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Abstract

Background: Platelet—neutrophil complexes (PNCs) readily migrate into tissues and
induce tissue damage via cytokine or other pathogenic factors release. These actions
are involved in onset and progression of acute respiratory distress syndrome (ARDS).
Thus, simultaneous removal of cytokines and activated neutrophils, including PNCs by
blood purification may prevent development of ARDS and enhance drug effects. The
goal of this study was to examine the effect of a newly developed adsorption column
(NOA-001) that eliminates cytokines and activated neutrophils in a lung injury model.

Results: Adsorption of cytokines, such as IL-8, IL-6 and HMGB-1, and PNCs was first
measured in vitro. Lung injury was induced by HCl and lipopolysaccharide intratracheal
infusion in rabbits ventilated at a low tidal volume (7-8 mL/kg) and PEEP (2.5 cmH,0)
for lung protection. Arterial blood gas, hematologic values, plasma IL-8, blood pressure
and heart rate were measured, and lung damage was evaluated histopathologically

in animals treated with 8-h direct hemoperfusion with or without use of NOA-001.

The in vitro adsorption rates for IL-8, IL-6, HMGB-1, activated granulocytes and PNCs
were 99.5 (99.4-99.5)%, 63.9 (63.4-63.9)%, 57.6 (57.4-62.1)%, 9.9 (-4.4-21.3)% and 60.9
(49.0-67.6)%, respectively. Absorption of PNCs onto fibers was confirmed microscopi-
cally. These adsorption effects were associated with several improvements in the rabbit
model. In respiratory function, the PaO,/FIO, ratios at 8 h were 314 £ 55 mmHg in the
NOA-001 group and 134 +41 mmHg in the sham group. The oxygenation index and
PaCO, at 8 h were 9.6+ 3.1 and 57.0£ 9.6 mmHg in the sham group and 3.0£0.8

and 404+ 4.5 mmHg in the NOA-001 group, respectively (p<0.05). Blood pH at 8 h
reached 7.18 +0.06 in the sham group, but was maintained at 7.36 £ 0.03 (within the
normal range) in the NOA-001 group (p < 0.05). In lung histopathology, fewer hyaline
membrane and inflammatory cells were observed in the NOA-001 group.

Conclusion: A column for simultaneous removal of cytokines and PNCs showed effi-
cacy for improvement of pulmonary function in an animal model. This column may be
effective in support of treatment of ARDS.
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Background

Acute respiratory distress syndrome (ARDS) is a life-threatening disease defined as non-
cardiogenic pulmonary edema, respiratory distress, and hypoxemia with a high mortality
in critically ill patients and results from processes that directly or indirectly compromise
the lung [1]. Therapies for ARDS [2] include respiratory support using a ventilator and
treatment with steroids, anticoagulants, and a neutrophil elastase inhibitor [3]. However,
the efficacy of these methods is insufficient and improved strategies are required.

The pathophysiological mechanism leading to ARDS is complex, but it is clear that it
includes an uncontrolled inflammatory response to a local or systemic insult. Cytokines
such as interleukin (IL)-8, IL-6 and high-mobility group box 1 protein (HMGB-1)
released from resident lung cells or blood cells in response to a harmful mediator and
neutrophils activated by these cytokines are involved in onset and progression of ARDS
[4, 5]. Cytokines and activated neutrophils are observed in patients with ARDS and
blocking of these agents suppresses exacerbation of respiratory function in animal mod-
els [5-7].

