CFU/mL in RPMIc 0.5% BSA. After

leukocyte isolation, the number of PMNs among whole leukocyte

population was estimated by counting the large cells on the

Multisizer counter (Beckman coulter, 4.0). Native or heat-

inactivated (56°C for 30 minutes) sera from ESRD patients and

healthy donors were assessed in parallel. In a 96-deep well plate, the

reagents were added in the following order: bacteria with sera,

PMN, and DHR 123. 500 µL of RPMIc plus 0.5% BSA, containing

25 x 106 bacteria, 0.25 x 106 PMNs, 5µL of native or heat inactivated

serum and 1 µg/mL of DHR 123, was incubated at 37°C with gentle

agitation for 30 minutes. The oxidative burst reaction was stopped

by placing the plate on ice. Data acquisition was performed with the

Fortessa X20 flow cytometer using DIVA software (BD) and

analysis was performed using Flow Jo software (BD). PMNs were

identified on a side scatter/forward scatter (SSC/FSC) dot plot as

large granular cells and results were expressed as the percentage of

DHR-positive cells within the PMN population.
Serum immunoglobulin titers

Anti-S. aureus specific IgG titers were evaluated by enzyme-

linked immunosorbent assay (ELISA). Briefly, 96-well ELISA

microplates were coated with either purified iron surface

determinant B (IsdB) or S. aureus a hemolysin (Hla)

recombinant antigens at 1µg/mL in 100mM carbonate buffer pH

9.6 (Sigma-Aldrich). IsdB and Hla recombinant antigens were both

produced in BL21 E. coli strain (Invitrogen) and purified in-house.

The antigens displayed a high degree of purity with low residual

endotoxin levels (<5 EU/mg). Coated ELISA plates were incubated

overnight at 4°C and then incubated with PBS plus 1% BSA as

blocking buffer for one hour at 37°C. After washing, serum samples

and reference serum were added in serial dilutions in PBS 0.05%

Tween containing 1% BSA, and plates were incubated at 37 °C for

additional 2 hours. After washing, 100 µL of peroxidase-conjugated

goat anti-human IgG (Sigma-Aldrich) was added to the wells at the

dilution of 1/2000. Tetramethylbenzidine substrate (Tebu-Bio) was
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then added to each well. The reaction was stopped using 1N HCl

and absorbance was measured at 450 nm using Versamax

(Molecular Devices).

Total serum IgG, IgA and IgM titrations were performed using

Pentra C400 equipment (Horiba) and supplier kits and according to

supplier protocol.
IFNg -producing cell ELISPOT

Nitrocellulose plates (Millipore) were coated with anti-human

IFN-g monoclonal antibody (mAb) (Mabtech), at a concentration

of 15 µg/mL and incubated overnight at +4°C. Plates were then

washed twice and blocked with AIMV medium (Invitrogen).

PBMCs were thawed in FBS and washed twice in RPMI 10% FBS.

The concentration of viable cells was adjusted to 2 x 106 cells/mL in

AIMV. One hundred µL of cell suspension was added per well

followed by 100 µL per well of Hla or IsdB S. aureus antigen solution

in duplicates, at a final concentration of 10 µg/mL for cell-specific

activation. CPI (Immunospot) was used at 5 µg/mL as a positive

control. Plates were incubated for 24 hours at 37°C and then

washed. BAM-conjugated anti-IFN-g mAb (Mabtech) was added

and plates were incubated for 2 hours at room temperature. After

washing, anti-BAM 490 (Mabtech) was added and incubated for 1

hour at room temperature. The plates were dried and spot counting

was performed using Iris fluorospot reader (Mabtech). The number

of IFN-g-producing cells in the control medium was subtracted

from the number of IFN-g producing cells in activated assays, and

the results were expressed as spot number per 106 PBMCs.
Fluorescent monoclonal antibody cocktails

The phenotype of leukocyte subpopulations was evaluated in

freshly isolated leukocytes. Surface phenotyping was performed

using the following 9-color panel of mAb: BUV395-conjugated

anti-cluster of differentiation (CD)45 mAb and APC-H7-

conjugated anti-CD3 mAb were purchased from BD Biosciences;

BV421-conjugated anti-CD14 mAb, BV605-conjugated anti-CD19

mAb, BV711-conjugated anti-CD56 mAb, fluorescein

isothiocyanate (FITC)-conjugated anti-CD4 mAb, phycoerythrin

(PE)-conjugated anti-CD66b mAb, allophycocyanin (APC)-

conjugated anti-T cell receptor (TCR)gd and the live/dead marker

Zombie Aqua were purchased from Biolegend.

To evaluate the phenotype of monocytes and neutrophils, we

used freshly isolated PBMCs and freshly isolated leukocytes,

respectively. Both cell suspensions were incubated overnight at

37°C with or without E6020 TLR4-agonist or CpG TLR2-agonist.

Surface phenotyping of monocytes was performed using the

following 8-color panel of monoclonal antibodies: BUV395-

conjugated anti-CD45 mAb and BV421-conjugated anti-CD282

mAb were purchased from BD Biosciences; APC-FIRE-

conjugated anti-CD14 mAb, BV605-conjugated anti-C-C

chemokine receptor 2 (CCR2) mAb, BV711-conjugated anti-

HLA-DR mAb, AF488-conjugated anti-CD86 mAb, APC-
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conjugated anti-CD284 mAb and the live/dead marker Zombie

Aqua were purchased from Biolegend.

Surface phenotyping of neutrophils was performed using the

following 8-color panel of mAb: BUV395-conjugated anti-CD45

mAb and BV421-conjugated anti-CD66b mAb were purchased

from BD Biosciences; APC-FIRE-conjugated anti-CD11b mAb,

BV605-conjugated anti-CD64 mAb, BV711-conjugated anti-CD16

mAb, FITC-conjugated anti-CD35 mAb, PE-conjugated anti-

CD181 mAb and the live/dead marker Zombie Aqua were

purchased from Biolegend. All fluorescent antibodies were

previously titrated to determine their optimal concentration and

fluorescence-minus-one controls were included.
Immunostaining and flow
cytometry analysis

For immunostaining, purified PBMCs or leukocytes were

seeded in a 96-V-well plate at a concentration of 500,000 cells/

well and cells were then washed in PBS 0.1% BSA (washing buffer).

