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ABSTRACT

Coronavirus disease 2019 (COVID-19) affected billions of individuals globally, with
symptoms ranging from isolated blood clotting to severe acute hypoxemic respiratory
failure requiring intensive respiratory support ventilators. Those with advanced chronic
kidney disease (CKD stage 5) were at high risk of severe disease faced a particularly
heightened risk of severe illness. Inflammation and associated immune-thrombotic
events in CKD stage 5 have attracted increasing attention, yet remain poorly understood.
In this prospective cohort study, we examined and compared neutrophil extracellular
traps (NETs) and low-density granulocytes (LDGs) in heathy controls (n=15), CKD stage
5 patients without COVID-19 (n=15), patients with COVID-19 (n=15), and CKD stage 5
patients with COVID-19 (n=90). Serum citrullinated histone H3 (CitH3) and related gene
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expression (PAD4, ERK1, PKC), NET complexes, platelet factor 4 (PF4), von Willebrand
factor (VWF), RANTES, and specific cytokines were quantified. Proof-of-concept
experiments were conducted to assess the role of lipopolysaccharide-LDG complexes in
NETs detected in COVID-19 plasma. NETs complexes were significantly higher in
COVID-19 cases, and more so in patients with CKD stage 5D, and those who died.
Disease severity was directly correlated with NETs complex levels (p=0.016). CitH3 and
gene expression levels were not correlated with advanced CKD stage, while levels of
components that initiate NETs formation were higher in patients with COVID-19 and in
CKD stage 5 patients. In conclusion, NET activation could partially explain the thrombotic
manifestations in patients with COVID-19 and in CKD stage 5 patients.

KEY POINTS
« NETs contribute to microthrombi in CKD stage 5D patients with COVID-19 severe
lung injury.

« Both NETs and LDGs are potential indicators of early severe lung injury and mortality
in COVID-19 with CKD stage 5D.
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Introduction

The family of severe acute respiratory syndrome (SARS) coronavirus (CoV) includes SARS-CoV-2, the caus-
ative agent of coronavirus disease 2019 (COVID-19), primarily characterized by pulmonary infiltration [1].
The COVID-19 outbreak has transitioned from a pandemic to an endemic state, infections continue to
present challenges in certain clinical situations [2,3], necessitating deeper understanding of disease
pathogenesis and the development of novel treatments.

Patients with preexisting medical conditions have higher mortality rates when infected with COVID-19
[4]; for example, patients with stage 5 chronic kidney disease (CKD) have been found to be highly sus-
ceptible to develop COVID-19 and to have worse overall prognosis than the general population [5].
Indeed, studies have shown that despite being presented with similar initial disease severity, patients
with preexisting CKD who contract COVID-19 suffer from significantly higher rates of acute kidney injury
and mortality, with risk escalating as CKD stage progresses [6]. Uremic toxins are detrimental to multiple
organs in patients with CKD stage 5 [7], and SARS-CoV-2 virus can directly infect various organs, includ-
ing the kidney [1]. Several parameters are common to both CKD stage 5 with dialysis dependence (CKD
stage 5D) and COVID-19 infection, including elevated blood proinflammatory cytokine levels, impaired
intestinal barrier function, circulating endotoxins, lung damage, and disrupted brain function [8-10]. This
confluence of pathologies is particularly dangerous, as the systemic inflammation and cytokine surge
characteristic of severe COVID-19 can precipitate a pro-thrombotic state, a risk that is amplified in patients
with renal compromise, such as kidney transplant recipients [11].

Moreover, individuals afflicted with both CKD stage 5D and COVID-19 infection may experience alter-
ations in various indicators, especially those with severe infection; both conditions elicit comparable
inflammatory responses, including heightened innate immune system activation, particularly of neutro-
phil extracellular traps (NETs) and low-density granulocytes (LDGs) [12-18]. The role of NETSs, in particular,
has gained significant attention, with systematic reviews concluding that elevated NET levels are predic-
tive of key clinical outcomes in COVID-19, including the need for mechanical ventilation, thrombosis, and
mortality [19], making them a critical target of investigation in high-risk groups like the CKD population.

NETs are formed by release of extracellular DNA networks from polymorphonuclear leukocytes (PMNs;
including neutrophils), in response to activators, including viruses, uremic toxin, reactive oxygen species,
and cell-free DNA, primarily through the peptidylarginine deiminase 4 (PAD4)-induced citrullinated his-
tone H3 (CitH3) pathway [12-14]. LDGs are neutrophils in the peripheral blood mononuclear cell (PBMC)
fraction with lower density than regular neutrophils after gradient separation [15], and are associated
with the severity of both COVID-19 infection[16] and uremia [17], similar to NETs [1,18]. NETs and LDGs
have potential value for assessing individuals with both CKD stage 5D and COVID-19 infection; however,
existing insights with both illnesses are limited. Furthermore, gradient separation for LDG measurement
is a simple method, accessible for most laboratories in resource-limited settings, potentially facilitating its
application as a biomarker.

We hypothesized that CKD stage 5D could disrupt certain elements of COVID-19, including NETs and
LDGs. Here, we report evidence that increased NET formation correlates with COVID-19 and the severity
of hypoxemic respiratory failure. NET may serve as a biomarker for disease severity in patients with CKD
stage 5D and COVID-19 who develop respiratory failure. Additionally, we show that patients with
COVID-19 and CKD stage 5D have elevated RANTES and plasma factor 4 (PF4) levels, both of which can
induce NETosis [20].