Activated neutrophils have recently been shown to interact with platelets and form so-
called platelet—neutrophil complexes (PNCs). Compared with neutrophils alone, these
complexes readily adhere to the endothelium via upregulation of CD11b/CD18 (Mac-
1) on neutrophils in a platelet P-selectin-dependent manner or through an interaction
between adhesion molecules on platelets and the endothelium. Increased endothelial
injury and permeability caused by proteases, reactive oxygen species, and leukotrienes
from platelets or neutrophils and the increased migratory ability of neutrophils induced
by chemotactic factors from platelets and the endothelium facilitate migration of PNCs
into lung interstitium and alveolar spaces, in which the PNCs then release cytotoxic
mediators [8, 9]. Formation of PNCs has also been associated with development of neu-
trophil extracellular traps (NETs), which are webs of extracellular DNA, histones, and
proteolytic and bactericidal proteins from neutrophil granules. NETs function as a host
defense system against microorganisms and also work as tissue injury mediators by reg-
ulating the innate immune response [10]. In patients with ARDS, PNCs and NETs may
be correlated with severity of respiratory dysfunction [11-13], and for all the above rea-
sons, PNCs are thought to be heavily involved in progression of ARDS.

Many clinical trials of ARDS treatment have been conducted over the last few decades,
but most have failed because of insufficient efficacy [3]. We speculated that targeting of
only one molecule may be limited for prevention of overall disease progression, because
inflammatory cells and many cytokines repeatedly invade the lung in a complex man-
ner during treatment and interfere with drug efficacy. Based on this hypothesis, inhi-
bition of systemic inflammation by simultaneous adsorption of inflammatory cytokines
and activated neutrophils, including PNCs, to reduce lung invasion may be effective and
supportive treatment for ARDS. However, there is currently no medical device for such
simultaneous adsorption, although several devices that adsorb either cytokines or gran-
ulocytes are used in clinical practice.

To test this hypothesis, we developed an extracorporeal blood purification column for
simultaneous elimination of cytokines and activated neutrophils. We have previously
described an apheresis device (CYT 860) that can eliminate several cytokines and bacte-
rial exotoxins, which are so-called superantigens produced in Gram-positive bacteria.
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The device significantly reduced blood IL-6, IL-8 and IL-10 levels and improved the
PaO,/FIO, (P/F) ratio in seven patients with systemic inflammatory response syndrome
in a clinical trial [14]. This column was redesigned to eliminate activated neutrophils
simultaneously with cytokine adsorption. To our knowledge, our device is the first col-
umn to allow simultaneous adsorption of cytokines and PNCs. In the current study, we
evaluated the effect of this new column (NOA-001) in vitro and in a rabbit model of
acute lung injury. Mechanical ventilation under inappropriate conditions causes ventila-
tor-induced lung injury by alveolar overdistention and/or cyclic collapse and reopening
[15]. Thus, a lung-protective ventilation model was established using a low tidal volume
and positive end-expiratory pressure (PEEP) for evaluation of the efficacy of the NOA-
001 column for removal of cytokines and activated neutrophils, since it is important to
avoid overlap of mechanical lung damage with inflammatory damage.

Materials and methods

Preparation of the adsorption column

A polystyrene-based composite fiber reinforced with polypropylene was prepared and
chemically modified as described previously [16]. Briefly, the fiber was treated with
N-methylol-a-chloroacetamide in a mixture of sulfuric acid and nitrobenzene on ice for
2 h in the presence of paraformaldehyde; then reacted with tetraethylenepentamine in
dimethyl sulfoxide (DMSO) for 3 h at 40 °C; and then with 4-chlorophenylisocyanate in
DMSO for 1 h at 30 °C. After thorough washing with DMSO followed by pyrogen-free
water, the column was packed with 11.0 cm? knitted fibers of size about 1/13th of the
planned clinical size and filled with pyrogen-free saline. The priming volume was about
8 mL. The column was then sterilized using gamma ray irradiation (25,000 Gy).

In vitro adsorption of cytokines

Chemically modified fiber of 0.055 cm® was incubated with 2000 pg/mL IL-8, 2000 pg/
mL IL-6 and 100 ng/mL HMGB-1 in 1.65 mL fetal bovine serum (FBS) at 37 °C for 2 h
with gentle rotation. Cytokine-containing FBS without the fiber was incubated at 37 °C
for 2 h as a blank sample. Concentrations of IL-8 and IL-6 in the supernatant were meas-
ured using ELISA (R & D Systems, Minneapolis, MN, USA). HMGB-1 was measured
by Shino-Test Corp. (Tokyo, Japan). The adsorption ratio (%) was calculated as [(con-
centration of blank sample — concentration of test sample)/concentration of blank
sample] x 100.