Fc receptors were blocked for 10 minutes with TruStain

(BioLegend) diluted to 1/100 in washing buffer. The fluorescent

antibody cocktails were added and incubated for 30 minutes. After

washing, live/dead cells were identified by adding Zombie aqua for

15 minutes. After 2 additional washes, cells were immediately

counted on the BD Fortessa X20 cytometer, using DIVA software

(BD Biosciences). Compensations were automatically done by

DIVA software with single fluorescent staining. To ensure

consistent and reproducible Mean Fluorescent Intensities (MFI)

over time, the voltages of each PMT were saved in the “application

settings” of the instrument and the cytometer was calibrated daily

with CST beads (BD Biosciences). Ten thousand events were

acquired for each assay.

Analysis was performed using Flow Jo software (BD

Biosciences) according to the following strategy. First, the cells

acquired out of a stable flow were excluded using the dot plot FSC/

Time. Second, doublets of cells were excluded using the dot plot

FSC-Area/FSC-Height. Then, cellular debris and residual red cells

were excluded from leukocytes using forward scatter (FSC: cell size)

and side scatter (SSC: cell complexity). To determine leukocyte

subpopulations, we first used a dot plot CD66b/CD14 to define the

CD66+ PMN population, CD14+ monocyte population and CD66-

CD14- lymphocyte population. Then, using a CD3/CD19 dot plot

defined on the lymphocyte gate, we evaluated T- and B- cell

populations respectively. In parallel using a CD3/CD56 dot plot

defined on the lymphocyte gate, we evaluated natural killer (NK)

cell and natural killer T (NKT) cell populations. Finally, using a

CD4/TCRgd dot plot defined on the CD3+ cell gate, we evaluated

CD4+, TCRgd+ and CD4- cell populations. CD4-/TCRgd- cells were
used to estimate CD8+ T cell numbers and CD3+ CD56+ cells were

used to estimate NKT cell numbers.

Each leukocyte subpopulation was expressed as a percentage of

total viable leukocytes. To determine the absolute number of each

cell subpopulation per mL of blood, the percentage of each

subpopulation was multiplied by the concentration of total
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leukocytes determined with Muse® Cell Analyzer. The expression

of various PMN and monocytes markers were measured

respectively on CD66b+ and CD14+ cells and expressed as MFI.
Statistical analyses

Descriptive and univariate analyses were performed using SAS

statistical software (v9.4 on WISE environment) and multivariate

analyses were conducted in RStudio using R statistical software

(v.3.6). Variables were log10 transformed prior to statistical analysis.

Distributions were examined through QQ-plots and Shapiro Wilks

testing to identify those normally distributed and those that did not

have a Gaussian distribution.

Correlation analysis
Spearman correlations were computed separately for each

group (Controls, ESRD M0, ESRD M6, ESRD M12) given that

most biological parameters did not have a Gaussian distribution.

The correlation coefficient (r) was computed between all available

biomarkers and between age (Table S1).

Univariate analyses
For each biological parameter, each of the sampling time-points

(ESRD M0, ESRD M6, ESRD M12) was compared with the control

group using a one-way parametric analysis of variance (ANOVA)

model when the parameter displayed a normal distribution (with a

repeated statement if needed to account for group heterogeneity).

Otherwise a non-parametric Wilcoxon rank-sum test was applied.

A Dunnett adjustment was applied to account for multiple testing

in the parametric analysis and a false discovery rate (FDR)

correction was applied in the non-parametric analysis. For

pairwise comparisons between each sampling time-point, a Tukey

adjustment was used in parametric analyses and an FDR correction

in the non-parametric analyses. Further details of the

methodologies for burst analysis and longitudinal analysis is

available in Tables S2, S3.

Multivariate analyses
Sparse partial least squares discriminant analysis (sPLS-DA)

was performed to identify linear combinations of 50 measured

biological parameters that discriminate between two groups with

above or below a defined burst value threshold: burst value

threshold ≥25th percentile of control values or burst value <25th

percentile of control values. This methodology was previously

described in detail (19–21).
Mortality analysis
The association between the levels of three outlined lymphocyte

variables (including B-lymphocytes, T-lymphocytes and TCRgd T-

cells) and the risk of death was investigated by using Cox

proportional hazards regression models to estimate hazard ratios

(HR) and 95% confidence intervals (95% CI). Breslow’s method was

adopted for handling time ties computed to relate to the risk of

death expressed as HR. The analysis was performed on the ESRD
Frontiers in Immunology 05
patients, using the latest values available for each subject. The time

of exit was the date of death, loss-to-follow up or last sampling date.

The analysis was adjusted for both patient comorbidity (Charlson

index) and age.
Results

ESRD patient cohort

Forty-eight ESRD patients displaying similar stages of renal

failure were included in the study. The cohort comprised 28 men

and 20 women with a median age of 66 years, ranging from 24 to 82

years (Table 1A). The incidence of mortality was 13% and there

were six deaths reported during the one-year follow-up: three before

M6 sampling and three before M12 sampling. Five patients

discontinued the study to receive dialysis elsewhere (two before

M6 sampling and three before M12 sampling). Thus, 43 patients

were studied at M6 and 37 at M12. Hemodialysis was performed on

catheter in 38 patients (79.2%) at M0, in 22 patients (51.2%) at M6

and 18 (48.6%) at M12. Arterio-venous fistula replaced catheter

progressively along the follow-up. The incidence of S. aureus

infection was 6% during the follow-up year. Three out of 48
TABLE 1A Patient characteristics – ESRD patient cohort.

Patient demographics

Sex

Men, n 28

Women, n 20

Median age (range), years 66 (24-82)

Median dialysis vintage (range), days 60 (25-120)

Incidence of diabetes 38%

Incidence of high blood pressure 35%

Median Charlson comorbidity index 3

S. aureus infected patients*, percent (n/M) 6% (3/48)

Deaths*, percent (n/M) 13% (6/48)

*S. aureus infections 1 bacteremia, 1 surgical site infection and 1 cutaneous infection (blood
culture) and deaths are reported over the 12-month follow-up period.
fr
TABLE 1B Biochemical data and S. aureus carriage at each visit.