Methods
Participants and study design

This was a prospective observational study performed in Bangkok, Thailand. The study was approved by
the Ethics Committee of the Faculty of Tropical Medicine, Mahidol University (reference number, MUTM
2022-022-01). The study protocols adhered to the Declaration of Helsinki guidelines and the International
Conference on Harmonization Good Clinical Practice. Written informed consent was obtained from par-
ticipant or legal guardian for study participation. All patient samples were de-identified and re-labeled
after collection to maintain patient privacy.
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Adult (aged =18 years) patients with CKD stage 5D and a first COVID-19 infection, with symptoms
starting within 4 days (<96h) after exposure, were consecutively enrolled from April 1, 2022, to March
31, 2023. COVID-19 infection cases were stratified for severity, as mild (mild clinical symptoms without
imaging features of pneumonia), moderate (clinical symptoms, such as fever and cough, with imaging
features of pneumonia), or severe (dyspnea, respiratory rate >30/min, blood oxygen saturation <93%,
partial pressure of arterial oxygen to fraction of inspired oxygen ratio <300, and/or lung infiltrates >50%
within 24-48h) [21,22]. CKD stage 5D was defined by estimated glomerular filtration rate (eGFR) using
the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [23] of <15mL/min/1.75 m?
along with dialysis dependence. Exclusion criteria were COVID-19 patients with multiple organ dysfunc-
tion syndrome, coagulopathy, other previous infections within 4 weeks prior to COVID-19 infection,
expected survival time <48h, and other chronic conditions involving organ damage, including cirrhosis,
cardiomyopathy, chronic obstructive lung disease, etc. Healthy controls (n=15) and patients with
COVID-19 without CKD (n=15) served as controls. These subjects had eGFR >90mL/min/1.75 m?, whereas
CKD stage 5D controls (non-COVID-19) (n=15) with stable health status and no history of prior COVID-19
infection were recruited from an online-hemodiafiltration hemodialysis unit (Figure 1). All recruited indi-
viduals provided written consent.

COVID-19 diagnosis was confirmed by quantitative analysis of SARS-CoV-2 E and N genes by poly-
merase chain reaction (PCR) using nasopharynx, nasal swab, or deep throat saliva samples, with a cycle
threshold value <25 (all viral gene targets) within the previous 24h (ensuring that recruited patients had
high viral loads). Chest radiography and biochemical parameters were assessed at enrollment, including
complete blood count, serum biochemical tests (liver and renal function, and electrolytes), coagulation
profile, high sensitivity C-reactive protein, D-dimers, and procalcitonin. Comorbidity burden was quanti-
fied using the Charlson Comorbidity Index. Disease severity and organ dysfunction were recorded for all
patients admitted to the intensive care unit (ICU) by monitoring basal clinical functions and calculating
Acute Physiology and Chronic Health Evaluation Il and Sequential Organ Failure Assessment scores. For
patients with CKD stage 5D, blood samples were collected at enrollment, prior to the initiation of any
hemodialysis session during the hospital admission, to avoid confounding effects from the dialysis pro-
cedure. Information regarding COVID-19 vaccination status, baseline serum ferritin, and use of
erythropoiesis-stimulating agents was also collected and is presented in Table 1.

According to the Thailand National Guidelines for COVID-19 management during the study, all patients
with COVID-19 and CKD stage 5D were classified as high-risk and requiring admission for treatment

Figure 1. Study flowchart. CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease.
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Table 1. Clinical characteristics of healthy and hospitalized patients with chronic kidney disease stage 5 with dialysis
dependence (CKD 5D) with or without COVID-19.

Study group (n=135)
CKD 5D with COVID-19

(n=90)
Minimal <50% >50%
CKD 5D infiltration infiltration infiltration
Healthy COVID-19 without by chest by chest by chest
volunteers  without CKD ~ COVID-19 Total radiography radiography radiography
Characteristic(s) (n=15) (n=15) (n=15) (n=90) (n=14) (n=16) (n=60) P-value
Age (years) 443+11.2 38.6+10.5 48.8+129 528x134 383+14.9 41.8+16.4 528117 0.283°
Male 10 (66.7) 8 (53.3) 9 (60.0) 56 (62.2) 10 (71.4) 12 (75.0) 34 (56.7) 0.871°
BMI (kg/m?) 22.2+41 239+3.1 242+38 23.5+34 234%38 23.8+2.7 24.2+3.6 0.512°
Diabetes mellitus 2 (13.3) 14 (93.3) 71 (78.9) 8 (57.1) 11 (68.8) 52 (86.7) 0.2932
Hypertension 3 (20.0) 15 (100.0) 90 (100.0) 14 (100.0) 16 (100.0) 60 (100.0)
COVID-19 vaccination 15 (100.0) 15 (100) 15 (100) 90 (100) 14 (100.0) 16 (100.0) 60 (100.0)
(=2 doses)
Charlson comorbidity 1 (0-2) 5 (4-6) 6 (4-7) 6 (4-7) 6 (4-7) 6 (4-7) 0.331°
index
APACHE I score N/A N/A 13 (9-17) 12 (9-16) 13 (9-17) 13 (9-17)
SOFA score N/A N/A 4 (3-5) 3 (2-5 4 (3-5) 4 (3-5)
High-flow oxygenation 0 (0) 0 (0) 40 (44.4) 2 (14.3) 16 (100.0) 22 (36.7)
ventilation
Invasive mechanical 0 (0) 0 (0) 38 (42.2) 0 (0) 0 (0) 38 (63.3)
ventilation
28-day survival 15 (100.0) 15 (100.0) 69 (76.7) 14 (100) 13 (81.3) 42 (70.0) 0.0372
Laboratory findings
Pa0,:FiO, N/A N/A N/A 198.3+£529 2347+219 2088+429 118.8+38.9
WBC (x10%L), mean+SD 7815 6.7+3.7 44+28 55+39 3.8+22 7.7+29 6.2+54 0.199°
Platelet count (x10°/L), 412.8+78.2 2355+96.7 254.1+63.2 2155+93.9 230.8+609 377.7+£729 166.2+55.1 0.054°
mean+SD
C-reactive protein (mg/L) 1.2 (0.3-1.6) 15.9 23.7 206.6 133.7 188.1 243 <0.0001°
(5.8-55.7)  (11.7-110.4) (65.4-300.4) (50.9-180.4) (94.8-234.9) (104.8-338.4)
Procalcitonin (ng/mL) 0.02 0.33 0.6 2.21 1.85 1.99 234 <0.0001°
(0.01-0.03)  (0.12-1.21) (0.3-1.58) (0.88-4.81)  (0.71-1.89)  (0.69-3.38)  (0.99-5.88)
D-dimer (pg/mL) 0.11 (0-0.23) 0.32 0.41 3.88 0.81 2.35 4,58 <0.0001°
(0.26-1.59)  (0.13-1.25)  (0.44-6.26) (0.31-1.69) (0.88-4.12)  (0.62-6.77)
Ferritin (ng/mL)* N/A 188.2 450.7 988.4 855.4 992.1 1145.8 <0.0001°
(95.3-311.5) (299.8-764.2) (543.1- (510.2- (598.5- (685.3—
1560.7) 1050.6) 1410.2) 1620.4)
Erythropoiesis-stimulating 0 (0) 0 (0) 13 (86.7) 78 (86.7) 12 (85.7) 14 (87.5) 52 (86.7) 1.000?
agent
Corticosteroid treatment 0 (0) 1(6.7) 2 (13.3) 90 (100) 14 (100) 16 (100) 60 (100) <0.00012
Anticoagulant treatment 0 (0) 4 (26.7) 4 (26.7) 88 (98.8) 12 (85.7) 16 (100) 60 (100) <0.00012
Vasoactive treatment 0 (0) 0 (0) 0 (0) 59 (65.6) 0 (0) 11 (68.8) 48 (80.0) <0.00012
Antibiotic treatment 0 (0) 0 (0) 0 (0) 80 (88.9) 4 (28.6) 16 (100) 60 (100) <0.00012

