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Abstract

Background

On-line hemodiafiltration (HDF) clears more azotemic toxins compared to high-flux hemodi-
alysis (HD). The response to vaccination is impaired in dialysis patients. We wished to deter-
mine whether the immune responses to influenza vaccine in dialysis patients treated by
HDF were stronger than those treated by HD.

Materials and methods

We conducted a prospective cohort study in chronic dialysis patients during the 2016 and
2017 influenza seasons. All participants received a single standard dose of trivalent influ-
enza vaccine, and we studied the elicited humoral immune response by hemagglutination
inhibition test, and cell-mediated immune response by enumeration of lymphocyte cellular
markers and proliferation assays.

Results

We immunized 60 end-stage renal disease (ESRD) patients: 42 (70%) treated with HD and
18 patients (30%) with HDF. The median (interquartile range) age was 65.0 (55.0-74.5)
years. All patients developed seroprotection to at least one influenza vaccine strain at one
month post-vaccination, and did not differ between groups. By logistic regression, age was
the only factor independently associated with seroconversion to all vaccine strains (odds
ratio 0.89, 95% confidence interval 0.80—0.98; p = 0.022). Seroprotection to all vaccine
strains was sustained for longer in patients treated with HDF, and the results remained the
same after age adjustment. For cellular immune response, patients who seroconverted to
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all vaccine strains had higher CD38+ T cell subpopulations pre-vaccination. Patients treated
by HDF had higher lymphocyte proliferation to circulating influenza A strains.

Conclusions

Seroconversion to all influenza vaccine strains was associated with age. Patients treated
with HDF demonstrated seroprotection was sustained for longer compared to those treated
by HD and greater lymphocyte proliferation to circulating influenza A strains. These encour-
aging results for HDF require confirmation in a larger dialysis population.

Trial registration
ClinicalTrial.gov, NCT04122222.

Introduction

The retention of waste products of metabolism in patients with chronic kidney disease (CKD)
leads to impaired function of the immune system; both innate and adaptive immunity [1-3].
There have been reports directly linking the accumulation of azotemic toxins, non-protein
nitrogenous compounds in blood such as blood urea nitrogen, creatinine, phenols, advanced
glycosylation end products, and an impaired or dysregulated immune response [4-6], includ-
ing reduced neutrophil phagocytosis [7], as well as reduced numbers of circulating monocytes
[8], T-lymphocytes [9], and B-lymphocytes [10]. This immune dysregulation increases the risk
of infection, and as deaths from cardiovascular disease continue to fall, infection is an increas-
ing cause of death in CKD patients. Compared to the general population, CKD patients not
only have an approximate two-fold increase in the incidence of pulmonary infections [11], but
also have infections of greater severity as evidenced by higher hospitalization rates, complica-
tions during admission and mortality [12, 13]. Previous studies have reported a 14-16 fold
increase in mortality from respiratory tract infections (RTIs) in hemodialysis patients com-
pared to the general population [14].

Although hemodialysis is an established treatment for end-stage renal disease (ESRD), it is
a life-sustaining treatment; with a long-term survival worse than those of several of the more
common solid organ malignancies [15]. The high mortality may well be multifactorial; reflect-
ing underlying co-morbidity, chronic volume overload, retention of azotemic toxins, chronic
inflammation, and malnutrition. High-flux hemodialysis (HD) increases the range of middle-
sized azotemic toxin clearance compared to the original low-flux dialyzers, but the previous
study did not demonstrate any reduction in mortality from infection in patients treated by HD
[16]. More recently, on-line hemodiafiltration (HDF) has been introduced into clinical prac-
tice, and the addition of convection can potentially lead to a substantially greater removal of
middle-sized azotemic toxins compared to HD. Previous studies have reported that HDF pro-
vided greater clearance of inflammatory cytokines compared to HD, and resulted in lower C-
reactive protein (CRP) concentrations [17], although overall infection rates were comparable
[18].

There have been several studies investigating the response to hepatitis B vaccination, and
the rate of seroconversion is lower in patients with more advanced CKD compared to those
with earlier stages, suggesting that retention of azotemic toxins impairs the immune response
to vaccination [19]. This is supported by a study demonstrating a greater seroconversion rate
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in dialysis patients treated with high flux compared to low flux hemodialysis [20]. We therefore
wished to determine whether HDF, by increasing the spectrum of middle-sized azotemic toxin
clearance, improved the immune response to influenza vaccination compared to HD.