M0
(N=48)

M6
(N=43)

M12
(N=38)

S. aureus carriage* (%) 26 32 21

Uremia (mmol/L) 22 23 24

Glycemia (mmol/L) 9 8 7

CH50 (units/mL) 71 73 77

C3 (g/L) 1.02 1.00 1.12

*S. aureus carriage determined by nasal swab.
M, month.
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patients were infected, of which two were infected once and one was

infected twice. Indeed, the progressive replacement of catheters by

fistulas over time in ESRD cohort must have decrease the exposition

to S. aureus and the risk of bacteremia. As expected, uremia and

glycemia levels were elevated above normal values in this cohort

(Table 1B). These values remained stable throughout the one-year

follow-up. The complement factors evaluated (CH50, C3) were

normal at inclusion and stable throughout the year of follow-up.

Sixty-two healthy subjects from EFS were included as the control

population. The ages of the control population ranged from 18 to 70

years old. Spearman correlations between age and each immune

parameter were computed to exclude any confounding effect of age

on the immune status of ESRD patients (r<0.5; Table S1). Moreover,

where relevant, all statistical analyses were adjusted for age.
Impairment of functional immunity against
S. aureus was attributable to impaired
serum but not to PMN in ESRD patients

The effect of immune dysregulation on effector immunity against S.

aureus in ESRD patients was assessed by measuring the ability of the S.

aureusNewman strain to escape bacterial clearance in peripheral blood

over a 1-hour incubation period. Compared with healthy donors, S.

aureus survival was significantly increased (p =0.049) in the whole

blood of ESRD patients collected at patient inclusion (M0). However,

the increase appeared to be transient and was no longer significant after

6 months or 12 months of HD (Figure 1A).

To further investigate functional immunity against S. aureus in

ESRDHD patients, the oxidative burst activity of PMN against bacteria

was assessed, using native or heat-inactivated autologous serum

(Figure 1B). When PMN and S. aureus bacteria were co-incubated

with autologous native serum, a significant decrease in oxidative burst

activity (p <0.01; Table S2) and a higher heterogeneity of response was

measured in the ESRD cohort compared with the controls. These

impairments persisted throughout the one-year follow-up period in the

ESRD cohort. Compared with native sera, heat inactivation, which is

deleterious for complement activity, induced a significant decrease in

burst activity in the control group (p=0.001; Table S3) but did not

significantly affect burst activity in the ESRD cohort.

When PMN and S. aureus were co-incubated with healthy

serum instead of autologous serum, oxidative burst activity was

restored in ESRD HD patients (Figure 1B). Burst impairment in the

ESRD HD cohort may therefore be attributed to a defect in their

serum compounds rather than to a defect in their neutrophils.
Anti-S. aureus humoral immunity is
impaired in ESRD HD patients

Specific IgG responses were assessed by ELISA on two vaccine

prototype antigens: IsdB, a membrane antigen and Hla, a secreted

antigen. In ESRD HD patients, anti-IsdB IgG ELISA titers were lower

at M0 (p=0.003) and M6 (p=0.05) compared with control subjects.

However, at M12, anti-IsdB IgG titers in ESRD patients were similar to
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those of the controls (Figure 2A). Similarly, anti-S. aureusHla IgG titers

were significantly lower in ESRDHD patients at M0 (p=0.007) andM6

(p=0.03) compared with the control group but were not different at

M12 (Figure 2B), indicating that the anti-S. aureus-specific response

was restored at the end of the one-year follow-up.
Anti-S. aureus Th-cell immunity is impaired
in ESRD patients

To complete the monitoring of the adaptive response, Th-cell

responses specific to S. aureus IsdB and Hla antigens were assessed

ex vivo in PBMC using T-cell ELISPOT. In each group, individuals

displaying more than 10 spots per 106 PBMC were identified as

responders to S. aureus prototype antigens. Forty-five percent of

healthy donors were responders to Hla. In comparison, only 10% of

ESRD patients showed such a response at M0 (Table 2). Moreover,

in ESRD responders, the frequencies of IFNg-producing Th-cells

specific to Hla tended to be lower at M0 than in healthy donors

(Figure 3A). Over the one-year follow-up, the frequency of ESRD

responders gradually increased to around 30% (Table 2). Unlike

Hla, no differences between ESRD patients and healthy donors were
A

B

FIGURE 1

Bacteria survival in blood and oxidative burst measurement in
neutrophils (A) Frequency of bacteria surviving in blood after one-
hour incubation. (B) Frequency of activated polymorphonuclear cells
in presence of S. aureus autologous or healthy serum. * p<0.05; **
p<0.01; *** p<0.001; ns, non significant. DHR, dihydrorhodamine;
ESRD, end-stage renal disease; M, month; PMN, polymorphonuclear
cells. The horizontal lines of the box plots indicate the first quartile
(bottom line), the median (middle line) and the third quartile (top
line); minimum and maximum values are indicated by the bottom
and top of the vertical lines (whiskers).
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highlighted for Th-cell responses specific to IsdB at M0, M6 or M12

(Figure 3B). Additionally, the level of specific Th-cell response in S.

aureus infected ESRD patients during the study did not differ

compared with non-infected patients (data not shown).
B- and T-lymphocyte blood
concentrations were dramatically
decreased in ESRD-patients

The concentration of leukocyte subsets was assessed in

peripheral blood collected at M0, M6 and M12. The whole

lymphocyte population was largely decreased in ESRD patients at
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inclusion (M0) compared with healthy donors (p<0.01; S3), which

persisted throughout the one-year clinical follow-up (Table 3).

Simultaneously, an increase in neutrophils was observed in ESRD

patients (p=0.006), leading to an increase in the myeloid to

lymphoid cell ratio in this cohort (Figure 4A). Contrary to NK-

and NKT-cell numbers, which were slightly reduced in ESRD

patients, T- and B-cells were considerably reduced (Figure 4B).

ESRD patients displayed a 60% reduction in B-cell concentration

and a 40% reduction in T-cell concentration, compared with

healthy controls. Further investigation of T-cell subsets showed

that CD4+, CD8+ and TCRgd+ T-cell populations were all

dramatically reduced in ESRD patients (p<0.001; S3). TCRgd+ T

cells appeared to be the most impacted, with 17 out of 48 ESRD

patients displaying a concentration below the normal range defined

for the healthy population (Figure 4B).

B cells were the most impacted by ESRD status. B-cell

concentrations in ESRD patients at M0, M6 and M12 were

significantly lower than those measured in healthy donors (p ≤

0.001; Table S2). In addition, 28 out of 48 ESRD patients displayed

B-cell concentrations below the normal range defined for the

healthy controls. For the ESRD cohort, the geometric mean for B-

cell concentration (3.6 x 104 cells/mL of blood) was below the

normal range.