In vitro adsorption of activated inflammatory cells

Lipopolysaccharide (LPS) (E. coli O55-B5, Sigma-Aldrich Co. LLC, St. Louis, MO, USA)
was added at 70 EU/mL (11 ng/mL in used lot) to heparinized human whole blood sam-
ples from a healthy volunteer. After 30 min incubation, the blood was passed at a flow
rate of 0.63 mL/min through the adsorption column filled with 0.86 cm? of fiber. Blood
samples were collected at the column inlet and outlet. Activated granulocytes and PNCs
were analyzed by flow cytometry. We chose to use anti-CD62P antibody to identify
PNCs that are actually involved in progression of tissue injury, because such PNCs are
formed via an interaction between CD62P on platelets and PSGL-1 on neutrophils and
some of PNCs’ functions are CD62P dependent [17, 18]. Blood samples were incubated
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for 15 min at r.t. with APC-anti CD11b (activated) (CBRM1/5, Biolegend, San Diego,
CA, USA), BV421-anti-CD62P (AK4, Biolegend), BV510-anti-CD45 (HI30, Biolegend)
and FITC-anti CD66b (G10F5, BD Biosciences, Franklin Lakes, NJ, USA). Other blood
samples were incubated with isotype controls (Biolegend or BD Biosciences). Red blood
cells were lysed and cells were rinsed using PBS(—) and resuspended in buffer. After
adding 7-AAD reagent (Biolegend) and Flow-Count (Beckman Coulter, Brea, CA, USA),
cells were characterized by BD FACSCanto II (BD Biosciences) and data were analyzed
using FlowJo (Flow]Jo, LLC., Ashland, OR, USA). Neutrophils, the most abundant type
of granulocytes, were identified as CD45%/CD66b™ cells, and PNCs were identified as
CD11b (activated)"/CD62P* cells among the neutrophils. Because almost all the cells
in LPS-treated blood were CD11b (activated)t, blood without LPS was also processed
in the same way to show elimination of CD11b (activated)™ cells. The absolute num-
ber of cells was calculated using Flow-Count. The adsorption ratio (%) was calculated as
[(absolute cell number of inlet sample — absolute cell number of outlet sample)/absolute
cell number of inlet sample] x 100. For histopathological observation of neutrophils and
PNCs, the fiber after contact with blood was fixed in 50% Karnovsky fixative and osmic
acid. After imbedding in resin, fiber was sectioned and stained with toluidine blue.

Animal model with lung-protective ventilation

Male New Zealand white rabbits (2.8-3.4 kg) were obtained from Kitayama Labes
(Nagano, JP) and fed with a standard diet and water ad libitum. Rabbits were anesthe-
tized by intravenous administration of sodium pentobarbital (30 mg/kg) and anesthe-
sia was maintained by continuous infusion of sodium pentobarbital (8.2 mg/kg/h) and
vecuronium bromide (0.06 mg/kg/h) through the jugular vein. After placement in the
supine position and local anesthesia with 0.5% lidocaine, tracheotomy was performed
and a 16 Fr endotracheal tube was intubated. Rabbits were ventilated using a mechanical
ventilator (EVITA300, Drager, Liibeck, DE) in VC-AC mode with FIO, of 1.0 and PEEP
of 2.5 cmH,0. After alveolar recruitment, the respiration rate was adjusted to maintain
a tidal volume of 7-8 mL/kg to achieve a blood pH of 7.35-7.45 at baseline. The animals
were maintained at a constant body fluid balance by continuous infusion of physiological
saline at 2 mL/kg/h from the jugular vein. The carotid artery was cannulated for moni-
toring arterial blood pressure and heart rate (HR) and for sampling of arterial blood for
blood gas analysis, hematology and cytokine measurement. Lung injury was induced by
intratracheal (i.t.) administration of 0.04 N HCl followed by 0.05 mg/kg LPS (E. coli O55-
B5, Sigma-Aldrich) after a 30 min interval. In the 2 h after LPS administration, arterial
blood pH was adjusted and maintained at 7.35 to 7.45 by changing the respiration rate.
If end-inspiratory pause was observed, the inspiratory time was adjusted throughout the