Data are median (IQR), n (%), or mean=+SD.

APACHE II: Acute Physiology and Chronic Health Evaluation IIl; BMI: body mass index; CKD: chronic kidney disease; N/A: not available; PaO,:
FiO,, ratio of the partial pressure of arterial oxygen to the fraction of inspired oxygen; SOFA: Sequential Organ Failure Assessment; WBC: white
blood cell count.

aFisher’s exact tests and "Mann-Whitney U tests were used to evaluate the differences between CKD 5D without COVID-19 and CKD 5D with
COVID-19.

CFerritin levels were not available for all patients. Data reflects the number of patients for whom laboratory results were available: Healthy
volunteers (0%, n=0), COVID-19 without CKD (52%, n=8), CKD 5D without COVID-19 (38%, n=6), and CKD 5D with COVID-19 (48%, n=43).

with =5 days of intravenous remdesivir (200mg from the first day, and 100mg daily thereafter), as well
as other supportive treatments, including hemodialysis, until dischargeable. Hence, patients with COVID-19
and CKD stage 5D were treated as in-patients for 5-10 days. Discharge criteria were absence of fever for
>3 days, substantial improvement in both lungs on chest radiography, and clinical remission of respira-
tory symptoms. No repeated throat-swab sample for SARS-CoV-2 RNA was obtained for confirmation
before discharge. Patients discharged before day 28 underwent telephone follow-up, during which sur-
vival information was recorded. All patients with severe COVID-19 and CKD stage 5D were treated in the
ICU. During the study period, heparin was considered to bind to COVID-19 spike proteins and inhibit
interleukin-6 (IL-6) [24], a pro-inflammatory cytokine elevated in patients with COVID-19 [25]; therefore,
low-molecular weight heparin (LMWH) was administered to admitted patients, consistent with previously
proposed D-dimer cutoff levels [26]. Briefly, LMWH 40mg daily, 40mg twice a day, and 1mg/kg (maxi-
mum 60mg) twice a day were prescribed for patients with COVID-19 and circulating D-dimer levels <0.5,
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0.5-3, and >3 pg/mL, respectively. Patients who received LMWH continued anticoagulation following
hospital discharge, unless contraindicated.

Density gradient cell separation

PBMC and PMN fractions were isolated from heparin-anticoagulated blood by density gradient cell sep-
aration. Samples were layered onto Ficoll-Paque (Robbins Scientific Corporation, Sunnyvale, CA, USA) and
Polymorphprep™ (Axis-Shield, Oslo, Norway) in a 1:1:1 ratio in 50 mL sterile tubes and centrifuged (400g,
35min, room temperature). The PMN layer, largely comprising neutrophils (>95%), was removed, washed
with RPMI 1640 (Thermo Fisher Scientific, Logan, Utah, USA), and resuspended in RPMI 1640 supple-
mented with 10% heat-inactivated fetal bovine serum. Contaminating erythrocytes were removed using
ammonium chloride lysis buffer. Neutrophil preparations were =95% viable and pure, as confirmed by
trypan blue exclusion (Sigma-Aldrich, Singapore) and Wright's Giemsa staining (Biotech, Bangkok,
Thailand), respectively. LDGs were isolated from the PBMC fraction and stained with Wright's Giemsa
stain. Cells were counted by light microscopy.

