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Enhanced neutrophil apoptosis
accompanying myeloperoxidase
release during hemodialysis

Taro Fukushi®3*, Tae Yamamoto'?3, Mai Yoshida'?, Emi Fujikura'?, Mariko Miyazaki*?> &
Masaaki Nakayama®*

Biocompatibility of hemodialysis (HD) systems have been considerably improved. However,
mortality and morbidity rates of patients have remained high, raising questions regarding the
biocompatibility of current systems. In the present study, 70 patients on regular HD (51 males; mean
age, 63 years; median duration of HD, 18 months) with high-performance membrane (polysulfone,
77%; polymethylmethacrylate, 23%) at Tohoku University Hospital were examined. Blood samples
before and after HD, were subjected to measure apoptosis cells of white blood cells, plasma levels of
the following molecules: myeloperoxidase (MPO), pentraxin 3 (PTX3), angiogenin, complements, and
17 cytokines. The main findings were as follows: significant decreases in leukocyte counts by dialysis,
significant increases in apoptosis-positive leukocytes by dialysis (neutrophils and monocytes), and
significant decrease in plasma angiogenin accompanying increase in plasma MPO and PTX3 levels,
with no or only marginal changes in plasma pro-inflammatory cytokine levels and complement
products by dialysis. The findings underlined the unsolved issue of bio-incompatibility of HD systems,
and suggest the possible pathology of neutrophil apoptosis accompanying MPO release for the
development of microinflammation in patients on HD.

Mortality risk among chronic dialysis patient is excessively high, with cardiovascular disease (CVD) and infec-
tion as the main causes of death'. Intrinsic and extrinsic pathological factors are thought to be involved in this
elevated mortality rate; the former include underlying kidney disease, comorbidities, nutrition?, and control of
the uremic state of the patient?, while the latter include the bio-compatibility of materials in the treatment system,
such as the dialyzer membrane®, and dialysis water quality®.

Biocompatibility in this case refers to biological reactions induced between blood and the dialyzer or dialysate.
These reactions primarily include complement activation, production of diverse cytokines such as interleukin
(IL)-1p and tumor necrosis factor (TNF)-a by mononuclear leukocytes, and respiratory burst with degranula-
tion and apoptosis of neutrophils. The cellulose membrane is one of the classic factors for bio-incompatibility,
as the structure of cellulose contains hydrophilic hydroxyl groups, which strongly stimulate both activation of
complement, and release of cytokines by mononuclear cells®. These reactions have been assumed to contribute
to chronic inflammation and oxidative stress, leading to a higher risk of CVD and infectious disease in dialysis
patients through injury to endothelial cells and immunocompetent cells”.

Various developments have been made toward improving dialysis biocompatibility, such as the use of
improved cellulose or synthetic polymer membranes as dialyzer materials®, and purification of dialysis water
to reduce endotoxin contamination’. However, the influence of HD on pro-inflammatory cytokines have been
conflicting. There are studies which showed lack of increase in serum cytokine levels after HD sessions, indicat-
ing improved biocompatibility for mononuclear cells in current dialysis system?®-!'. While some studies showed
increased serum cytokine levels by HD'?, and enhanced cytokine transcription of peripheral mononuclear cells
during HD". In the real clinical aspect, e.g. recent trends in Japan, infectious morbidity in dialysis patients has
not been suppressed, which raises questions regarding a possible injury to leukocytes by HD. However, data on
biocompatibility by current HD system has been limited.

The purpose of this study was to examine the impact on peripheral leukocytes during hemodialysis (HD),
with particular focus on neutrophils in patients using synthetic polymer membranes.
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WBC Neutrophile Lymphocyte Monocyte

Pre HD (/uL) 6,142+2,474 4,467 £2,151 1,002+513 398+147
Post HD (/uL) 5,586+2,560 4,055+2,186 1,122+687 373+173
Corrected post HD (/uL) 5,365 +2,540 3,900+2,171 895+451 362+194
p value

(Pre HD—Post HD) <0.001 <0.001 0.052 0.091

p value

(Pre HD—Corrected Post HD) <0.001 <0.001 0.002 0.043

Table 1. Changes in white blood cell count, neutrophils, lymphocytes, and monocytes. WBC, white
blood cell; (n=70), Data were expressed as mean + SD. Corrected post HD, post-HD level corrected by
hemoconcentration rate.