Materials and methods
Study design and participants

A prospective cross-sectional cohort study was conducted in chronic dialysis patients at
Ramathibodi Hospital and Bhumirajanagarindra Kidney Institute Hospital during the 2016
and 2017 influenza seasons. We recruited ESRD patients aged 18 years or older, who had
been treated for more than one month of either thrice weekly HDF or conventional HD,
with a session dialyzer urea clearance (Kt/Vurea) of 1.2 or greater. Since convection volume
in HDF determines the efficacy of azotemic toxin removal and minimum adequate convec-
tion volume is between 17-21 L/session [21], we included patients who had adequate con-
vection volume of approximately 20 L/session. We excluded patients who had received any
vaccination within the previous four weeks, or influenza vaccination within six months.
Additionally, we excluded any patient who reported upper respiratory tract symptoms
within three days prior to the study vaccination and those with a history of allergy to influ-
enza vaccine or egg, thrombocytopenia, in receipt of immunosuppressant medications, che-
motherapy, or had immunodeficiency.

Ethics statement

The study protocol was reviewed and approved by the Ethical Clearance Committee on
Human Right Related to Research Involving Human Subjects of the Faculty of Medicine
Ramathibodi Hospital, Mahidol University (ID 07-59-14), and in accordance with the princi-
ples of the Declaration of Helsinki. Written informed consent was obtained from all
participants.

Influenza immunization

All participants received a single standard dose of inactivated trivalent influenza vaccine: Influ-
vac® vaccines (Abbott, Weesp, The Netherlands), intramuscularly. The 2016 vaccine con-
tained 15 mcg of hemagglutinin per strain of A/California/7/2009, X-181 (HIN1), A/Hong
Kong/4801/2014, X-263B (H3N2), and B/Brisbane/60/2008, wild type. The 2017 vaccine con-
tained 15 mcg of hemagglutinin per strain of A/Singapore/GP1908/2015, IVR-180 (HIN1), A/
Hong Kong/4801/2014, NYMC X-263B (H3N2) and B/Brisbane/60/2008, wild type.

Demographics and clinical data

Relevant information was extracted from hospital medical records; including demographics,
dialysis vintage, dialysis adequacy (Kt/Vurea), comorbid diseases, current drug treatment.
Blood was sampled predialysis at the time of inclusion and analyzed for complete blood count,
urea nitrogen, creatinine, albumin, calcium, phosphorus, parathyroid hormone, and serum
ferritin.

The participants were asked about clinical respiratory tract infection symptoms thrice
weekly when attending for dialysis treatments throughout the study period. Influenza infection
was confirmed by rapid test or PCR-based respiratory viral identification (xTAG™ respiratory
viral panel, Luminex, Austin, TX, US).
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Blood sampling

Blood samples were taken to assess the immune response to vaccination pre-vaccination
(month 0) and post-vaccination at months 1, 6, and 12. Serum was separated, and stored at
-20°C until analysis. For peripheral blood mononuclear cell (PBMC) isolation, 20 mL of
peripheral blood was collected into sodium heparin tubes. PBMCs were then isolated by gradi-

ent centrifugation using Histopaque™ (Sigma-Aldrich, Saint Louis, MO, US) according to the
manufacturer’s instructions.

Influenza antibody titers

Antibody titers were determined by a hemagglutination inhibition (HI) assay. Serum samples
were tested against A/California/7/2009 A(H1N1)pdm09-like, A/Hong Kong/4801/2014-like
(H3N2), B/Brisbane/60/2008-like for the 2016 season and A/Michigan/45/2015-like (HIN1)
pdm09, A/Hong Kong/4801/2014-like (H3N2), B/Brisbane/60/2008-like for the 2017 season.
Briefly, serum samples were treated with receptor-destroying enzyme (RDE; Denka Seiken,
Tokyo, Japan): 300 uL of RDE was added to 25 uL of serum and incubated overnight at 37°C,
followed by adsorption with test red blood cells and heat inactivation to eliminate nonspecific
inhibitors and nonspecific agglutinators. The treated serum was then serially diluted, and 8
hemagglutination (HA) units / 50 ul of the virus were added. The mixture was then incubated
at 25°C for 30 minutes. Inhibition of hemagglutination determined after incubating with 0.5%
goose erythrocytes (provided by National Laboratory Animal Center, Mahidol University) at
25°C for 30 minutes. HI titers were recorded as the inverse of the highest antibody dilution
that inhibited hemagglutination.

Seroconversion was defined as either a pre-vaccination HI antibody titer <1:10 and a post-
vaccination titer >1:40 or a pre-vaccination titer >1:10 and a four-fold or greater increase in
the post-vaccination titer. The seroprotection rate was defined as a HI antibody titer of 1:40 or
more.