Concomitantly with the decrease in B cells, total serum IgM

titers were considerably reduced at inclusion (p=0.004) and this

decrease was maintained throughout the one-year follow-up

(Figure 5). Conversely, total serum IgG and IgA titers were

unaltered in ESRD patients compared with healthy donors.
Potential association between B-cell
concentration and ESRD patient outcome

Given that B cells, total T cells and TCRgd+ T cells were

decreased in ESRD patients, a possible correlation of these cell

concentrations with ESRD patient outcome was further

investigated. Over the one-year HD protocol, six male patients

died before the end of the study. A further five patients were either

transferred to another dialysis center or started peritoneal dialysis

and were excluded from the analysis. Cox proportional hazards

models showed that high B-cell depletion in ESRD patients tended

to be associated with a higher risk of mortality (p=0.059; Table 4).

Although total T cells and TCRgd+ T cells were significantly

depleted, no significant association with ESRD patient outcome

was noted in this study.
A

B

FIGURE 2

IgG titers anti-IsdB (A). IgG titers anti-Hla (B). S. aureus antigen-
specific IgG response. *p<0.05; **p<0.01. ESRD, end-stage renal
disease; Hla, a hemolysin; IgG, immunoglobulin G; IsdB, iron surface
determinant B; M, month. The horizontal line indicates geometric
means.
TABLE 2 Frequency of patients displaying a S. aureus antigen specific IFNg response.

EFS
(n=62)

ESRD M0
(n=48)

ESRD M6
(n=43)

ESRD M12
(n=38)

Hla response 45% 10% 28% 30%

IsdB response 66% 65% 69% 67%
EFS, Etablissement Français du Sang; ESRD, end-stage renal disease; Hla, a hemolysin; IsdB, Iron surface determinant B; M, month.
The number of IFNg secreting cells was evaluated by Fluorospot. PBMC were restimulated 24 hours in the presence of Hla or IsdB S. aureus antigens at 10µg/mL. IFNg response was estimated to
be positive above the threshold of 10 spots per million PBMC.
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Monocyte impairments in ESRD
patients were restored after one-year
of hemodialysis

The concentration of the monocyte population was not

impaired in ESRD patients compared with controls (Table 5). To

further investigate monocyte functionality in ESRD patients, fresh

PBMC were stimulated in vitro with either synthetic unmethylated

CpG oligodeoxynucleotides, a TLR9 agonist, or with E6020, a TLR4

agonist. Monocyte functionality was assessed by flow cytometry,

monitoring both basal and activated expressions of five key markers

involved in inflammatory response induction (TLR2 and TLR4),

monocyte migration (CCR2) and initiation of the adaptive immune

response (HLA-DR and CD86).
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TLR2 basal and activated expression levels on monocytes were

significantly down-regulated in ESRD patients at M0 compared

with healthy donors; this down-regulation persisted throughout the

one-year follow-up (Tables 5; S2). However, the basal/activated

expression ratio did not differ between ESRD patients and controls.

In ESRD patients, basal and activated TLR4 expression levels on

monocytes progressively decreased from M6 to M12 and were

significantly downregulated at M12, compared with M0 (Tables

S4, S2).

Basal expression of CCR2 on monocytes was not significantly

modified in ESRD patients compared with controls. However,

under TLR4-agonist activation, CCR2 was down-regulated to a

greater extent in ESRD patients than in healthy controls at M0 (p ≤

0.001). This difference in CCR2 down-regulation remained
A B

FIGURE 3

S. aureus antigen-specific IFNg response. ESRD, end-stage renal disease; Hla, a hemolysin; IFNg, interferon g; IsdB, iron surface determinant B; M,
month. Hla stimulation (A). IsdB stimulation (B). Data show number of spots per 106 PBMC. For each box and whisker plot, the horizontal lines of the
box indicate the first quartile (bottom line), the median (middle line) and the third quartile (top line); minimum and maximum values are indicated by
the bottom and top of the vertical lines (whiskers).
TABLE 3 Absolute numbers of leukocyte subsets.

Cell subset EFS controls
(n=62)

ESRD patients at M0
(n=48)

ESRD patients at M6
(n=43)

ESRD patients at M12
(n=38)

Leukocytes (106/mL) 3.23 (2.98, 3.51) 3.65 (3.15, 4.22) 3.17 (2.87, 3.50) 3.51 (2.96, 4.16)

Monocytes (106/mL) 0.18 (0.16, 0.20) 0.20 (0.17, 0.24) 0.18 (0.16, 0.21) 0.18 (0.14, 0.22)

Neutrophils (106/mL) 1.83 (1.65, 2.03) 2.55 (2.15, 3.04) ** 2.17 (1.93, 2.45) 2.43 (1.99, 2.93)

Lymphocytes (106/mL) 1.08 (0.99, 1.19) 0.69 (0.59, 0.81) *** 0.68 (0.58, 0.79) *** 0.72 (0.59, 0.88) **

T Lymphocytes (106/mL) 0.73 (0.67, 0.81) 0.45 (0.37, 0.54) *** 0.43 (0.36, 0.51) *** 0.44 (0.36, 0.54) ***

B Lymphocytes (104/mL) 11.39 (10.1, 12.8) 3.64 (2.67, 4.99) *** 3.83 (2.75, 5.35) *** 4.40 (2.94, 6.61) **

NK cells (104/mL) 11.00 (9.35, 12.9) 7.13 (5.80, 8.74) * 8.48 (6.91, 10.4) 9.92 (7.64, 12.9)

NKT cells (104/mL) 4.18 (3.48, 5.01) 2.80 (2.04, 3.83) 2.71 (1.98, 3.70) 2.64 (1.97, 3.54)

CD4+ T-lymphocytes (104/mL) 45.42 (40.6, 50.8) 28.27 (23.4, 34.3) *** 27.56 (23.0, 32.8) *** 29.12 (23.4, 36.3) **

CD8+ T-lymphocytes (104/mL) 20.95 (18.3, 24.0) 12.95 (10.4, 16.2) ** 12.19 (9.80, 15.20) ** 11.47 (9.14, 14.40) ***

TCRgd T-lymphocytes (104/mL) 2.60 (2.15, 3.13) 1.10 (0.82, 1.44) *** 1.06 (0.82, 1.36) *** 0.85 (0.64, 1.13) ***
CD, cluster of differentiation; EFS, Etablissement Français du Sang; ESRD, end-stage renal disease; NK, natural killer; TCR, T cell receptor.
Absolute numbers of leukocyte subpopulations, expressed as the number of cells per mL of blood: geometric means with geometric CI.
In bold: significant difference compared with control group: * p<0.05; ** p<0.01; ***p<0.001.
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significant, albeit to a lesser extent, at M6 (p=0.04) and was no

longer evident after 12 months of HD. In addition, longitudinal

statistical analysis confirmed that the restoration of CCR2

activation during HD occurred at the level of each patient

(p=0.006, M0 vs M12; Table S5).