experiment.

Direct hemoperfusion

Rabbits were randomized in two groups after lung injury: the NOA-001 treated group
(n=7) and a sham group (n=26) treated with an empty column with the same priming
volume as that of NOA-001. The column was connected to the circuit and rinsed with
heparinized saline. Unfractionated heparin was injected into the circuit at 60 IU/kg at
the beginning of hemoperfusion, and continuously infused at 30-60 IU/kg/h from the
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anticoagulant injection port. The time of LPS administration was considered to be 0 h.
Direct hemoperfusion was started at 15 min and continued for 8 h after LPS admin-
istration. Blood access was from the femoral artery to femoral vein and the flow rate
was maintained at 5 mL/min using a peristaltic pump. The priming volume of the col-
umn with the circuit was 20 mL. Blood gas parameters (PaO,, PaCO,, pH and lactate)
were measured using an i-STAT 200 portable clinical analyzer (Abbott, Chicago, IL,
USA) and i-STAT cartridge CG4+ (Abbott) immediately after blood sampling. Hema-
tological parameters (neutrophils, platelets) were measured using an XT-2000i analyzer
(Sysmex, Hyogo, JP). Arterial blood pressure and HR were recorded and mean arterial
pressure (MAP) was calculated using PowerLab systems (PowerLab8/30, LabChart7,
AD Instruments, Sydney, Australia). Ventilation parameters were automatically saved in
the ventilator. The oxygenation index (OI) was calculated as mean airway pressure/P/F
ratio x 100. The plasma concentration of IL-8 was measured using an ELISA for rabbit
IL-8 (Raybio, Norcross, GA, USA), and that of LPS was measured using Limulus ES-II
Single Test Wako (Wako, Osaka, JP) and Toxinometer ET-5000 (Wako).

Histopathological analysis
Rabbits were euthanized by exsanguination under anesthesia with pentobarbital at 8 h.
The whole lung was removed and inflated with 10% formaldehyde neutral buffer solution
to a pressure of 20 cmH,O via the trachea, and then fixed in the same buffer solution.
After fixation, the lung was divided into 4 sections and each section was stained with
hematoxylin—eosin (HE).

Statistical analyses

Data are presented as the median and IQR for in vitro studies and the mean+ SEM for
in vivo studies. Two rabbits in the NOA-001 group and two in the sham group died
between 7 and 8 h. The 8 h values of one rabbit in the NOA-001 group were treated as
defective data, because we were unable to collect a blood sample just before death. The
8 h values of the other three rabbits were substituted by the value measured just before
death. Statistical analysis was performed using GraphPad Prism v.8.2.0 (GraphPad Prism
Software, Inc., San Diego, CA). For in vitro adsorption of activated inflammatory cells,
data were analyzed by Kruskal-Wallis test. In the in vivo study, baseline values in the
NOA-001 and sham groups were compared by Mann—Whitney U test. Blood gas param-
eters, plasma IL-8, blood neutrophil counts, MAP, HR and plasma LPS in the two groups
were compared by two way ANOVA with a Sidak post hoc test or Tukey post hoc test.
Inlet and outlet levels of plasma IL-8 and blood neutrophils were compared by Wilcoxon
signed-rank test.