Immunophenotyping

The frozen PBMCs stored in liquid nitrogen were thawed and washed in RPMI 1640 medium
(Gibco, Carlsbad, CA, US) supplemented with 10% fetal bovine serum (Merck Millipore, Bur-
lington, MA, US) and containing DNase I (Sigma-Aldrich, Saint Louis, MO, US). Dead cells
were excluded by staining with LIVE/DEAD™ Fixable Aqua Stain (Invitrogen, Carlsbad, CA,
US) at 4°C for 15 minutes. Then, PBMCs were washed and stained with 50 uL monoclonal
antibody cocktail against surface markers for T lymphocyte population including, Pacific
Blue™ anti-human CD3 antibody (1:80), Brilliant Violet 605™ anti-human CD45RO antibody
(1:80), Brilliant Violet 650™ anti-human CD127 (IL-7Ra.) antibody (1:80), Brilliant Violet 711™
anti-human CD28 antibody (1:80), Brilliant Violet 785™ anti-human CD197 (CCR?7) antibody
(1:160), PE/Dazzle™ 594 anti-human CD45RA antibody (1:160), PE/Cy5 anti-human CD25
antibody (1:160), PE/Cy7 anti-human CD38 antibody (1:160), APC anti-human CD57 anti-
body (1:80), Alexa Fluor@® 700 anti-human CD8 antibody (1:80), APC/Cy7 anti-human CD4
antibody (1:160) (BioLegend, San Diego, CA, US), and BV510 mouse anti-human CD235ab
antibody (1:160), PE mouse anti-human CD279 (PD-1) antibody (1:40) (BD Biosciences, San
Jose, CA, USA) followed by intracellularly stained transcription factor Alexa Fluor® 488 anti-
mouse/rat/human FOXP3 antibody (1:80) (BioLegend, San Diego, CA, USA). Antibodies used
for B lymphocyte staining include: Brilliant Violet 711™ anti-human CD27 antibody (1:80),
Brilliant Violet 785™ anti-human HLA-DR antibody (1:160), PE-CF594 mouse anti-human
CD19 antibody (1:160), PE/Cy5 anti-human CD3 antibody (1:160), PE/Cy7 anti-human CD38
antibody (1:160), APC anti-human CD24 antibody (1:80), PE mouse anti-human CD279 (PD-
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1) antibody (1:40) (BD Biosciences, San Jose, CA, USA). Stained cells were analyzed via BD
LSRFortessa (BD Biosciences, San Jose, CA, US). Data were analyzed using Flow]Jo software
(Tree Star, Ashland, OR, US).

Influenza viruses and inactivation

Circulating influenza viruses in Thailand between 2016-2018 were used to study the cell pro-
liferation assay. Influenza A viruses [A/Nonthaburi/140/2016 (A/California/7/2009(HIN1)
pdmO09-like virus), A/Ayutthaya/24/2017 (A/Hong Kong/4801/2014(H3N2)-like virus), A/
Chanthaburi/291/2017 (A/Michigan/45/2015(H1N1)pdm09-like virus), and A/Tak/240/2017
(A/Singapore/INFIMH-16-0019/2016(H3N2)-like virus)] and Influenza B viruses [B/Chiang
Mai/21/2017 (B/Brisbane/60/2008-like virus), and B/Nan/451/2017 (B/Phuket/3073/2013-like
virus; B/Yamagata/16/88 lineage)] were grown in Madin Darby canine kidney (MDCK) cells,
which were kindly provided by Professor Malik Peiris, University of Hong Kong. The cells
were cultured in Minimum Essential Medium (MEM, Gibco, Carlsbad, CA, US) containing

1 pg/mL of L-1-tosylamide-2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin
(Sigma-Aldrich, Saint Louis, MO, US). The infections were performed at 37°C. The cell culture
supernatants containing viruses were collected 48 hours after infection, and were centrifuged
for 15 minutes at 300 g, 4°C. The supernatants were stored at -70°C. Virus titers were quanti-
fied by plaque assay. The cells were seeded in 12-well plates and incubated overnight at 37°C.
Cells were then washed with MEM (Gibco, Carlsbad, CA,US) containing 1 ug/mL of L-1-tosy-
lamide-2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin (Sigma-Aldrich, Saint
Louis, MO, US). One hundred microliters of a 10-fold dilution of the virus were added and the
cells were incubated in a 5% CO, incubator at 37°C with shaking every 15 minutes for 1 hour.
The inoculums were then removed and cells were overlaid with MEM containing 1% low-
melting point agarose gel (Promega, Madison, W1, US). After being incubated for 48 hours,
the cells were fixed with 10% formaldehyde for 1 hour, and then stained with 1% crystal violet
for 20 minutes. Virus stocks were ultraviolet (UV)-inactivated for 30 minutes prior to co-cul-
ture with PBMC.