HLA-DR basal and E6020-activated expression on monocytes

was significantly decreased in ESRD patients compared with

healthy donors at M0 (p ≤ 0.001). The significant decrease of

HLA-DR-activated expression was still observed in ESRD patients

at M6 (p=0.02). However, basal and activated expression of HLA-

DR was gradually restored from M0 to M12 and was similar to the

expression levels observed in healthy controls at the end of the one-

year follow-up. Moreover, the basal/activated expression ratio was

significantly different between ESRD patients and healthy controls

at M0 (p<0.05; Table S2), reflecting a decrease in monocyte
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activation. Unlike HLA-DR, CD86 was not altered in ESRD

patients compared to the control group.
Neutrophil phenotype was not altered in
ESRD patients

Neutrophils are the main effector cells for S. aureus clearance.

Neutrophil concentration was increased in ESRD patients at

inclusion (M0) compared with healthy controls (p=0.006) and

returned to a physiological level after 6 months of HD (Table 5).

To further investigate neutrophil functionality in ESRD patients,

whole leukocytes were stimulated in vitro and the expression of four

key surface markers (C-X-C chemokine receptor 1 [CXCR1].

CD11b, CD16 and CD35) involved either in migration or
A

B

FIGURE 4

Lymphocyte numbers. (A) Relative numbers of polymorphonuclear cells, monocytes and lymphocytes. (B) Lymphocyte counts over the one-year
follow-up period. *p<0.05; **p<0.01; ***p<0.001. CD, cluster of differentiation; ESRD, end-stage renal disease; M, month; N, number of subjects;
PMN, polymorphonuclear cells. The horizontal line indicates geometric means.
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opsonophagocytic activity was monitored using flow cytometry. No

difference in CXCR1 expression was observed between the ESRD

patients and controls. Similarly, no difference was observed in

CD11b basal expression between ESRD patients and controls.

However, upon activation with CpG, CD11b expression was

significantly decreased in ESRD patients compared with the

controls at M0 (p=0.02). This reduced expression in ESRD

patients was greater at M12 (p=0.002). The basal to activated

expression ratio was significantly different between ESRD patients

and controls at M0 (p<0.01), reflecting a decrease in

PMN activation.

The basal expression of CD16 on neutrophils was decreased in

ESRD patients compared with healthy controls at M0 (p=0.02) but

the decrease was not more significant at M6 and M12. The basal

expression of CD35 as well as expression on activated neutrophils

remained unchanged in ESRD patients compared with controls.
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Multivariate analysis revealed a major
impairment of the humoral response in
ESRD patients

To identify an immunological signature that can discriminate

between low and high oxidative burst levels, a sPLS-DA analysis was

conducted including data from ESRD HD patients at inclusion

(M0) and data from controls (Figure 6). Immunological signatures

were identified mirroring a data-driven discrimination between

individuals based on levels of oxidative burst activity. Individuals

were classified into two groups according to their level of oxidative

burst activity (expressed as a percentage of DHR+ PMN). The cut-

off value to separate the two groups was 71% and was determined as

the 25th percentile of healthy individual distribution (Figure 1A,

native serum). ESRD and healthy individuals displaying a

percentage value above 71% of oxidative burst were considered as
FIGURE 5

Total serum Ig titers. * p<0.05; ** p<0.01. ESRD, end-stage renal disease; Ig, immunoglobulin; M, month. The horizontal line indicates geometric
means.
TABLE 4 B-cell number was associated with patient outcome.

Beta coefficient HR (95% CI) P value

B lymphocytes - 1.69 0.18 (0.03, 1.07) 0.0589

T lymphocytes -0.49 0.61 (0.004, 98.36) 0.850

TCRgd lymphocytes -0.42 0.66 (0.04, 10.11) 0.766

Age 0.14 1.15 (0.97, 1.36) 0.116

Comorbidity -0.14 0.87 (0.54, 1.43) 0.588
fron
CI, confidence intervals; HR, hazard ratio; TCR, T-cell receptor.
HR and their associated 95% CI are presented along with original linear estimates (beta coefficients) and p-values. These results stem from a series of multivariate Cox proportional hazard models
examining the association between each of the presented variables and mortality. ESRD patient comorbidities were evaluated using Charlson comorbidity index.
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having functional oxidative burst activity, whereas those with a

value below 71% were considered as having altered oxidative burst

activity. Various immunological parameters could be associated

with functional or impaired oxidative burst (Figure 6). The loading

value of each biological parameter analyzed in sPLS-DA showed

that humoral immunity (positive loadings) was predominantly

associated with the oxidative burst functionality (displaying

positive loadings as well) (Figure 6). IgG specific to S. aureus,

total IgG and B-cell number displayed the highest loading values.

TCRgd+ and CD4+ T-cells displayed lower values but could also be

associated with the functionality of oxidative burst. To a lesser
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extent, CD8+ T-cell numbers and PMN numbers also appeared to

be associated with oxidative burst functionality: positively for CD8+

T-cell number and negatively for PMN number. A summary of

immunological results can be seen in Figure 7.
Discussion

In the present study, innate and natural anti-S. aureus

immunity were evaluated within a cohort of 48 ESRD patients

who recently started HD treatment and followed over one year-HD
TABLE 5 Phenotype of innate cells.