Results

In vitro adsorption of cytokines and activated inflammatory cells

Adsorption by the NOA-001 column was examined in vitro by incubating 0.055 cm? of
fiber with three cytokines (2000 pg/mL IL-8, 2000 pg/mL IL-6 and 100 ng/mL HMGB-
1) in 1.65 mL of FBS at 37 °C for 2 h. The adsorption rates were 99.5 (99.4-99.5)%, 63.9
(63.4-63.9)% and 57.6 (57.4-62.1)% for IL-8, IL-6 and HMGB-1, respectively (Fig. 1a).
As shown in Fig. 1b, ¢, CD11b (activated)™/CD62P* cells and CD11b (activated)’/
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Fig. 1 In vitro adsorption of cytokines and inflammatory cells. a Adsorption rates of IL-8, IL-6 and HMGB-1.
b Representative scatter plot at the inlet and outlet of the column in flow cytometry. ¢ Adsorption rate
calculated from flow cytometric analysis. d Toluidine blue staining of fiber after contact with activated
human blood. Arrows indicate NPC. Data are shown as medians (n=3 or 4) and an open circle indicates the
individual value. *p <0.05 for CD11b (activated)t/CD62P* cells vs. CD11b (activated)™ cells by Kruskal-Wallis
test

CD62P~ cells were eliminated by NOA-001, with adsorption rates of 60.9 (49.0-67.6)%
and 9.9 (— 4.4 to 21.3)%, respectively. In contrast, the adsorption rate was — 5.6 (—
19.8 to 9.0)% for CD11b (activated)™ cells, indicating that these cells were not elimi-
nated (Fig. 1c). There was a significant difference in elimination of CD11b (activated)™/
CD62P" cells and CD11b (activated)™ cells. Observation of the fibers after the adsorp-
tion test using an optical microscope showed adhesion of neutrophils and platelets that
formed PNCs on the surface (Fig. 1d).

Blood purification in a rabbit acute lung injury model with lung-protective ventilation
Prior to use of the acute lung injury model, we assessed the effect of mechanical ventila-
tion using healthy rabbits treated with empty column. During 12-h ventilation with a
tidal volume of 7-8 mL/kg and PEEP of 2.5 cmH,O, respiratory functions (P/F ratio,
PaCO,, arterial blood pH and respiratory system compliance) did not change, indicat-
ing that ventilator-induced lung injury did not occur under these conditions (Additional
file 2). Therefore, these settings for low tidal volume and PEEP were used for lung-pro-
tective ventilation in the following experiments.

As shown in Table 1, there were no differences between the NOA-001 and sham

groups in baseline plasma IL-8 levels, blood neutrophil counts, blood gas parameters
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Table 1 Baseline characteristics
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Variable Before lung injury After 15 min
Sham NOA-001 Sham NOA-001
Plasma IL-8, pg/mL 11.0£15 94408 9.64+0.8 96+0.8
Neutrophils, x 10° cells/ul 18.6+29 189417 238427 210405
P/F, mmHg 530428 535421 303+£55 315438
pH 741£0.01 741£0.01 7.35£0.02 7.38£0.01
Lactate, mmol/L 1.05+0.33 0.97+0.17 0.844+0.18 0.84+0.11
MAP, mmHg 97035 893+£20%* 949450 864+20
HR, beats/min 322411 3074+8 31647 2914 5%
*p <0.05 for sham vs. NOA-001 groups by Mann-Whitney U test
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Fig. 2 Changes in a plasma IL-8 and b plasma IL-8 at the inlet and outlet of the NOA-001 column. Each
symbol indicates an individual value. ¢ Blood neutrophil counts. d Blood neutrophil counts at the inlet and
outlet. Each symbol indicates an individual value (b and d). Data are shown as mean 4 SEM (a and ¢) and
median and IQR (b and d). *p < 0.05 for NOA-001 vs. sham by two way ANOVA with a Sidak post hoc test.
5 <0.05 for inlet vs. outlet by Wilcoxon signed-rank test

and hemodynamic parameters. Fifteen minutes after lung injury (just before starting

hemoperfusion), there were also no differences in blood gas parameters, plasma IL-8

level and blood neutrophils. MAP before lung injury and HR at 15 min were significantly

lower in the NOA-001 group, but these values recovered at 30 min and no significant

differences were observed.