Lymphocyte proliferation assay

After thawing, PBMCs were stained with carboxyfluorescein succinimidyl ester (CSFE, Invi-
trogen, Carlsbad, CA, US) in the final concentration of 1 pM. The stained cells were co-cul-
tured with UV-inactivated influenza virus obtained from the culture supernatants described in
the previous section or mitogens phytohemagglutinin (positive control, Invitrogen, Carlsbad,
CA, US) for 120 hours at 37°C in a humidified 5% CO, atmosphere. Stimulated cells were
stained with Pacific Blue™ anti-human CD3 antibody (1:80), APC/Cy7 anti-human CD4 anti-
body (1:160), Alexa Fluor@® 700 anti-human CD8 antibody (1:80), and PE-CF594 mouse anti-
human CD19 antibody (1:160) (BioLegend, San Diego, CA, US) for 15 minutes at room tem-
perature, and examined via BD LSRFortessa (BD Biosciences, San Jose, CA, US). Negative con-
trol was unstimulated lymphocytes of the same patients at prevaccination. Individual negative
control was used to normalize the percentage of lymphocyte proliferation.

Statistical analysis

Data were analyzed for normality and descriptive statistics presented as a number (percent)
for categorical variables and median (interquartile range; IQR) for continuous variables. Chi-
square or Fisher’s exact test was used for categorical variables. Mann-Whitney U-tests were
used to compare continuous variables. Logistic regression was used to determine the factors
associated with seroconversion to all three vaccine strain viruses. Variables that presented a p-
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value <0.2 from univariate logistic regression were considered in a multivariate logistic regres-
sion model. Odds ratio (OR) and its 95% confidence interval (CI) were estimated. Outcomes
with repeated measurement were compared using multilevel mixed-effects linear regression
model. All statistical analyses were performed using the Stata statistical software version 15.1
(StataCorp, College Station, TX, US).

Results
Patient characteristics

We studied 60 dialysis patients; 42 (70.0%) treated by HD and 18 (30.0%) by HDF, respec-
tively. Thirty-one (51.7%) were female, with a median age (interquartile range; IQR) of 65.0
(55.0-74.5) years. Median body mass index (BMI) was 22.8 (20.1-26.5) kg/mz, and median
duration of dialysis treatment was 4.3 (3.2-8.4) years. The most common causes of ESRD were
diabetes and hypertension. Demographic data of the patients are reported in Table 1. Patients
treated by HDF were younger than those treated by HD. There were no statistically significant
differences between the two groups in sex, BMI, underlying diseases, and dialysis adequacy.
Blood urea nitrogen (BUN) and serum creatinine (Cr) were significantly lower in HD patients.
There were no statistically significant differences between the two groups regarding complete
blood count, and other blood chemistry tests.

Local adverse effects were reported as pain at the site of infection in eight (13.3%) and one
(1.7%) swelling at the injection site. The most commonly reported systemic symptoms were
myalgia and dizziness each in 5 patients (8.3%), 3 (5.1%) cases of ever requiring antipyretic
drugs, and one case of nausea (1.7%).

During the study, there was one documented case of influenza, which occurred in a
50-year-old man in the HD group, one month after vaccination. Multiplex RT-PCR revealed
this to be influenza A HIN1 2009. He had not seroconverted and had no seroprotection to
HI1N1 2009 when tested at one month post-vaccination. He was treated with oseltamivir for
five days and recovered without any influenza-related complications.

The study flow diagram is shown in Fig 1. During the study, there were three deaths (5.0%),
all unrelated to vaccination and occurred in the HD group. The first patient, a 78-year-old
man with diabetes mellitus (DM), hypertension, and a previous stroke, died at home with
unknown cause three months after study entry. A 53-year-old woman with DM died after
seven months after study inclusion, following an acute stroke. The third patient, a 78-year-old
man with hypertension and dyslipidemia died from candida septicemia one month after study
entry.