Cellular subset Marker Controls
(n=58)

ESRD patients at M0
(n=46)

ESRD patients at M6
(n=42) ESRD patients at M12 (n=38)

Monocytes Basal CD86 1091 (1003,1187) 1019 (931, 1115) 1118 (1038, 1205) 1065 (1003, 1130)

Activated CD86 919 (845, 999) 998 (906, 1101) 1062 (979, 1153) 1010 (962, 1060)

Basal CCR2 2880 (2458, 3374) 2480 (2033, 3026) 3064 (2597, 3613) 2948 (2428, 3581)

Activated CCR2 909 (839, 984) 675 (610, 747)*** 757 (714, 803)** 821 (784, 861)

Basal TLR2 5582 (5120, 6086) 4587 (4025, 5228)* 4510 (4091, 4972)* 4903 (4457, 5394)

Activated TLR2 9792 9146, 10483) 8228 (7504, 9023)* 7833 (7181, 8545)** 8144 (7402, 8959)*

Basal TLR4 2428 (2057, 2866) 2823 (2280, 3494) 1933 (1644, 2272) 1634 (1466, 1820)

Activated TLR4 2367 (1989, 2816) 2666 (2184, 3255) 1873 (1593, 2202) 1589 (1417, 1782)

Basal HLADR 3847 (3333, 4441) 2478 (2056, 2987)** 2998 (2604, 3452) 3895 (3283, 4622)

Activated HLADR 12696 (10915, 14768) 6282 (5270, 7487)*** 8799 (7505, 10317)* 11418 (9569, 13623)

CCR2 ratio x 3,17 (2.76, 3.64) 3,68 (3.04, 4.44) 4,05 (3.44, 4.76) 3,59 (2.99, 4.31)

TLR2 ratio x 0,57 (0.53, 0.61) 0,56 (0.51, 0.61) 0,58 (0.52, 0.63) 0,60 (0.54, 0.67)

HLA-DR ratio x 0,30 (0.27, 0.34) 0,39 (0.33, 0.47)* 0,34 (0.30, 0.39) 0,34 (0.29, 0.40)

PMN Basal CD11b 1506 1286, 1763) 1450 (1278, 1644) 1413 (1211, 1649) 1266 (1066, 1503)

Activated CD11b 2334 (2070,2631) 1804 (1608, 2025)* 1831 (1578,2125) 1599 (1387, 1844)*

Basal CD35 1667 (1549, 1794) 1880 (1732, 2040) 1741 (1544, 1964) 1758 (1608, 1921)

Activated CD35 2416 (2232, 2616) 2590 (2358, 2845) 2492 (2162, 2873) 2224 (1985, 2492)

Basal CXCR1 5758 (5318, 6236) 5131 (4605, 5717) 5783 (5284, 6330) 5794 (5332, 6296)

Activated CXCR1 2345 (2027, 2714) 2394 (2044, 2804) 2543 (2122, 3048) 2521 (2138, 2973)

basal CD16 45352 (41191, 49933) 37751 (34648, 41132)* 38521 (35460, 41848) 38978 (35742, 42507)

Activated CD16 32006 (29406, 34836) 28761 (26094, 31700) 28357 (26029, 30893) 27950 (25470, 30672)

CD11b ratio x 0,65 (0.58, 0.72) 0,80 (0.75, 0.87)* 0,77 (0.73, 0.82) 0,86 (0.80, 0.93)

CD35 ratio x 0,69 (0.64, 0.74) 0,73 (0.66, 0.80) 0,70 (0.64, 0.76) 0,80 (0.73, 0.87)

CD16 ratio x 1,42 (1.31, 1.54) 1,31 (1.22, 1.41) 1,36 (1.27, 1.45) 1,40 (1.28, 1.53)

PBMC Secreted IL1b 1542 (1104, 2153) 874 (575, 1330) 1292 (944, 1767) 1305 (1025, 1662)

Secreted IL10 571 (445, 734) 514 (374, 706) 560 (438, 715) 530 (419, 669)

Secreted TNFa 20500 (14947, 28117) 18580 (13072, 26408) 29300 (22004, 39016) 23778 (18506, 30551)
CCR2, C-C chemokine receptor 2; CD, cluster of differentiation; CXCR1, C-X-C chemokine receptor 1; HLA-DR, human leucocyte antigen DR; IL, interleukin; M, month; PBMC, peripheral
blood monocyte; PMN, polymorphonuclear cell; TLR, toll-like receptor; TNFa, tumor necrosis factor a; x, ratio of basal mean fluorescent intensities/activated mean fluorescent intensities.
For PMNs and monocytes, marker expression levels were expressed as the Mean Fluorescence Intensity (MFI): geometric mean with geometric CI.
For PBMCs, cytokine concentration was expressed in pg/mL: geometric mean with geometric CI.
In bold: significant differences compared with control group: * p<0.05; **p<0.01; ***p<0.001.
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treatment. Our results do not anticipate the immune status of these

patients beyond this timeframe. They may be in contradiction with

previously published data concerning patients after several years

of dialysis.
Added value of the longitudinal study

The longitudinal design allowed us to monitor multiple

parameters of innate and adaptive immunity in the same ESRD

HD patient over a one-year follow-up period and assess the effect of

HD on immune dysregulation and its impact on immune responses

to S. aureus. Several impaired biomarkers were irreversibly

dysregulated over this period, mainly those linked to adaptive

immunity. The reduction in concentrations of all lymphocyte

subpopulations was sustained throughout the study. Conversely,

some impaired biomarkers had returned to their normal ranges by

month 12. Indeed, the number of PMNs, which were increased at

study inclusion, returned to the concentration measured in the

control group after one year of HD. Similarly, CCR2 and HLA-DR

expression, which were dysregulated on activated monocytes at

study inclusion, returned to normal expression levels after one year

of HD. These data suggest that ESRD HD immune system would be
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better armed, for antigen presentation and APC recruitment, after

one year than at the start of HD. However, we cannot exclude that

this beneficial effect is restricted to the first year of HD.
Anti-S. aureus specific immunity

Opsonophagocytosis and oxidative burst activity are key

immune mechanisms involved in bacterial clearance during S.

aureus infection (22–24). In this longitudinal study, deficient

oxidative burst activity was observed in PMNs from ESRD

patients, co-incubated with S. aureus Newman bacteria, compared

with those from controls, as previously reported (25, 26). Moreover,

the oxidative burst impairment was sustained during the one-year

ESRD HD patient follow-up period. Under the experimental

conditions of this study, altered serum compounds, rather than

neutrophil function failure, appeared to be responsible for the

oxidative burst impairment. The significant decrease in S. aureus-

specific opsonizing IgG could be one of the serum parameters

contributing to the impaired oxidative burst activity in ESRD

patients (25, 26).