Serum sample analysis

Serum cytokines (TNF-q, IL-6, IL-8, and IL-10) and endotoxin (lipopolysaccharide; LPS) were measured by
enzyme-linked immunosorbent assay (ELISA) (Invitrogen, Waltham, MA, USA) and human embryonic kid-
ney (HEK)-Blue LPS Detection Kit 2 (InvivoGen™, San Diego, CA, USA), respectively. HEK-Blue cells (1x10°/
well) were added into 96-well plates with serum samples and standard LPS before incubation overnight
at 37°C in 5% CO,. Then, 180puL QUANTI-Blue was added and incubated for 1h before reading absor-
bance at 620nm using a fluorescent microplate reader (Bio-Tek, Winooski, VT, USA). Serum cell-free DNA
was measured using Quant-iT™ PicoGreen reagent (Thermo Fisher Scientific, Paisley, UK) on a fluorescent
microplate reader (Bio-Tek) at 480/520nm, according to the manufacturer’s instructions. Levels of CitH3
were measured by ELISA kit (Roche, Mannheim, Germany).

NETs formation detection

Neutrophils (5x10%/well) were incubated in RPMI 1640 for 1h at 37°C before adding onto
poly-L-lysine-coated glass coverslips (6 mm diameter) (Sigma-Aldrich), fixing with 4% (v/v) formaldehyde,
blocking with tris-buffered saline (TBS) in 2% (w/v) bovine serum albumin (Sigma-Aldrich), and permea-
bilizing using TBS with 0.05% Tween 20 (Sigma-Aldrich). NET formation was detected by analysis of
nuclear morphology using 4',6-diamidino-2-phenylindole (DAPI) staining or co-immunofluorescence
staining with myeloperoxidase (MPO) and neutrophil elastase (NE) (Abcam, Cambridge, UK). Then,
ProLong antifade medium (Invitrogen) was added, and cover slips with cells mounted upside down
before visualizing by confocal microscopy. Percentages of cells with NETs among all strained cells repre-
sented the NET formation level.

NETs were also assessed by determining the expression levels of several genes by real-time PCR. RNA
was extracted from neutrophil pellets using a FarvoPrep RNA mini kit (Farvogen, Vienna, Australia), quan-
tified using a NanoDrop OneC Microvolume UV-Vis Spectrophotometer (Thermo Scientific) and
reverse-transcribed (Applied Biosystems, Warrington, UK), before analysis using an Applied Biosystems
QuantStudio 6 Flex Real-Time PCR System with SYBR® Green PCR Master Mix (Applied Biosystems) and
the primers listed in Table 2. Results are presented as relative quantitation using the comparative thresh-
old method (2722%) and normalized to B-actin levels.

Ex vivo experiments

Gradient separated neutrophils (1x107) were incubated with LPS (Escherichia coli 026: B6; Sigma-Aldrich)
at 100ng/mL or culture media (RPMI) before another gradient separation to isolate LPS-derived LDGs and
LPS-derived neutrophils of regular density. Then, cells were stained with fluorochrome-conjugated
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Table 2. Primers.

Name Forward primer Reverse primer
Extracellular signal-regulated kinases 1 (ERK1) 5'-TGGCAAGCACTACCTGGATCAG-3' 5'-GCAGAGACTGTAGGTAGTTTCGG-3’
Peptidyl arginine deiminase 4 (PAD4) 5'-CGAAGACCCCCAAGGACT-3' 5'-AGGACAGTTTGCCCCGTG-3'
Protein kinase C (PKC) 5'-GAGGGACACATCAAGATTGCCG-3' 5'-CACCAATCCACGGACTTCCCAT-3'
B-actin 5'-CCTGGCACCCAGCACAAT-3’ 5'-GCCGATCCACACGGAGTACT-3'

antibodies against CD11b, CD62, CD63, and CD66b, and analyzed by flow cytometry [27]. Cells were
resuspended in binding buffer (1x10° cells/100 uL) for 15min before analysis with BD LSR-Il (BD biosci-
ence) using FlowJo software version 10.

Plasma coagulation factor assays

ELISA kits (R&D Systems, Minneapolis, MN, USA) were used to measure soluble PF4 and RANTES levels in
plasma samples from patients with COVID-19 and healthy donors. von Willebrand factor (vVWF) antigen
and D-dimers were analyzed in identical samples using ELISA kits (Abcam, Cambridge, United Kingdom).

Outcomes

The primary outcome was to assess a difference in NETs and LDGs concentrations between COVID-19
cases with versus without CKD stage 5D along with CKD stage 5 D and healthy controls. Key secondary
outcome measures reported here were to assess associations between NETs and LDGs concentrations
and other clinical COVID-19 severity spectrums, immune and cytokine mediators, microthrombi formation
and platelet deposition, and 28-day mortality.

Statistical analysis

Data are presented as meanxstandard deviation (SD) and percentage. Categorical variables were assessed
using Fisher's exact test, and continuous variables using Mann-Whitney U. We performed correlation
analyses of both NETs and LDGs with clinical spectrums and performed survival analyses with a log-rank
test stratifying patients according to high or low concentrations of NETs and LDGs. All statistical analyses
were performed with GraphPad Prism version 10.1.2 (GraphPad software, Inc, San Diego, CA, CA, USA).
p<0.05 was considered statistically significant.

Results
Patient demographic and clinical characteristics

A total of 135 participants were enrolled, with slightly more male than female participants in all groups.
Of 127 eligible patients with CKD stage 5D hospitalized with COVID-19 infection, 90 cases with complete
data and defined outcomes were included, among which 60 cases (66.7%) were severe. COVID-19 infec-
tion severity was classified according to chest radiography, with >50% lung infiltration indicating severe
COVID-19 infection [22]. Patients with severe disease had a higher mortality rate (21.7%) than those with
non-severe disease (6.2%). All patients with severe disease received anticoagulant treatment, as either
prophylaxis (n=11, 18.3%) or treatment (n=49, 81.7%). Participant classifications, and demographic and
clinical characteristics are shown in Figure 1 and Table 1.