Humoral immune response to influenza vaccine

Seroconversion to influenza vaccine strain HIN1pdm, H3N2, and B at month 1 post-vaccina-
tion was not significantly different between patients treated by HD and those treated by HDF
(Fig 2; p = 0.575, 0.775, and 0.144, respectively). At month 1 post-vaccination, all patients had
developed seroprotection to at least one influenza strain (S1 Fig). There was no significant dif-
ference in both seroconversion and seroprotection, either to at least one strain or to all three
strains, between the two groups (Fig 3). Compared to month 0, the proportion of patients with
seroprotection was significantly higher after influenza vaccination at months 1 and 6 in both
groups [odds ratio (OR) HD 64.3, 95% confidence interval (CI) 12.5 to 331.0; p <0.001, and
OR HDF 24.6, 95% CI 5.9 to 102.8; p <0.001). Compared to month 0, the proportion of
patients with seroprotection at month 12 remained significant for the HDF group (OR 12.2,
95% CI 1.1 to 136.0; p = 0.042), but not for the HD group (OR 3.2, 95% CI 0.8 to 12.8;
p=0.102) (Fig 4).
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Table 1. Patients’ characteristics.

Hemodialysis (n = 42) Hemodiafiltration (n = 18) p-value
Demographics
Age, years (IQR) 67.5 (57.0-78.0) 56.0 (50.0-70.0) 0.025
Female 22 (52.4%) 9 (50.0%) >0.999
Body mass index, kg/m2 (IQR) 22.7 (20.1-26.4) 24.6 (20.0-27.0) 0.580
Dialysis vintages, years (IQR) 3.9 (3.1-6.6) 5.3 (3.5-10.5) 0.095
ESRD causes
Diabetic nephropathy 24 (57.1%) 6 (33.3%) 0.158
Hypertensive nephropathy 13 (31.0%) 10 (55.6%) 0.089
Glomerulonephritis 2 (4.8%) 1(5.6%) >0.999
Polycystic kidney disease 2 (4.8%) 1(5.6%) >0.999
Others 3(7.1%) 2 (11.1%) 0.631
Underlying diseases
Diabetes mellitus 27 (64.3%) 7 (38.9%) 0.091
Hypertension 40 (95.2%) 18 (100.0%) >0.999
Dyslipidemia 24 (57.1%) 11 (61.1%) >0.999
CAD 12 (28.6%) 4(22.2%) 0.755
Congestive heart failure 4(9.5%) 2 (11.1%) >0.999
Atrial fibrillation 3(7.1%) 0 (0.0%) 0.547
CVA 5(11.9%) 0 (0.0%) 0.309
COPD 2 (4.8%) 0 (0.0%) >0.999
Cirrhosis 1(2.4%) 0 (0.0%) >0.999
Chronic hepatitis B 2 (4.8%) 1(5.6%) >0.999
Malignancy 3(7.1%) 1(5.6%) >0.999
Intra-HD hypotension on day 0 5(12.2%) 3 (16.7%) 0.690
Kt/Vurea 1.9 (1.6-2.2) 1.7 (1.6-2.1) 0.577
Medication
Iron 16 (38.1%) 10 (55.6%) 0.261
Erythropoietin dose, IU/week 8,000 (6,000-12,000) 6,000 (5,000-10,000) 0.266
Statin 23 (56.1%) 12 (66.7%) 0.568
Laboratory parameters
Hemoglobin, g/dL 10.6 (9.9-11.5) 11.0 (10.4-11.7) 0.269
White blood cells, /mm?> 6.4 (5.2-8.1) 6.5 (5.4-7.0) 0.872
Platelets, /mm’> 184.5 (153.0-232.0) 179.5 (147.0-212.0) 0.910
Blood urea nitrogen, mg/dL 55.5 (45.0-68.0) 77.0 (62.0-84.0) 0.009
Creatinine, mg/dL 9.2 (7.5-10.8) 11.0 (8.6-13.8) 0.028
Hemoglobin Alc, % 5.6 (5.1-7.0) 6.5 (5.5-7.7) 0.345
Sodium, mmol/L 138.0 (136.0-140.0) 139.0 (137.0-139.0) 0.284
Potassium, mmol/L 4.4 (4.1-4.6) 4.6 (4.1-5.2) 0.238
Chloride, mmol/L 97.0 (95.0-99.0) 97.0 (96.0-99.0) 0.394
Bicarbonate, mmol/L 22.0 (20.0-23.0) 21.5(20.0-24.0) 0.639
Calcium, mg/dL 8.7 (8.4-9.0) 9.0 (8.4-9.2) 0.405
Phosphate, mg/dL 4.1 (2.9-5.4) 4.9 (3.4-5.2) 0.345
Albumin, g/dL 3.6 (3.3-3.9) 3.4 (3.2-3.5) 0.106
LDL-C, mg/dL 88.5 (60.0-105.0) 95.0 (54.0-104.0) 0.955
Triglyceride, mg/dL 105.0 (78.0-155.0) 104.5 (79.0-127.0) 0.968
iPTH, pg/mL 416.0 (197.0-566.0) 318.5 (144.0-614.0) 0.542
Ferritin, ng/mL 458.0 (253.0-708.0) 365.5 (260.0-540.0) 0.223
(Continued)
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Table 1. (Continued)