WBC Neutrophile | Lymphocyte | Monocyte

Pre HD (%) 10.60+6.74 | 13.27+9.05 4.07+2.82 19.42+10.80
Post HD (%) 13.69+9.52 | 17.38+£12.06 |4.51+2.59 23.59+14.83
Corrected post HD (%) 13.24+9.40 |16.83+11.89 |4.28+2.37 22.87+14.61
p value

(Pre HD—Post HD) <0.001 <0.001 0.220 0.005

p value

(Pre HD—Corrected Post HD) 0.004 0.003 0.538 0.019

Table 2. Changes in apoptotic ratio of respective leukocyte fractions. WBC, white blood cell; (n=70), Data
were expressed as mean + SD. Corrected post HD, post-HD level corrected by hemoconcentration rate.

Figure 1. Representative apoptotic white blood cells in peripheral blood obtained from patients. (a) FITC-
annexin V + Hoechst33342; (b) FITC-Annexin V +Eth D-III; (¢) merged image. White blood cells are stained
with FITC-annexin V (apoptosis: green on membrane), Hoechst33342 (all cells: blue on nucleus), and Eth D-III
(necrotic cells: red on nucleus). Cells in figure A stained with green and blue represent primary apoptosis. Cells
in figure C stained with green and purple represent primary necrosis.

Results

The number of white blood cells (WBCs), neutrophils, lymphocytes and monocytes decreased significantly
with HD (Table 1). The early apoptotic ratio of WBCs, neutrophils and monocytes increased significantly after
HD, but no significant difference was observed for lymphocytes (Table 2). With regard to the type of dialyzer
membrane, no differences were observed in numbers of neutrophils, or the increase in early apoptotic ratio
between patients with polysulfone and polymethylmethacrylate (PMMA) membranes. Representative figures
for apoptosis-positive cells are shown in Fig. 1.

Significant increases were seen in myeloperoxidase (MPO) and pentraxin 3 (PTX3) levels by HD, while sig-
nificant decrease was found in thiobarbituric acid-reactive substances (TBARS) (Table 3). No significant change
was seen in H,0, expression (data not shown) in respective fractions of WBCs (n=70).

Regarding the relationship between MPO levels and number of apoptotic neutrophiles, the ratios of (MPO
level / number of apoptotic neutrophiles) in respective patients were 2.20 +2.47 at pre-HD and 2.85+2.70 at
post-HD, and there was a significant positive correlation between the two ratios (p <0.001, r=0.557; Fig. 2).
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MPO (ng/mL) MDS (uM) PTX3 (pg/mL)

Pre HD 822+718 1.041+£0.333 5,593+2,996
Post HD 1,122 +687 0.989+0.276 6,766+ 3,323
Corrected post HD 1,062+ 627 0.945+0.275 6,531+3,276

p value

(Pre HD—Post HD) <0.001 0.097 <0.001

p value

(Pre HD—Corrected Post HD) 0.002 0.002 <0.001

Table 3. Changes in serum myeloperoxidase (MPO), malondialdehyde (MDA), and pentraxicin-3 (PTX3).
MPO, myeloperoxidase; MDA, malondialdehyde; PTX3, pentraxicin-3 (n=70). Data were expressed as
mean + SD. Corrected post HD, post-HD level corrected by hemoconcentration rate.
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Figure 2. The relation between the pre and post HD levels of MPO/Apoptotic Neutrophiles ratio. A significant
positive correlation exists between the two parameters (p <0.001, r=0.557). MPO: serum myeloperoxidase level
(ng/mL). Apoptotic Neutrophiles: number of apoptotic neutrophiles (/uL).