CKD stage 5D interferes with certain COVID-19 severity parameters

Our primary interest was in the impacts of COVID-19 in patients with CKD stage 5D; however, concerns
about the interference of CKD stage 5 in cases with severe COVID-19 infection led to us to conduct an
initial comparison between cases with versus without CKD stage 5D. NETs, evaluated by assessment of
nuclear morphology using DAPI staining, were increased in patients with severe COVID-19 infection,
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regardless of CKD stage 5D, while CKD stage 5D alone did not lead to NETs elevation (Figure 2A,B);
however, detection of NET formation based on other parameters, including serum CitH3, expression of
NETs-associated genes (PAD4, ERK1, and PKC), and low-density granulocytes, did not differ among groups
(Figure 2C-Q). In contrast, elevated endotoxemia was detected only in patients with CKD stage 5D and
severe COVID-19, but not in other groups, including patients with severe COVID-19 without CKD stage
5D (Figure 2H), while serum cell-free DNA was increased in all groups, except for healthy controls (Figure
21). Further, pro-inflammatory (TNF-a, IL-6, and IL-8), but not anti-inflammatory (IL-10), cytokines were
higher in all groups of patients (non-CKD stage 5D with COVID-19 and CKD stage 5D regardless of
COVID-19) than in healthy controls (Figure 2J-M). Thus, CKD stage 5D without COVID-19 induced eleva-
tion of serum pro-inflammatory cytokines and cell-free DNA, but not endotoxemia and NETs (detected
using DAPI) (Figure 2A-M).

NETs and LGDs as prognostic biomarkers in patients with CKD stage 5D and COVID-19 infection
with severe pulmonary involvement

To determine the possible influence of CKD stage 5D in the context of COVID-19, all parameters were
measured next in cases with CKD stage 5D without COVID-19. COVID-19 severity was categorized accord-
ing to chest radiography criteria as minimal, <50%, or >50% infiltration [22]. Patients with COVID-19 and
high infiltration were further categorized as those breathing room air, or with high flow nasal canular- or
invasive mechanical ventilator-assisted (IMV) breathing. Among CKD stage 5D patients, NETs detected by
DAPI staining were highest in those with severe COVID-19 infection (chest radiography criteria), particu-
larly those with IMV support (Figure 3A,B), implying that NETs have potential as predictors of IMV sup-
port or subsequent severe respiratory failure; however, NETs measured by serum CitH3 and gene
expression levels did not differ between patients with CKD stage 5D and controls (Figure 3C-F). Despite
the lack of difference between patients with CKD stage 5D and controls, PAD4 expression was higher in
patients with severe COVID-19 receiving IMV support than in those without ventilator assistance (Figure
3D, inset). LDGs were similarly elevated in patients with COVID-19 independent of its severity; however,
LDGs were higher in patients receiving IMV support than in those with high infiltration without IMV
support (Figure 3G). Endotoxemia, cell-free DNA, and serum cytokines did not differ between CKD stage
5 controls versus those with COVID-19 infection (Figures 3H-G and 4A-D). In patients with COVID-19 and
high infiltration, serum IL-6 was higher in those receiving than in those without IMV support (Figure 4B,
inset). Hence, LDGs and serum IL-6 may be useful indicators for predicting ventilator support in patients
with CKD stage 5D and COVID-19 infection. Although there was no significant correlation between either
LDGs or NETs and all patients with CKD stage 5D and COVID-19 infection, a significant correlation was
detected in cases with severe lung infiltration (Figure 4E,F). Notably, both NETs and LDGs could predict
severe lung injury determined by the ratio of the partial pressure of arterial oxygen to the fraction of
inspired oxygen (r=0.6971, p<0.0001 and r=0.318, p<0.013, respectively) and survival (both p<0.0001),
particularly in patients with severe lung injury (Figure 4G-J, H, insets). There was significant difference in
mortality in patients with COVID-19 with higher NETs (morphology by DAPI) and LDGs percentages com-
pared with those with low percentages (p=0.0007 and p=0.017, respectively) (Figure 4l,J).

NETs are associated with microthrombi formation and platelet deposition in CKD stage 5D with
CoVID-19