Plasma IL-8 concentrations transiently increased after HCI and LPS it. adminis-

tration, and reached a peak concentration at 2 h in both groups (Fig. 2a). At 4 h, the

IL-8 level was significantly lower in the NOA-001 group compared with the sham
group (121.9428.8 vs. 315.3+139.7 pg/mL, p<0.05). In addition, IL-8 decreased in
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the column and the levels at the column outlet were significantly lower than those at
the inlet at 2 h (145.8£27.3 vs. 202.6£43.3 pg/mL, p<0.05) and 4 h (106.0£27.3 vs.
121.9428.8 pg/mL, p<0.05) (Fig. 2b).

Changes in blood neutrophil counts are shown in Fig. 2c. In both groups, a rapid
and transient decrease was observed after LPS administration and the neutrophil
count reached a minimum at 2 h. Neutrophils subsequently increased and counts in
the NOA-001 group tended to be lower than those in the sham group, but without a
significant difference. Neutrophil counts at the column outlet were significantly lower
than those at the inlet at 4 h (2.740.3 x 10> vs. 3.540.7 x 10* cells/uL, p <0.05) and 8 h
(12.341.6 x 10* vs. 14.54 1.9 x 10* cells/pL, p <0.05) (Fig. 2d).

Immediately after HCl and LPS i.t. administration, P/F ratios decreased transiently and
then recovered within 1 h in both groups. In the sham group, the P/F ratio subsequently
decreased and reached 134+41 mmHg at 8 h (Fig. 3a). In contrast, in the NOA-001
group, the P/F ratio was maintained above 300 mmHg until 8 h, with a significant differ-
ence compared to the sham group at 2 h (484 £28 vs. 260+ 73 mmHg, p <0.05). PaCO,
transiently increased and then recovered within 2 h in both groups, but then gradually
increased in the sham group. In contrast, in the NOA-001 group, PaCO, was maintained
up to 8 h and there was a significant difference between the groups at 8 h (Additional
file 1). Because the airway diameter is small in rabbits, we expected that airway pressure
would affect gas exchange, and thus, the OI was also calculated. The OI increased in the
8 h period in both groups, but was significantly lower in the NOA-001 group compared
to the sham group at 8 h (3.03 £ 0.81 vs. 9.62 + 3.14, p <0.05) (Fig. 3b).

Histopathological observation at 8 h (Fig. 4) revealed inflammatory cell migration in
the alveolar space and hyaline membrane formation in the alveolar wall in the sham
group. These findings are characteristics of the exudative phase of ARDS. In the NOA-
001 group, counts of migrated inflammatory cells were low and hyaline membrane for-
mation was not observed. Obvious differences for other findings, such as hemorrhage
and alveolar wall thickness, were not detected between the two groups.

There was an increase in lactate and a decrease in arterial blood pH in the sham
group, whereas arterial blood pH was unchanged and lactate was maintained at a lower
level in the NOA-001 group (Fig. 5), with a significant difference at 8 h (Fig. 5a, b). In

A B —O0— NOA-001 group (n=7)
700 ¢ 16 —e— Sham group (n=6)
S 600 | s 14r
I T L
€ 500 | ¢ € 12
10
E 400} 5
2 300 g °[
© S 6f
w 200 g 41 *
o 100t 5 2t
0 1 1 1 1 1 1 1 1 1 J 0 1 1 1 1 1 1 1 1 1 J
101 2 3 456 7 89 -1 012 3 456 7 89
Time after LPS injection (h) Time after LPS injection (h)
Fig. 3 Changes in pulmonary gas exchange parameters. a P/F ratio and b oxygenation index. Data are
shown as mean = SEM. *p <0.05 for NOA-001 vs. sham by two way ANOVA with a Tukey post hoc test
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inflammatory cells and red arrows indicate hyaline membranes. Scale bars represent 200 um