In addition to opsonizing IgG decrease, neutralizing antibodies

specific to Hla, one of the main S. aureus virulence factors, often
FIGURE 6

Multivariate analysis: Sparse partial least squares discriminant analysis. Positive loading values are associated with functional oxidative burst and
negative loading values are associated with impaired oxidative burst. CCR2, C-C chemokine receptor 2; CD, cluster of differentiation; CXCR1, C-X-C
chemokine receptor 1; Hla, a hemolysin; HLA-DR, Human leucocyte antigen DR; Ig, immunoglobulin; IL, interleukin; IsdB, iron surface determinant
B; M, month; NK, natural killer; TCR, T cell receptor; TLR, toll-like receptor; TNFa, tumor necrosis factor a.*Ratio is the ratio of mean fluorescent
intensity (basal marker)/mean fluorescent intensity (activated marker).
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targeted in anti-S. aureus therapies and vaccines (27), were also

reduced in ESRD HD. These data inform on a global depletion of

natural anti-S. aureus humoral immunity, which is likely linked to

global B-cell depletion.

The survival of bacteria was also significantly increased in

peripheral whole blood from ESRD HD patients compared with

controls at the time of inclusion, suggesting that oxidative burst

deficiency in ESRD HD patients increased bacterial resistance to

clearance. Six months after patient inclusion, the increased survival

of bacteria in blood from ESRD HD patients was no longer observed,

although the oxidative burst activity remained altered until the end of

the follow-up. One hypothesis to explain this discrepancy could be the

occurrence of NETosis, an anti-infection mechanism deployed by

PMNs, independent of opsonophagocytosis and independent of

specific antibodies. HD treatment could favor NETosis by reducing

uremic toxins in the blood. Moreover, NETosis has been shown to be

effective against S. aureus infection (28) and to be increased in ESRD

patients (29).

Several studies in mice and patients with defective circulating

CD4+ helper T (Th) cells have shown that CD4+ Th1 and Th17 cells

specific to S. aureus are critical for host protection against infections

(15, 16, 30). In this study, Th cells against S. aureus IsdB, a protein

involved in iron acquisition from host hemoproteins and against S.

aureus Hla were assessed. No difference in Th cells against IsdB was

observed between ESRD patients and controls, whereas the

percentage of individuals displaying Th cells against Hla differed

between the two cohorts. At the time of inclusion, the frequency of

Th cells specific to Hla tended to be lower in ESRD HD patients

than in controls, indicating an impact of renal deficiency on these

specific T-helper responses.

Moreover, the specific antibody and cellular responses of the

three donors infected with S. aureus present a similar profile to that

observed in other patients (data not shown). Only a few donors
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were infected, likely due to the progressive replacement of the

central venous catheter to fistula. The low number of infected

patients among the ESRD HD cohort did not allow us to draw

robust conclusions. A larger-scale study including a higher number

of infected patients may be more representative and highlight some

differences between infected and uninfected patients. In addition,

the study protocol endorsed by the ethical committee included only

3 timepoints for blood sampling (M0, M6 and M12). To optimize

the analysis of the immune response induced by S. aureus infection

in such patients, additional blood samples collected closer to the

time of infection would be more relevant.
B and T-cell decrease

All lymphocyte populations were substantially reduced, mainly

B cells (60% reduction) and T cells (40% reduction) in blood from

ESRD patients compared with controls.

Several studies have previously demonstrated significant B

lymphopenia in ESRD patients (31–36). Here, the longitudinal

and simultaneous monitoring of various immune parameters has

showed that the reduction in B cell frequency was marked greater

than for the other lymphocyte subsets or myeloid cells in ESRD HD

patients. This reduction in B cells was maintained, or even

worsened, during the one-year follow-up. In parallel, a significant

decrease of total serum IgM titers, but not total IgG titers, was

observed in ESRD HD cohort, suggesting a reduction of

predominantly naïve B cells in this patient population. These data

are in line with previous observations suggesting that naïve B cells

are the most affected subpopulation in ESRD patients, due to

enhanced apoptosis (32).

All T-lymphocyte subpopulations also underwent a significant

and persistent decrease over one year in the ESRD HD cohort, as
FIGURE 7

Summary of main immunological results. CCR2, C-C chemokine receptor 2; CD, cluster of differentiation; CXCR1, C-X-C chemokine receptor 1;
ESRD, end-stage renal disease; HLA-DR, Human leucocyte antigen DR; Ig, immunoglobulin; IsdB, iron surface determinant B; M, month; NK, natural
killer; TLR, toll-like receptor.
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previously reported for naïve CD4+ T cells (35, 37, 38). Here, this

decrease was observed for all T cell subpopulations assessed but

TCRgd T-cells were the most impacted. Although unconventional

TCRgd+ T cells account for 0.5% to 10% of all circulating T

lymphocytes (39), they are major producers of IL-17A, TNF-a
and IFNg (40). These cytokines are involved in phagocyte activation

(40, 41) and therefore contribute to the host defense against

bacterial pathogens like S. aureus (42–44). Indeed, a concomitant

and strong decrease of both CD4+- and TCRgd+ T cells in ESRDHD

patients may substantially affect host immunity (45, 46).
B-cell number, a potential biomarker of
ESRD patient outcome

According to the United States Renal Data System (USRDS)

2020 annual data report, kidney failure affects almost 750,000

people per year in the United States. Mortality after one year of

HD treatment is high in ESRD patients and was estimated at 15-

20% during a follow-up period from 2001 to 2016. In our small

longitudinal study, the mortality rate was estimated at 13%, Among

the six patients who died, three died during the first 6 months and

three died between the M6 and M12 visits. As T- and B-cell

numbers were markedly reduced in ESRD HD patients, the

association of lymphocyte reduction with mortality was assessed,

including adjustments for age and comorbidity (Charlson index).

Cox proportional hazards models suggested an association between

B-cell decrease and a prognosis of all-cause mortality in this ESRD

HD cohort. Notably, for the three patients who died after 6 months,

the drop in B-cell number progressed until death. Two recent

studies have reported such an association between B-cell

reduction and all-cause mortality (34, 36). Furthermore, Lin et al.

have shown that a decrease in both B1- and B2-cell subpopulations

was associated with mortality in CKD patients. Although the

diagnosis of ESRD patient mortality has been previously

associated with the decline in naïve T-cell concentrations (47–49),

we failed to demonstrate an association between T-cell decline and

patient mortality under our experimental conditions.
Innate immunity

In its entirety, innate immunity was less impacted than adaptive

immunity in ESRD patients although some parameters were altered.