To ascertain the pathogenesis underlying microthrombi resulting from NETosis in patients with advanced
CKD infected and COVID-19, we investigated levels of the circulating thrombotic markers, vVWF and
D-dimers, in these patients relative to those in patients with CKD stage 5D without COVID-19. Circulating
D-dimer and vVWF concentrations were significantly elevated in patients with stage 5D CKD and COVID-19
(both p<0.0001; Figure 5A,B); however, no direct correlations between these parameters and NETs or
LDGs were observed in our cohort (data not presented). Similarly, we detected substantially increased
concentrations of soluble platelet-derived factors that induce NETosis, including PF4 and RANTES, in
patients with stage 5D CKD and COVID-19 (both p<0.0001; Figure 5C,D).
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Figure 2. Analysis of NETs and LDGs in all study participants. Characteristics of healthy controls (n=15), and patients
with COVID-19 without CKD (n=15), CKD stage 5D alone (n=15), and CKD stage 5D with COVID-19 infection (n=90),
including neutrophil extracellular traps (NETs) assessed by analysis of nuclear morphology using DAPI fluorescent stain-
ing (%) (representative images, (A) quantification, (B), serum citrullinated H3 (CitH3) I, expression of several genes,
including peptidyl arginine deiminase 4 (PAD4), extracellular signal-regulated kinase 1 (ERKT), and protein kinase C
(PKC) (D-F, respectively), low-density granulocytes (LDGs) (G), endotoxemia (H), serum cell-free DNA (1), and serum
cytokines (TNF-a, IL-6, IL-8, and IL-10) (J-M, respectively). Only patients with COVID-19 and >50% lung infiltration
determined by chest radiography (severe COVID-19 by chest radiography (CXR) criteria) were included. *p <0.05 between
the indicated groups; ns: not significant.
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Figure 3. Analysis of NETs and LDGs in patients with CKD stage 5 without COVID-19 and with COVID-19 of differing
severity. COVID-19 severity was categorized according to chest radiography criteria as minimal, <50%, or >50% infiltra-
tion [19]. Characteristics of patients with CKD stage 5 without COVID-19 (control) (n=15), and with COVID-19 and dif-
ferent chest radiograph (CXR) findings, including minimal (n=14), <50% (n=16), and >50% infiltration (n=60), together
with Sub-group analysis of patients in the >50% infiltration group classified as cases breathing room air (n=40), or
receiving high flow nasal cannular (HFNC, n=10), or invasive mechanical ventilator (IMV, n=10) (inset graphs).
Parameters measured were: neutrophil extracellular traps (NETs) assessed by nuclear morphology using DAPI fluorescent
staining (%) (representative images, A; quantification, B), serum citrullinated H3 (CitH3) ©, expression of several genes,
including peptidyl arginine deiminase 4 (PAD4), extracellular signal-regulated kinase 1 (ERKT), and protein kinase C
(PKC) (D-F, respectively), low-density granulocytes (LDGs) (G), endotoxemia (H), and serum cell-free DNA (I). *p<0.05
between the indicated groups; ns: not significant.
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Figure 4. NETs And LDGs to predict severe lung injury and survival in patients with CKD stage 5D and COVID-19. Characteristics
of cases with CKD stage 5D without (control; n=15), and with COVID-19 and different chest radiograph (CXR) findings, includ-
ing minimal (n=14), <50% (n=16), and >50% infiltration (n=60), together with the Sub-group analysis of the >50% infil-
tration group into cases breathing room air (n=40), or receiving high flow nasal canular (HFNC, n=10) and invasive mechanical
ventilator (IMV, n=10) (inset graphs). Parameters measured were: levels of serum cytokines (TNF-q, IL-6, IL-8, and IL-10) (A-D,
respectively) and correlation between low-density granulocytes (LDGs) versus neutrophil extracellular traps (NETs) among all
cases with CKD stage 5D (E) and those with CKD stage 5D and >50% lung infiltration (F). Notably, both NETs (G) and LDGs
(H) potentially predict severe lung injury and survival (insets). Kaplan-Meier analysis for 28-day mortality of CKD stage 5D
cases with COVID-19 with NETosis (morphology by DAPI) and LDGs analyses, stratified by high- and low-NETs versus high- and
low-LDGs (cutoff at 41.5% for NETs and at 17.9% for LDGs, as defined by median). Log-rank test was used to compare survival
distribution (I, J). *p<0.05 and **p<0.0001 between the indicated groups; ns: not significant.
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Figure 5. NETs Are associated with microthrombi formation and platelet deposition. Plasma levels of D-dimers (a), von
willebrand factor (vWF) (B), RANTES (C), and platelet factor 4 (PF4) (D) quantified by ELISA in patients with CKD stage
5D and COVID-19 compared with those without COVID-19 and healthy controls. *p <0.001 and ***p <0.0001 between
the indicated groups; ns: not significant.

Endotoxemia during COVID-19 in CKD stage 5D may induce LDGs

To determine possible sources of LDGs during active inflammatory conditions, neutrophils were
separated from healthy controls before stimulation with LPS, and their density assessed by gradient sep-
aration, before retrieving low (LPS-LDGs) and normal (LPS-neutrophils) density LPS-stimulated cells (Figure
6A). LPS-activated neutrophils transformed into LDGs in a time-dependent manner, as approximately
30% and 70% of stimulated cells were LDGs at 1 and 2h post-activation (Figure 6B). Separated neutro-
phils not stimulated using LPS (unstimulated neutrophils) retained their high density, demonstrating that
the separation method did not induce LDG generation (Figure 6B). Next, we evaluated several flow
cytometry parameters, including CD62 (the adhesion molecule, selectin), CD63 (a member of the
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Figure 6. Study overview. (A) Schema of the experiments showing blood collection @ centrifugation @ separation
into different layers, including plasma, peripheral blood mononuclear cells (PBMCs), polymorphonuclear cells (neutro-
phils; PMNs), and red blood cells (RBC), by gradient separation and collection of PMN using RPMI media (3), and LPS
activation (4), before additional separation (5) to identify LPS-stimulated cells with low (LPS-LDGs) and normal
(LPS-neutrophils) density @ Characteristics of neutrophils from processes @ (non-activated neutrophils) and @
(LPS-LDGs and LPS-neutrophils) in the schema, indicated by LDG percentage (number of LPS-LDGs/number of
LPS-LDGs + LPS-neutrophils) with the representative images of gradient separation (B), markers of neutrophil activation
(CD62'°" CD11bh9h) and neutrophil degranulation (CD66b and CD63) with representative flow cytometry patterns (C, D).
Results were derived from separate experiments conducted in triplicate. *p <0.05 between the indicated groups. LDG:
low density granulocytes; LPS: lipopolysaccharides (endotoxins).