In selected cases for whom blood samples were available during the course of HD (all on polysulfone mem-
brane dialyzer), WBC counts and plasma parameters were measured (n=10 to 12 for respective parameters).
Changes of WBC fraction counts were as follows (n=12); 6455+ 857 (/uL) before HD, 5759+ 1292 at 1 hr HD,
5365+ 1275 at 2 h HD, and 5185+ 752 after HD, respectively in WBCs (p=0.01): 4823 +818 (/uL) before HD,
4374+1288 at 1 hr HD, 4051 + 1185 at 2 h HD, and 3848 + 683 after HD, respectively in neutrophils (p <0.01):
897 +348 (/uL) before HD, 818 +304 at 1 hr HD, 741 +268 at 2 h HD, and 793 + 307 after HD, respectively in
lymphocytes (not significant). Significant changes were seen in leukocyte counts, apoptosis ratio, MPO, angio-
genin, and C3a (Fig. 3b,c,e). In terms of cytokine profiles, 12 of the 17 items were below the limit of detection,
and data were obtained for only 5 items: IL6, IL8, monocyte chemotactic protein (MCP)-1 (MCP-1), macrophage
inflammatory protein (MIP)- f (MIP-f), and TNF-a. TNF-a and IL-8 showed significant results (p=0.032 and
p=0.011, respectively ) (Fig. 3i,j).

Discussion

The quality of membrane materials and dialysis water had the great development in decades. It contributed the
better biocompatibility of hemodialysis systems. However, mortality and morbidity rates are still unacceptably
high among dialysis patients, It is possible that the various stress affect uremic patients and the pathophysiology
of the actual biocompatibility status has not clearly elucidated in HD with advanced membrane material and
ultrapure solution. The purpose of this study was to examine the impact of HD on peripheral leukocytes, with
particular focus on neutrophils in patients using synthetic polymer membranes.

The main findings in this study can be summarized as follows: significant decrease in leukocyte counts by
dialysis, significant increases in apoptosis-positive leukocytes by dialysis (neutrophils and monocytes), and
significant increases in plasma MPO and PTX3 levels, with no or only marginal changes in plasma levels of pro-
inflammatory cytokines and complement by dialysis.

Regarding the changes in leukocytes counts by dialysis, results from previous studies have not been con-
stant. One study reported rapid decreases in WBCs 15-30 min after starting dialysis, followed by recovery to
pre-dialysis levels after 1 h, resulting in an increase by the end of dialysis using polysulfone membrane'*. Other
reports have found that WBC count decreased after dialysis with cellulose acetate dialyzers'. Our results also
showed a decrease in WBCs towards the end of dialysis. In addition, our results may imply that the susceptibility
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Figure 3. Time-course changes in myeloperoxidase (MPO) (a), pentraxicin-3 (PTX3) (b). angiogenin (c),
lactoferrin (d), C3a (e), C5a (f), C5b-9 (g), IL-6 (h), TNF-a (i), IL8 (j), MCP-1 (k), and MIP-1p (1) during a
3-4 h hemodialysis session. (n=10-12) *p <0.01, **p <0.05. Pre: Pre-HD level. Corrected post: post-HD level
corrected by hemoconcentration rate. Data are expressed as mean +SD.

of leukocytes was more prominent for neutrophils. These findings may indicate that leukocytes may change
distributions in the body after starting HD. Transient leukopenia has been confirmed to be caused by activation
of the alternative pathway and lectin pathway, which are stimulated by the dialysis membrane'®. In the present
study, transient but significant increases were seen in the products of complement degradation by dialysis (plasma

C3a), indicating that complement activation was not suppressed completely in those cases using a polymer
membrane, as reported elsewhere!”.
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Interestingly, significant increases were seen in apoptosis-positive cells among neutrophils and monocytes, but
not among lymphocytes, indicating that the susceptibility to induction of apoptosis during HD differs by cell type.