At inclusion, PMN concentration was significantly higher in ESRD

HD patients than in healthy controls, albeit remaining within the

normal range. These observations are in line with previous studies

reporting similar increased levels in CKD patients (50, 51). After 6

months, PMN levels in the ESRD cohort were comparable to those

in the controls, suggesting a beneficial effect of HD. In this study,

monocyte numbers appeared unchanged in ESRD patients

compared with controls , whereas recent studies have

demonstrated an increase in monocyte number in CKD patients
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(51, 52). This discrepancy may be explained by the population size,

or the early HD period selected for the ESRD patient follow-up.

In ESRD HD cohort, not only PMN concentration but also the

expression of specific markers can be altered. Basal expression of the

adhesion molecule CD11b was not impaired but its expression on

activated phagocytes was significantly decreased in the ESRD HD

cohort as previously reported (53). Moreover, CD11b expression

impairment persisted throughout the one-year follow-up. Impaired

expression of chemokine receptors, modulating monocyte and

neutrophil functions and recruitment, could increase

susceptibility to bacterial infection (54, 55). Here, the basal

expression of CXCR1 on neutrophils, and CCR2 on monocytes,

were impaired in ESRD HD patients. Monocyte activation resulted

in a rapid downregulation of CCR2 surface expression, which was

greater in ESRD HD patients than in controls. This suggests a slow

down or prevention of monocyte migration to the infection site in

this population (56). No difference was observed in CXCR1

expression between ESRD and controls on activated neutrophils,

suggesting that PMN chemotaxis may be not impacted in ESRD

HD patients.

The key role of TLR in host defense against S. aureus has been

described in individuals with a congenital alteration in TLR

signaling, in whom migration of neutrophils and monocytes to

the site of infection is impaired (57). In the present study, although

TLR2 and TLR4 expression was down-regulated. This down-

regulation did not appear to be deleterious, since both receptors

retained their ability to induce monocyte activation. Several studies

have already investigated TLR2 and TLR4 expression on innate

immune cells from ESRD patients, with different conclusions,

probably due to the heterogenous demographic and clinical

characteristics of ESRD cohorts studied (58–60).

The ability of monocytes to present antigens to CD4+ Th cells

was assessed through the expression HLA-DR and CD86. No

significant difference in CD86 expression was observed between

the ESRD patients and controls. Interestingly, basal and activated

expression of HLA-DR was significantly decreased in ESRD HD

patients at M0, compared with controls. These results are in line

with previous published data on monocytes (61) and dendritic cells

(62). However, our longitudinal study showed that levels of both

basal and activated HLA-DR expressions gradually returned to

normal during the one-year follow-up, suggesting a beneficial

effect of HD on the presentation function of monocytes.

We did not report any basal inflammation of the innate immune

cells in the ESRD HD patients, contrary to published data (63).

Indeed, the expression of all innate immune markers monitored in

the present longitudinal study on monocytes and neutrophils was

reduced at each time point and was therefore linked to a decrease

rather than an increase in inflammation status. Moreover, CH50 and

C3 complement molecules titrated in blood as well as inflammatory

cytokines, including IL-6, TNF-a and IL-1b, in ESRD patient sera

were comparable to those in healthy individual sera.

The development of vaccines against S. aureus infection will

have to face the challenge of inducing efficient B- and T-cell
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responses in ESRD patients with impaired adaptive immunity. To

overcome the unresponsiveness of such patients to vaccination,

several protocols have already been successfully tested through

increased vaccine doses and repeated vaccine injections (4).

However, since innate immunity appeared to be functional in

ESRD patients during the first year of HD, the use of an

appropriate vaccine adjuvant could help to promote the adaptive

immune response, circumventing the immunosuppression of

these patients.
Conclusion

Overall, this study showed that innate immunity appeared

to be only slightly altered in ESRD HD patients during the first

year of dialysis. Therefore, the early response to infection or the

innate activation triggered by vaccine adjuvants is expected to

be functional. On the contrary, anti-S. aureus adaptive

immunity was significantly impaired in ESRD HD patients, in

part due to markedly reduced B and T cell blood levels.

Considering that B-cell compartment was the most affected, it

would be of interest to investigate whether B-cell concentration

could be a predictive marker of patient outcome in a larger

ESRD HD population.
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Personnes est-III, Hôpital de Brabois, France. The patients/

participants provided their written informed consent to

participate in this study.
Author contributions

RI, BR, EB-N and SR contributed to the study concept. AD-H,

SR, and EB-N contributed to experiment design. AD-H, M-JA, BB,

AL and EB-N contributed to data acquisition. AD-H, NA, M-JA,

BB, AL, EB-N and SR contributed to data analysis and

interpretation. AD-H, NA and SR contributed to drafting this

publication. AD-H, NA, BR, EB-N and SR contributed to revising

this publication. All authors contributed to the article and approved

the submitted version.
Frontiers in Immunology 15
Funding

This research work is being supported by Sanofi and GIMAP

team from the University Hospital of Saint-Etienne through a

sponsor collaboration agreement. One hundred percent of a lab

technician and 30% of a clinical research associate full-time

employee salary located at Saint Etienne CHU were funded by

Sanofi for study and biological sample management and shipment.

The funder was not involved in the study design, collection,

analysis, interpretation of data, the writing of this article, or the

decision to submit it for publication.
Acknowledgments

We are indebted to all the personnel of the dialysis department of

CHU Saint Etienne and ARTIC 42 who contributed to biological

sample collection, management and logistics, especially Amélie Prier.
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shows intermittent colonization by staphylococcus aureus with a high genetic diversity
in hemodialysis patients. Int J Med microbiology: IJMM (2021) 311(1):151471.
doi: 10.1016/j.ijmm.2020.151471

13. Minegishi Y, Saito M, Nagasawa M, Takada H, Hara T, Tsuchiya S, et al.
Molecular explanation for the contradiction between systemic Th17 defect and
localized bacterial infection in hyper-ige syndrome. J Exp Med (2009) 206(6):1291–
301. doi: 10.1084/jem.20082767

14. Ishigame H, Kakuta S, Nagai T, Kadoki M, Nambu A, Komiyama Y, et al.
Differential roles of interleukin-17a and -17f in host defense against mucoepithelial
bacterial infection and allergic responses. Immunity (2009) 30(1):108–19. doi: 10.1016/
j.immuni.2008.11.009

15. Brown AF, Murphy AG, Lalor SJ, Leech JM, O’Keeffe KM, Mac Aogáin M, et al.
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