transmembrane 4 superfamily), CD11b (complement receptor 3), and CD66b (carcinoembryonic
antigen-related cell adhesion molecule 8), in neutrophils, LPS-LDGs, and LPS-neutrophils (Figure 6C,D).
Unlike regular neutrophils, both LPS-LDGs and LPS-neutrophils were CD62'°% CD11bM9" (Figure 6C), while
CD66b and CD63 (degranulation markers) did not differ among groups (Figure 6D). Hence, the lower
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density of neutrophils after activation could not be explained by de-granulation. Due to possible NETs
formation in LDGs, we next detected NETs before and after LPS stimulation using immunofluorescent
MPO (red color) and NE (green color) staining. Cells generating extracellular traps (ETs), indicated by MPO
and NE staining and fiber-liked structure, were detected in patients with severe COVID-19 breathing
either room air or with ventilator assistance (Figure 7A,B). Further, LPS induced a higher percentage of
cells with ETs only in samples from patients breathing room air, but not in those from patients receiving
ventilator assistance (Figure 7A,B). Thus, most LDGs from patients with profoundly severe COVID-19
(cases with ventilator-assisted breathing) may have already generated ETs, while not all LDGs from less
severe cases (breathing room air) generated ETs (Figure 7A,B). Thus, ETs levels in PBMCs may be associ-
ated with COVID-19 severity.

Discussion

Unlike most viral respiratory infections, COVID-19 infects various non-respiratory cells, leading to systemic
inflammatory responses [28], similar to the impacts of accumulated uremic toxins in patients with CKD
stage 5 [29,30]. The intestine is among several organs that can be disrupted by both SARS-CoV-2 and
uremic toxins, as indicated by endotoxemia from gut barrier defect reported in patients with both
COVID-19 [31,32] and CKD stage 5D [33,34]. Endotoxins are major components of Gram-negative bacte-
ria, which are the most abundant microbes in the gut. Endotoxemia without active systemic bacterial
infection is an indirect biomarker of gut barrier defect, while profound inflammatory responses against
SARS-CoV-2-infected cells [35] and uremic toxin-induced oxidative stress [36], contribute to systemic
inflammation, with severe responses leading to death of immune and other cells and elevated cell-free
DNA [37,38]. Although the systemic biomarkers of less severe COVID-19 do not overlap with those of
CKD stage 5D [39-41], some parameters in severe COVID-19 exhibit similarities to CKD stage 5D. The
disease conditions can be distinguished from healthy controls using cell-free DNA, serum cytokines
(TNF-q, IL-6, and IL-8), LDGs, and NETs (analyzed using CitH3); however, similar levels are found in patients
with COVID-19 with and without CKD stage 5D and those with CKD stage 5D alone. Similarly, the pro-
nounced elevation of ferritin in our cohort is consistent with the hyperferritinemia characteristic of severe
COVID-19 [42], where it acts not just as a marker of inflammation but as a potential pro-inflammatory
mediator that could contribute to the pathology promoting NETs and LDGs. Notably, NET levels deter-
mined using gene expression did not differ between patients and healthy controls and the inconsistency
in the differences in NETs parameters between patients with CKD stage 5D (low level of DAPI-stained
NETs, but high levels of serum CitH3) indicates some limitations to this approach. Neutrophil phenotype
can be influenced by various factors, including heterogeneity among patient cohorts under investigation
(e.g., comorbidities, medications like the near-universal use of erythropoiesis-stimulating agents in the
CKD groups, and the etiology of CKD) [43-45]. More robust clinical trials are required to determine
whether and how the capacity for NETs formation is affected in CKD.

NETs assessed by DAPI staining have been considered a gold standard parameter, while serum CitH3
may be more clinically useful. Factors contributing to the variation in conclusions regarding the ability
of neutrophils isolated from patients undergoing dialysis to form NETs remain unknown. Meanwhile, we
found that endotoxemia was elevated only in patients with CKD stage 5D and severe COVID-19, but not
those with CKD stage 5D alone, perhaps depending on uremia severity. Notably, all patients with CKD
stage 5D alone in this study underwent online hemodiafiltration, a method that has potential to reduce
endotoxin levels [46,47]. Hence, there was some overlap between CKD stage 5D and severe COVID-19
infection and data from patients with CKD stage 5D and COVID-19 infection warrants further exploration.

Except for NETs and LDGs, most parameters analyzed could not distinguish between CKD stage 5D
and CKD stage 5D with COVID-19, highlighting the impact of neutrophil activation during COVID-19
infection. Notably, NETs (assessed by DAPI and PAD4 expression) and LDGs were highest in patients with
CKD stage 5D and severe COVID-19 (breathing with respirator assistance) and only NETs assessed by
DAPI could differentiate between severe versus less severe COVID-19 in patients with CKD stage 5D.
Although serum CitH3 can differentiate healthy controls from patients with CKD stage 5D, it could not
distinguish COVID-19 from non-COVID-19 infection among cases with CKD stage 5D. This may reflect that
CitH3 was already activated by uremic toxins, but not sufficiently to alter neutrophilic nuclear
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Figure 7. Characteristics of extracellular traps. Characteristics of extracellular traps, possibly from neutrophils, in the
peripheral blood mononuclear cell (PBMC) fraction from patients (COVID-19 with end stage renal disease) with >50%
lung infiltration who could tolerate room air or were subject to invasive mechanical ventilation (IMV; ventilator) with or
without 1-h LPS stimulation, as indicated by the percentage of cells positive for anti-myeloperoxidase (MPO; red color)
and anti-neutrophil elastase (NE; green color) staining; representative images are shown (A, B) (n=7 per group). LPS:
lipopolysaccharides/endotoxin.