Regarding the increase in apoptotic cells, several mechanisms can be speculated. In terms of physiological
processes, angiogenin in blood inhibits the degranulation of neutrophils'®. In this study, significant decreases in
plasma angiogenin were seen after dialysis, while significant increases were found in plasma MPO. Since MPO
molecules present in azurophil or special granules in neutrophils, the decrease in angiogenin by dialysis would
thus induce a degranulation reaction in neutrophils, resulting in increased apoptotic cells. The observations that
increased ratio of apoptotic neutrophils by HD, and that a significant positive correlations between the pre and
post HD levels in the ratio of (MPO/number of apoptotic neutrophiles), may well support the causal relationship
between neutrophil apoptosis and MPO degranulation from neutrophile.

Other possible mechanisms are the activation of complement, which could induce neutrophil respiratory
burst'®, and direct injury through microcirculation stress from mechanical stimuli such as dialysis membranes,
dialysis circuits and turbulence®. As for the latter possibility, we suppose that neutrophils mechanically stimu-
lated on the dialyzer surface may undergo apoptosis, or alternatively, primed neutrophils present before HD may
undergo apoptosis due to injury on the dialyzer surface. Changes in MPO during HD showed a unique pattern as
reported elsewhere, with an initial rapid increase early after the dialysis session, markedly different from changes
in lactoferrin which is another molecule present in plasma by neutrophil degranulation. And there were cases in
whom changes of MPO levels by HD were significantly high, irrespective of the changes of apoptosis rate by HD.
Taken together the observations, these data may indicate the unphysiological release of MPO from neutrophils
into blood during dialysis, which may be involved in the mechanical burst of neutrophils.

Microinflammation in dialysis patients is a critical issue in terms of patient prognosis, but the exact mecha-
nisms underlying this pathology have not been clearly elucidated. Stimulation of pro-inflammatory cytokines
from mononuclear cells by dialysis comprises the classical hypothesis of the bio-incompatibility of HD. In
the present study, among the various types of cytokines measured, no increases were seen in the plasma pro-
inflammatory cytokines by dialysis, as recently reported elsewhere®. Thus, the pathological role of cytokines
may be suppressed/lessened in the current dialysis therapy. However, in the present study, plasma PTX3, as a
marker of inflammation, showed a gradual increase over time, suggesting that inflammation may have increased
during dialysis*!. Taking into account the process by which MPO mediates production of oxygen radicals in
the presence of H,0,, we suppose the MPO release through neutrophil apoptosis, in addition to complement
activation, may play an important role in the development of micro-inflammation during HD. Nevertheless, it
is reported that CRP and I1-6 take longer to rise after an inflammatory stimulus'! and, therefore, this study may
have failed to measure a rise of such slower responding cytokines during the 3 to 4 h duration HD session. This
issue remained to be addressed. Regarding TBARS, a representative oxidative stress marker, it was shown to
decrease by HD in the present study. This may indicate the suppressed oxidative stress during HD, which seems
conflict to our speculation mentioned above. TBARS is a reactive product of thiobarbituric acid and aldehydes
(MDA). However, TBARS does not always reflect the oxidative stress status during HD, because MDA is a small
molecule, and thus passes through the membrane during HD. Accordingly, it is difficult to give a concrete con-
clusion as to the changes of redox state during HD in light of changes of TBARS. We think this issue also needs
further clarification.

Repeated neutrophil damage during every dialysis session may be involved in increased susceptibility to
infection, and MPO release enhances oxidative stress, resulting in a state of chronic microinflammation for
dialysis patients??. Plasma MPO has been reported as an independent risk factor for all-cause mortality in
HD patients****. In a previous report by Kamyar et al., MPO was higher in dialysis patients compared to non-
dialysis controls, and cases with a particularly high MPO level showed a high death ratio of 1.81 compared to
the moderate group®. Accordingly, we think that amelioration of neutrophil injury during HD may be clinically
very important, in order to suppress MPO release into blood. This intervention may ameliorate microinflam-
mation in HD patients and contribute to better prognosis. We have previously reported that dialysis water,
which contains molecular hydrogen, could ameliorate neutrophil injury ex vivo, and application of this water to
HD therapy could suppress high MPO levels?. Furthermore, clinical outcomes could also be improved. Other
therapeutic interventions may be effective in ameliorating MPO levels through manipulating neutrophil injury
during HD, such as on-line HDE, flow rate of blood volume, dialysate Ca ion level?, or use of a vitamin E-coating
membrane?. These issues need to be elucidated in future.