Hemodialysis (n = 42) Hemodiafiltration (n = 18) p-value
Transferrin saturation, % 27.0 (21.0-34.0) 24.7 (23.0-32.0) 0.458
Beta 2 microglobulin, mcg/mL 23.0 (19.1-28.2) 22.3(19.2-24.4) 0.329
C-reactive protein, mg/dL 0.31 (0.10-0.75) 0.18 (0.10-0.36) 0.482

Abbreviations: CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; CVA, cerebrovascular accident; ESRD, end-stage renal disease; HD,

hemodialysis; iPTH, intact parathyroid hormone; IQR, interquartile range; LDL-C, low-density lipoprotein cholesterol level; RRT, renal replacement therapy

https://doi.org/10.1371/journal.pone.0227719.t001

We investigated potential factors associated with seroconversion to all three strains
(Table 2). On univariate logistic regression, factors with a p <0.2 included age, gender, BMI,
dialysis vintage, low-density lipoprotein (LDL) cholesterol level, and ferritin. Age remained
the only factor associated with seroconversion on multivariate logistic to all three influenza
strains [odds ratio (OR) 0.89, 95% confidence interval (CI) 0.80-0.98; p = 0.022]. We also

Patients were recruited

n=96

Received flu vaccine before study (n=26)
Received immunosuppressive drug (n=2)
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Fig 1. Study enrollment and follow-up through month 12.

https://doi.org/10.1371/journal.pone.0227719.9001
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analyzed proportions of patients with seroprotection at month 12 compared to month 0 after
age adjustment. This proportion remained significant for the HDF group, but not the HD
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Fig 3. Proportion of participants who seroconverted to at least one or all of the three vaccine strains at 1 month post-
vaccination (A), and proportion of participants with seroprotection to at least 1 or all three of the vaccine strains at 1
month post-vaccination (B).

https://doi.org/10.1371/journal.pone.0227719.g003
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vaccination at months 1 (mo 1), 6 (mo 6), and 12 (mo 12) (A) HD, (B) HDF.
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Table 2. Univariate and multivariate analysis of factors associated with seroconversion to all three vaccine

strains.
Factors Univariate Multivariate
OR (95% CI) p-value OR (95% CI) p-value

Age, per 1 year increase 0.94 (0.89-0.99) 0.029 0.89 (0.80-0.98) 0.022
Female 0.23 (0.06-0.99) 0.049 0.24 (0.02-2.97) 0.264
Body mass index 0.90 (0.77-1.05) 0.171 0.74 (0.53-1.04) 0.083
Dialysis vintage 1.12 (0.99-1.27) 0.062 1.14 (0.93-1.41) 0.213
LDL-C 0.98 (0.96-1.00) 0.094 0.95 (0.91-1.00) 0.050
Ferritin 1.00 (0.99-1.00) 0.100 1.00 (0.99-1.00) 0.263
Abbreviations: CI, confidence interval; LDL-C, low-density lipoprotein cholesterol level; OR, odds ratio
https://doi.org/10.1371/journal.pone.0227719.t1002
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group (OR 11.6,95% CI 1.1-124.7; p = 0.044, and OR 3.2, 95% CI 0.8-12.8; p = 0.102,
respectively).

Immunophenotyping of lymphocytes

We compared those patients who had seroconversion to all three vaccine strains to those who
had seroconversion to two or fewer strains, patients who demonstrated seroconversion to all
three vaccine strains had significantly higher CD38+CD4+ T cell and CD38+CD8+ T cell sub-
populations pre-vaccination (Fig 5).

Enumeration of CD4+, CD8+ and regulatory T cell (Treg; CD3+CD4+CD25+FoxP3+)
showed no difference either pre-vaccination or post-vaccination between HDF and HD
patients. Further analysis of subpopulations of CD4+ and CD8+ T cells showed that age-
adjusted percentage of CD38+CD45RA+CCR7+CD4+ T cells, CD28+CD45RA+CCR7+CD4+
T cells, and CD57+CD45RA-CCR7+CD8+ T cells were higher in those patients treated by
HDF (Fig 6 and Table 3). There were no significant differences in the percentages of other T
cell subpopulations between the HD and the HDF groups.

Enumeration of B cell subpopulations, including memory B cells (S2 Fig), showed no signif-
icant difference between HDF and HD patients.