hemodynamic parameters, MAP gradually decreased until 2 h and then remained almost
constant, with no significant difference between the two groups (Fig. 5¢). HR in both
groups remained in the range from 260 to 310 bpm throughout the experiment (Fig. 5d).
Plasma LPS in the sham group transiently increased to 23.5+10.1 pg/mL at 1 h and then
decreased to 17.8 £13.7 pg/mL at 8 h. In the NOA-001 group, this level showed similar
changes and was 13.8 £5.7 pg/mL at 1 h and 4.7 £ 3.4 pg/mL at 8 h. There was no signifi-
cant difference between the groups (Additional file 1).

Discussion
This study indicates that simultaneous removal of cytokines and PNCs using extra-
corporeal blood purification results in decreased blood cytokine concentrations and
decreased migration of neutrophils in lung tissue, followed by improvement in respir-
atory functions and acidosis within 8 h. These results suggest that the NOA-001 col-
umn intercepted activated neutrophils including PNCs and that continuous removal of
cytokines prevented reactivation of neutrophils and tissue invasion over a short period.
In addition, in another study, NOA-001 was treated for 24 h in healthy rabbits to exam-
ine the biocompatibility. Although decrease in blood platelet count by about 60% was
observed, there were not any other serious effects (Additional file 3).

In treatment of hyperinflammatory diseases, such as ARDS or sepsis, suppression
of systemic inflammation by devices or drugs is effective in the early stage. Steroids
are the major treatment for this hyperinflammation; however, steroids work at the
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Fig. 5 Changes in a arterial blood pH, b lactate levels, ¢ mean arterial pressure and d heart rate. Data are
shown as mean = SEM. *p <0.05 for NOA-001 vs. sham by two way ANOVA with a Sidak post hoc test or Tukey
post hoc test

infection focus and have a side effect of immunosuppression that may become a
problem [19]. In contrast, blood purification affects only the circulating blood and
does not act directly on the infection focus. General side effects of a hemoadsorption
column include adsorption of serum substances, bleeding due to excessive use of an
anticoagulant, and complications associated with catheter insertion, but these can be
avoided by careful monitoring of patients.

Cytokine removal with a hemoadsorption column avoids side effects and suppresses
systemic inflammation, and can be used to treat sepsis, ARDS and COVID-19 [20,
21]. These studies suggest the efficacy of improvement of gas exchange or organ fail-
ure by removal of cytokines from circulating blood; however, some reports have indi-
cated that the efficacy of hemoadsorption devices is insufficient for an improvement
in outcome [22].

We speculated that previously used hemoadsorption devices have removed only
cytokines and are not enough to suppress activation of neutrophils and formation of
PNCs that produce cytokines and induce tissue damage. Thus, these devices cannot
suppress inflammation completely in the early stage of the disease. Activated neu-
trophils or NETs are involved in onset and progression of ARDS [4]. In addition, cir-
culating NPC levels are significantly higher in COVID-19 patients than in healthy
donors [13] and activated neutrophils may play a central role in the pathogenesis of
severe COVID-19 [23]. Therefore, it is likely that rapid removal of both cytokines and
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activated neutrophils including PNCs simultaneously will be more effective for treat-
ment of the early stage of these diseases.