Several limitations of the present study should be noted. Firstly, in patient selection, there are many cases of
complications, including cancer, and malnutrition. Secondly, there are no on-line HDF cases registered. Third,
the mechanism by which dialysis increases apoptosis has not been elucidated. Forth, the CD marker that evalu-
ates degranulation was not measured, and this may reduce data accuracy of the present study. Fifth, leukocyte
adhesion and deposition on the membrane and bubble trap filter could not be evaluated correctly. And lastly, the
clinical impact of dialysis-induced leukopenia and apoptosis is unknown, we think that it needs to be clarified,
especially in the light of immune dysfunction, and susceptibility to infection.

In summary, the bio-incompatibility of HD has remained a crucial issue, even with current systems. Among
several pathologies, the process of neutrophil apoptosis accompanying MPO degranulation may be involved
with the development of microinflammation. To achieve better patient outcomes, innovative HD systems that
fully improve biocompatibility are needed.

Methods

Patients. Patients comprised 70 patients on HD who were treated at Tohoku University Hospital (Miyagi,
Japan) between June 2017 and May 2019. All patients had been receiving HD regularly 3 times a week for
3-4 h/session, using a high-performance bio-compatible membrane (polysulfone [n=54], including vitamin
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n 70

Age (years old) 63+154
Male (%) 51(73)
Dialysis vintage (months) 18 (1-391)
Pre-HD body weight (kg) 60.3+14.5
BMI (kg/m?) 23.1+4.8
Underlying kidney disease (%)

Diabetic kidney disease 28 (40)
Nephrosclerosis 12(17)
Glomerulonephritis 13(19)
Others 17 (24)
Comorbidities (%)

CVD 28 (40)
Current cancer 18 (26)
Apoplexy 13 (19)
Dialysis period (%)

Initiation (< 3 months) 25 (36)
Maintenance 45 (64)
Dialysis membrane

PMMA (%) 16 (23)

PS (%) 54 (77)
Laboratory data (Pre-HD)

WBC (/uL) 6142 +2474
Hemoglobin (g/dL) 99+13
Platelet (x 10%/uL) 19.2+8.1
Total protein (g/dL) 6.2+0.8
Albumin (g/dL) 2.8+0.6
BUN (mg/dL) 5625
Creatinine (mg/dL) 8.91+2.89
Na (mEq/L) 136+4

K (mEq/L) 4.1+0.6
Cl (mEq/L) 104+4
Calcium (mg/dL) 8.5+0.8
Phosphate (mg/dL) 52%1.6
CRP (mg/dL) 2.11+4.71
B2- microglobulin (mg/L) 24.8+7.5

Table 4. Patients demographics. Values are given as mean + SD or median (minimum to maximum). HD;
hemodialysis, BMI; body mass index, CVD; cardiovascular disease. PMMA; polymethylmethacrylate, PS;
polysulfone, WBC; white blood cell. BUN; blood urea nitrogen, CRP; C-reactive protein.

E-bonded type [n=35] or poly-ester type [n=1]; or PMMA [n=16]). Ultra-pure water with no detectable endo-
toxin was used for dialysate manufacturing. Patient characteristics are shown in Table 4 (51 males, 19 females;
mean age, 63+ 14.5 years; median duration of HD, 18 months). The leading cause of underlying kidney disease
was diabetic kidney disease (40%), and 46% of patients had a history of CVD. Informed consent was obtained
from all participants, and the study protocol was fully approved by the ethics committee at Tohoku Medical
University (approval number 2017-1-134). All methods were carried out in accordance with relevant guidelines
and regulations.