morphology (DAPI staining), which was induced only by uremia plus COVID-19 infection. Furthermore,
almost all patients with COVID-19 in this cohort (98.8%) were administered LMWH, as either a prophy-
lactic or treatment, to prevent thromboembolism, due to high D-dimer levels, which may also counteract
the deleterious effects of histone-mediated thrombosis [48].
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Due to the limited data on LDGs and elevated LDGs in COVID-19 infection, regardless of CKD stage
5D, we considered it possible that LDGs may be partly derived from the reduced density of neutrophils
after stimulation. Using LPS as a representative activator, we demonstrated that LPS-activated neutrophil
density of was similar to that of LGDs, as determined by gradient separation assay, and LPS could not
further decrease the density of LDGs. Hence, some of the detected LDGs may be activated neutrophils,
as indicated by similar flow cytometry characteristics of LDGs and activated neutrophils (CD62'°%
CD11b"9"), The reduced density of LDGs and LPS-activated neutrophils was not due to granule secretion,
as CD66b and CD63 levels in these cells were not different from those in regular neutrophils. Hence,
some LDGs may be activated neutrophils, which may generate NETs (Figure 7). Additionally, NETs in LDG
fractions were higher in samples from patients with severe COVID-19 receiving ventilator assistance than
the group breathing unassisted. Further, NETs were increased after LPS stimulation in LDGs from cases
without breathing assistance, but not in those from patients on ventilators, implying maximal NETs in
the LDG fraction in patients with CKD stage 5D and severe COVID-19.

A crucial advantage of using LDGs as a biomarker is the practicality of its measurement. The isolation
of LDGs is achieved through standard density gradient centrifugation, a robust and widely available tech-
nique that requires minimal specialized equipment beyond a centrifuge. Subsequent quantification can
be performed with a simple light microscope following standard cytological staining. This stands in con-
trast to the measurement of NETs via immunofluorescence, which necessitates expensive microscopy
equipment and technical expertise, or serum biomarkers like CitH3, which require specific ELISA kits. The
relatively low cost, rapid turnaround time, and accessibility of LDG measurement make it a particularly
promising prognostic tool for predicting the need for IMV in high-risk patients, especially in resource-limited
healthcare settings where advanced diagnostic platforms may not be available. Although LDGs could not
differentiate between less severe and severe COVID-19, unlike NETs assessed by DAPI, initial evaluation
by chest radiography plus LDGs may be an economically viable predictor of the need for IMV.

Although clinical thrombotic events were not reported in this cohort, levels of thrombotic markers,
including vVWF, D-dimers, RANTES, and PF4, were significantly higher in patients with COVID-19 and stage
5D CKD than in those without the virus and healthy controls. These results could potentially account for
the interaction between NETs and platelets that triggers a thrombo-inflammatory cascade, resulting in
the clinically observed hypercoagulability and subsequent thrombosis states associated with COVID-19.
There was no correlation between plasma levels of thrombotic markers and plasma NET levels in our
cohort, possibly due to disturbances induced by LMWH administration in patients infected with COVID-19.
Moreover, the complex role of NETs in thrombosis could account for the lack of association between vVWF
and D-dimers. Initially, vVWF antigen concentrations were evaluated in lieu of its activity, and it is crucial
to acknowledge that vWF antigen levels do not provide an authentic representation of the capacity of
vWF to interact with platelets and PMNs [49]. Activated and impaired endothelium secretes vVWF, and this
is anticipated to occur during the initial phases of COVID-19. We assessed plasma vWF levels during
patient hospitalization, which may be during the later phase of the disease. Notably, the exceedingly
high levels detected could potentially be attributed to two factors: persistent inflammation induced by
NETs [50] or preexisting CKD [51]. In addition, continuous fibrinolysis generates plasma D-dimers, and
clots dense in NETs are resistant to tissue plasminogen activator degradation [52]. In the absence of a
correlation between D-dimers and NETs, an inability of individuals with COVID-19 to break down blood
clots may be indicated. Finally, future studies for testing the activation of NETs by separating platelets
(the platelet-rich plasma stimulation) might add more value to this study, particularly in CKD stage 5D
patients with COVID-19.

This study has several limitations that should be acknowledged. First, its observational, single-center
design may limit the generalizability of our findings, and the sample size, particularly in the sub-group
analyses, was modest. Second, while we controlled many clinical variables, the possibility of unmeasured
confounders remains. Furthermore, while ferritin was measured as a key inflammatory marker, the data
was incomplete for a portion of the cohort, which limits the ability to draw definitive conclusions from
this specific biomarker. Third, the near-universal administration of LMWH, while reflecting standard clini-
cal practice, likely confounded our ability to detect a direct correlation between NETs and systemic
thrombotic markers. Finally, we observed a notable discrepancy between different methods of NET quan-
tification. While NETs assessed by DAPI staining correlated strongly with disease severity, soluble markers
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like serum CitH3 and NET-related gene expression did not. This may reflect the complex, multi-step
nature of NETosis in the setting of uremia and severe infection, where different markers may capture
distinct stages of neutrophil activation, a phenomenon that warrants further investigation.

In conclusion, NETs (assessed by DAPI) and LDGs, but not serum cytokines or endotoxemia, may be
useful predictors of IMV use in patients with CKD stage 5D and COVID-19 involving >50% lung infiltra-
tion. Due to the simplicity of the procedure for LDG gradient separation measurement, compared with
immunofluorescence analysis, which requires an expensive fluorescent microscope, LDGs may be more
clinically useful than NETs, particularly in resource-limited settings. Although LDGs cannot differentiate
between less severe and severe COVID-19, unlike NETs assessed by DAPI, initial evaluation by chest radi-
ography plus LDGs may be an economically viable predictor of the need for IMV. Furthermore, detection
of NETs in the LDG fraction may be another parameter reflecting COVID-19 severity, as NETs percentage
in LDGs appears to be elevated in patients with more severe COVID-19 infection and CKD stage 5D. More
studies to explore clinical use of LDGs are warranted.
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