Cellular immune response

Recall specific memory lymphocyte response to circulating strains of influenza viruses was
determined by lymphocyte proliferation assays. Higher lymphocyte proliferation to A/Tak/
240/2017 strain (A/Singapore/INFIMH-16-0019/2016(H3N2)-like virus) was demonstrated in
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patients treated by HDF compared to those treated by HD at months 6 and 12- post-vaccina-
tion (p = 0.002 and p = 0.006 respectively). Higher lymphocyte proliferation to A/Nonthaburi/
140/2016 (A/California/7/2009(H1N1)pdmO09-like virus) was also demonstrated at month 6
post-vaccination (p = 0.024) in the HDF patients. There was no significant increase in lympho-
cyte proliferation to other influenza strains between the HDF and HD groups (Fig 7 and S3

Fig).

Discussion

A previous study reported that treatment with HDF resulted in greater clearance of inflamma-
tory cytokines compared to HD [17]. The accumulation of azotemic toxins has a major role in
determining the morbidity and mortality in ESRD dialysis patients. As HDF increases middle
molecule azotemic toxin clearances compared to HD, HDF may potentially reduce systemic
inflammation, and one study has reported a reduction in CRP levels with HDF compared to
HD [21]. A reduction in systemic inflammation could potentially lead to an improved immu-
nologic response [17, 22, 23]. However, the immunological response elicited by vaccines in
patients treated by HDF has not been well established. We therefore wished to study if there
were differences in humoral and cell-mediated immune responses to influenza vaccine in dial-
ysis patients treated by HD and HDF.

In terms of the humoral immune response, we demonstrated that there were no significant
differences in seroconversion at one month post-vaccination by HI assay. Our seroconversion
rates to influenza vaccination were comparable to those previously reported in HD patients
[24]. However, we observed the patients treated by HDF had a longer duration of seroprotec-
tion compared to those treated by HD at 12 months. An earlier report showed that post-vacci-
nation HI titers waned in older adults, and were not sustained after 12 months [25]. It has
been suggested that ESRD dialysis patients have premature aging of their immune system, as
young dialysis patients have phenotypic and functional changes in their immune cells similar
to those found in healthy elderly individuals [26].

In multivariate analysis, younger age was associated with seroconversion to all three vaccine
strains. This supports previous studies which have also reported that age was a determinant
factor in the immune response to influenza vaccine [24, 27]. In our study, the HDF cohort was
younger, with higher pre-dialysis BUN and creatinine, although marginally longer dialysis vin-
tage, potentially suggesting that this group might have been healthier, although co-morbidity
was similar to the HD patients. Although HDF would be expected to reduce B2 microglobulin
concentrations compared to HD, there was no difference between groups. This probably
reflects that the HDF cohort had been treated by dialysis for longer and had less residual renal
function. As this study was the observational study, selection bias was inevitable. Technically,
HDF with high convection volume tended to be assigned to the patients who have good vascu-
lar access flow since it needs very good blood flow in order to achieve high convection volume.
Thus, according to physician discretion, the patients who were younger and had low athero-
sclerosis risks tended to undergo HDF.

We also assessed cell-mediated immunity, and showed that those patients who demon-
strated seroconversion to all three vaccine strains had baseline CD38+CD4+ T cell and CD38
+CD8+ T cell subpopulations. CD38 is a pleiotropic surface molecule on lymphocytes, and
may act as both a receptor and an ectoenzyme. Ligation of CD38 on T cell surface can induce
T cell activation and cytokine production [28]. Activation of CD38 can also prevent human
germinal center B cells from undergoing apoptosis [29], and thus may potentially explain why
patients with increased numbers of CD38+ T cells pre-vaccination demonstrated enhanced
seroconversion to all vaccine strains in our study.
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Table 3. Mean change in subpopulations of T cells from baseline.

Change” (95% CI) Change® (95% CI)
HD at month 1 | HD at month 6 | HD at month 12 | HDF at month 0 | HDF at month 1 | HDF at month 6 HDF at month
12

CD38+CD45RA+CCR7+CD4+ T 4.11* (0.66- 0.50 (-2.56- -0.78 (-4.07- 8.12% (2.06- 12.01* (5.80- 5.21 (-0.75- 9.83* (3.57-
cells 7.55) 3.56) 2.51) 14.17) 18.22) 11.16) 16.09)
CD28+CD45RA+CCR7+CD4+ T -0.52 (-3.59- 0.49 (-2.24- -5.79* (-8.72- 3.55 (-1.94- 5.53 (-0.09- 418 (-1.23- 3.16 (-2.51-8.83)
cells 2.54) 3.21) 2.87) 9.04) 11.16) 9.58)
CD57+CD45RA-CCR7+CD8+ T 1.99 (-1.57- 0.59 (-2.58- 1.87 (-1.53-5.26) 6.93* (1.25- 7.81% (1.95- 5.71* (0.13- 5.87 (-0.04-
cells 5.55) 3.75) 12.62) 13.66) 11.29) 11.79)