Methods

Blood samples were obtained from all patients before and after the HD session (two samples each), for collection
of plasma and whole blood cells. One of the blood samples was immediately centrifuged with ethylenediamine
tetra-acetic acid, and the plasma was stored at —80 °C until needed for measurements. WBCs were separated from
the second blood sample by hemolyzing red blood cell with Lysing Buffer (Becton, Dickinson and Co., Franklin
Lakes, NJ) within 1.5 h after sampling. The WBC sample was then separated into two samples to measure apop-
tosis and necrosis, and hydrogen peroxide (H,0,). For the measurements of apoptosis and necrosis, a 100-uL
sample containing WBCs was stained with 5 pL each of reagent (annexin-V and propidium iodide (PI); FITC
Annexin V Apoptosis Detection Kit I; Becton, Dickinson and Co.) in the dark for 15 min. Thereafter, 100,000
cells were measured with the blue laser (488 nm) of a flow cytometer (SH800 Cell Sorter; Sony, Tokyo, Japan).
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Further, H,O, staining (BES-H202; Wako Chemical Inc., Tokyo, JP) was performed simultaneously. The sample
was reacted with 5 uL of reagent in the dark for 15 min, and 10,000 cells were measured with the blue laser of the
flow cytometer. In 3 cases, WBCs suspension was subjected to examine with another kit (Apoptotic/Necrotic/
Healthy Cells Detection Kit; PromoCell, Heidelberg, DE; FITC-Annexin V in TE buffer containing 0.1% NaN3,
Ethidium Homodimer(EthD) -III (EthD -IIT), Hoechst 33342 in PBS) to stain apoptotic, necrotic, and all cells
and confirmed by fluorescence microscope (BZ-8100; Keyence, Osaka, JP).

Preserved plasma samples underwent measurement of the following parameters: total protein (TP) (Unicel
DxC800; Beckman coulter, Brea, US), MPO (Human Myeloperoxidase ELISA kit; Abcam plc., Cambridge, UK),
TBARS as a marker of malondialdehyde (MDA) by measurement reported elsewhere'®, PTX3 (Human Pentraxin
3 ELISA; BioVendor, Brno, CZ), angiogenin (Human Angiogenin Quantikine ELISA Kit; R&D Systems, Min-
neapolis, MN), lactoferrin (Human Lactoferrin ELISA Kit, Abcam plc.), complement components C3a, C5a, and
C5b-9 (Micro Vue complement C3a Plus ELIA, C5a Plus ELISA, and SC5b-9 Plus ELIA; QUIDEL, San Diego,
CA). Furthermore, measurement of cytokines IL-1, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17,
granulocyte colony-stimulating factor (G-CSF), granulocyte macrophage colony-stimulating factor (GM-CSF),
interferon (IFN)-y, MCP-1, MIP-f, and TNF-a (Bio-Plex Pro Human Cytokine Assays 17-plex; Bio-Rad Labo-
ratories, Hercules, CA) were performed on preserved plasma using ELISA kits.

Fresh dialysate was subjected to measure the level of endotoxin once a month regularly by using special device
(Toxinometer ET-Mini wired Set, Wako, Osaka, JP). During the period of study, the endotoxin concentration in
the dialysate was below the measurement limit value (< 0.7 EU/L).

In the present study, we considered the hemoconcentration effect by HD when comparing measured values
of leukocytes and molecules between levels of pre and post HD. We calculated hemoconcentration rate by using
TP levels (g/dL) as follows: Rate (%) = 100 x (Post-HD TP level - Pre-HD TP level) / Pre-HD TP level). Then the
corrected post-HD levels were determined using the following formula: Corrected post HD levels = measured
post-HD levels x (1-Rate/100)). We corrected the data of time course changes in a similar way (Fig. 3).

Analysis. Variables were expressed as mean + standard deviation (SD) or median (minimum to maximum),
as appropriate. Statistical significance was set at the level of P <0.05.

Statistical analyses for comparison and correlation were performed using paired t-test, non-parametric Wil-
coxon paired rank test, and Pearson’s correlation test. Time courses were analyzed using multivariate analysis
of variance (MANOVA) or repeated-measures analysis of variance, and Bonferroni for multiple comparison
procedure. All statistical analyses were performed with JMP Pro version 15.0 (SAS Institute Inc., Cary, NC).
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