Our in vitro study indicated that the NOA-001 column can adsorb cytokines and acti-
vated neutrophils including PNCs. The mechanism of adsorption involves phagocytosis
and selective adsorption of activated neutrophils. This selectivity may minimize unfa-
vorable immunosuppressive effects by adsorption of unactivated neutrophils. We then
used the NOA-001 column for treatment of a rabbit model of acute lung injury induced
by administration of HCI and LPS i.t. Acid aspiration or LPS instillation have each been
reported to induce PNCs in mouse [8, 24]. Therefore, we used two-hit injury with both
HCI and LPS to induce PNCs and reflect multiple injury hits in clinical patients. To
observe the efficacy of removal of cytokines and PNCs, ventilator-induced lung injury
was prevented by lung-protective ventilation (7-8 mL/kg tidal volume and 2.5 cmH,O
PEEP) [25]. Damage to the alveolar walls was slight, which indicated that ventilation did
not damage the lung tissue and that this model can be used to evaluate effects on inflam-
mation damage only.

Decreases of IL-8 and activated neutrophils were associated with suppression of lung
function, such as P/F ratio and OI. The histopathological observation that hyaline mem-
brane formation and inflammatory cell migration were suppressed suggested that vascu-
lar and alveolar leakage was avoided by removal of cytokines and activated neutrophils
in the exudative phase of acute lung injury. However, slight inflammatory cell migration
was observed after NOA-001 treatment. Intratracheal administration of LPS can induce
migration of polymorphonuclear leukocytes to lung tissue [26], and neutrophils may
have been activated and migrated to lung tissue immediately after direct i.t. administra-
tion of LPS, before elimination by NOA-001 treatment.

Significant differences in arterial blood pH and lactate levels were observed between
the two groups, but the LPS concentration and MAP decreases did not differ signifi-
cantly. Our clinical pilot study using CYT-860, a prototype of NOA-001, also showed a
significant increase in P/F ratio, whereas changes in hemodynamic factors were slight
and not significant [14]. These results indicate that hemodynamic changes are not the
major reason for the differences in P/F ratio and OI. However, lactate improvement has
also been reported in cytokine removal therapy in a clinical study [27, 28], which sug-
gests that removal of inflammatory factors can affect lung and other peripheral vascular
damage. Further animal studies or clinical studies in non-septic ARDS cases are needed
to examine this possibility.

In this study, we used a HCl and LPS intratracheal administration model. Acid aspira-
tion or LPS instillation induces PNCs in mice [8, 24], but mice and rats are too small
for extracorporeal circulation. Therefore, we chose rabbit as the model animal. Rabbits
are used in many studies, including for analysis of extracorporeal circulation and meas-
urement of cytokines. The measurement of plasma IL-8 levels proved the capacity of
NOA-001 to adsorb IL-8 during hemoperfusion. However, there are some limitations in
the rabbit model, including the duration of observation. Anesthesia, paralysis and fixing
of the rabbits in the supine position leads to gravitational atelectasis by itself and the
number of deaths increased at more than 8-h observation in a preliminary lung injury
study (data not shown). Therefore, we limited the study to 8 h and, due to this limita-
tion, we used LPS for rapid induction of lung damage. However, the possible effect of
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LPS makes the results less clear. Moreover, the severity of lung injury was limited to the
mild stage to keep the animal alive for 8 h in the lung protective ventilated rabbit injury
model; therefore, lung injury assessed by histopathological analysis was mild, even in the
sham group. Secondly, the rabbit lung is small and we were unable to perform additional
tests to determine the degree of lung injury, such as permeability of vascular leakage and
pulmonary edema. To address all of these issues, studies are needed in large animals in a
standing position with use of analgesic, but without anesthesia, in a special facility, with
measurement of permeability based on the wet-to-dry weight ratio or lymph flow meas-
urement over a longer duration.

Conclusion

A new adsorption column (NOA-001) was designed and developed for simultaneous
elimination of cytokines and activated neutrophils with PNCs. The NOA-001 column
suppressed deterioration of gas exchange in rabbits by eliminating inflammatory factors
from circulating blood. Therefore, this column may be a new medical device for support
of treatment of ARDS by preventing tissue damage by activated neutrophils and PNCs in
early-stage lung injury. Further studies in different lung injury models are warranted to
confirm the lung-protective mechanism of the NOA-001 column.
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