Abbreviations: CI, confidence interval; HD, hemodialysis; HDF, hemodiafiltration
*Multilevel mixed-effects linear regression, reference is T cell subpopulations at baseline of HD arm
“p <0.050

https://doi.org/10.1371/journal.pone.0227719.t003

Our study, which is one of the first to characterize T cell subpopulations, showed that age-
adjusted percentage of CD38+ naive CD4+ T cells (CD38+CD45RA+CCR7+CD4+ T cells),
naive CD4+ T cells (CD28+CD45RA+CCR7+CD4+ T cells), and senescence central memory
CD8+ T cells (CD57+CD45RA-CCR7+CD8+ T cells) were higher in patients treated with
HDF compared to those patients treated with HD. T helper cells (CD4+ T cells) play a major
role in adaptive immunity, so a loss of CD4+ T cells or functionality might potentially affect
both cell-mediated and humoral immunity. CD28 is a co-stimulatory molecule that plays piv-
otal roles in T cell activation, and is also a marker of the proliferative history of cells. Loss of
CD28 expression is a characteristic of the age-associated decline of CD4+ T cell function [30].
Lower CD28+CD45RA+CCR7+CD4+ T cell proportions in the HD group might suggest a rel-
ative decline of cellular immune response due to the decrease in the number of naive T cells.
Higher CD57+CD45RA-CCR7+CD8+ T cells in patients treated with HDF might be explained
by longer dialysis vintage. Xiaoyan and coworkers, compared ESRD patients treated with con-
tinuous ambulatory peritoneal dialysis (CAPD) and hemodialysis, demonstrated that dialysis
modality and age influenced T cell subsets [31]. There was a progression from naive to effector
T cells in hemodialysis patients compared with CAPD patients. Another study showed that,
comparing to peritoneal dialysis, hemodialysis was associated with higher CD4+CD57+CD28-
T cell frequency in CMV-exposed patients [32]. It was hypothesized that sustained repeated
antigenic stimulation of T cells during hemodialysis may cause accelerated aging compared to
peritoneal dialysis.

The effects of HDF on immunomodulation have not been well characterized. Two previous
studies reported a lower production of inflammatory cytokines in dialysis patients treated with
HDF [33], however, clinical outcomes of patients were not different [33]. Valkenburg and
coworkers reported that influenza-specific CD4+ and CD8+ effector memory T cells produced
anti-viral cytokines and these had a protective effect [33]. We did not perform cytokine assay,
but we demonstrated higher lymphocyte proliferation to some of the circulating strains of
influenza A in the HDF group. This potentially could have been that those patients in the HDF
group may have previously been more exposed to influenza infection or immunization. Alter-
natively, increasing middle-sized azotemic toxins clearance might reduce immune dysregula-
tion associated with CKD, resulting in greater effector and memory T cell function. Previous
studies in healthy patients have reported that increased lymphocyte proliferation does not nec-
essarily always correlate with greater antibody responses to vaccinations [34]. We also noted
that in our dialysis patients that lymphocyte proliferation did not always associate with sero-
protection and seroconversion.
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Fig 7. Lymphocyte proliferation assays to circulating strains of influenza viruses. Fold increases of lymphocyte proliferation as compared to
pre-vaccination are shown.

https://doi.org/10.1371/journal.pone.0227719.9007

The strengths of our prospective observational study were a detailed analysis, including
assessments of both humoral and cellular immune responses to influenza A vaccinations. We
accept that our study population was limited, and patients were not randomized to dialysis
modality.

Conclusions

In conclusion, we demonstrated that seroconversion to all three influenza A vaccine strains
was influenced by age. Patients with seroconversion to all three influenza vaccine strains were
found to have higher CD38+CD4+ T cells pre-vaccination. Seroprotection was better sus-
tained, and lymphocyte proliferation in response to influenza A was greater in dialysis patients
treated by HDF compared to those treated by HD. Our study suggests that the immune dysre-
gulation encountered in dialysis patients is reduced in patients treated with HDF, who have a
greater clearance of middle-sized azotemic solutes results. These encouraging results require
confirmation in larger patient cohorts.
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S1 Fig. Boxplots of hemagglutination inhibition (HI) titer in patients treated with HD and
HDF pre-vaccination (mo 0), and post-vaccination at months 1 (mo 1), 6 (mo 6), and 12
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