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BACKGROUND: By causing inflammation and tissue damage, neutrophil extracellular traps (NETs)
constitute an underlying mechanism of aspiration-induced lung injury, a major factor of the low uti-
lization of donor lungs in lung transplantation (LTx).

METHODS: To determine whether NET removal during ex vivo lung perfusion (EVLP) can restore lung
function and morphology in aspiration-damaged lungs, gastric aspiration lung injury was induced in 12 pigs.
After confirmation of acute respiratory distress syndrome, the lungs were explanted and assigned to NET
removal connected to EVLP (treated) (n = 6) or EVLP only (nontreated) (n = 6). Hemodynamic measure-
ments were taken, and blood and tissue samples were collected to assess lung function, morphology, levels of
cell-free DNA, extracellular histones, and nucleosomes as markers of NETS, as well as cytokine levels.
RESULTS: After EVLP and NET removal in porcine lungs, PaO,/FiO, ratios increased significantly
compared to those undergoing EVLP alone (p = 0.0411). Treated lungs had lower cell-free DNA
(p = 0.0260) and lower levels of extracellular histones in EVLP perfusate (p= 0.0260) than nontreated
lungs. According to histopathology, treated lungs showed less immune cell infiltration and less edema
compared with nontreated lungs, which was reflected in decreased levels of proinflammatory cytokines
in EVLP perfusate and bronchoalveolar lavage fluid.

CONCLUSIONS: To conclude, removing NETs during EVLP improved lung function and morphology
in aspiration-damaged donor lungs. The ability to remove NETs during EVLP could represent a new
therapeutic approach for LTx and potentially expand the donor pool for transplantation.
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Lung transplantation (LTx) is an established therapeutic
option for end-stage pulmonary disease. Yet its full clinical
application remains hindered by a scarcity of organs. LTx
outcome is inferior compared to other solid organ trans-
plants with a S-year survival rate of <65%."” Despite
improvements in the procedure, primary graft dysfunction
(PGD) remains the leading cause of early mortality, and
rejection persists as the leading cause of late mortality. Fear
of these complications leads to low utilization (approxi-
mately 20%) of donated lungs.”

Aspiration of gastric contents is a serious complication
that can occur in organ donors, leading to acute lung injury
(ALI).” Most potential donor lungs are discarded based on
graft quality concerns due to ALI sustained before organ
retrieval, such as neurogenic edema secondary to brain in-
jury but also infection and gastric aspiration.” Currently,
there are no options for treating discarded donor lungs to
render them suitable for LTx. Treatments that restore or
regenerate declined donor lungs should be explored to
combat waiting list mortality.’

One of the mechanisms underlying aspiration-in-
duced lung injury is the formation of neutrophil extracellular
traps (NETs)."'" These inflammatory net-like structures
comprise chromatin, histones, and granular proteins, released
by activated neutrophils through NETosis.''* NETs have
been shown to cause tissue damage and inflammation,
leading to injury and dysfunction of the lungs.'"'” In the
specific case of aspiration-induced ALI, NET levels corre-
sponded with disease severity in murine models.” "

Therapeutic targeting of NETs using DNase or other
anti-NET therapies improved clinically relevant outcomes
in various diseases and models, indicating that NET re-
moval is a viable strategy for lung pathologies.” ™"’
However, such therapies are associated with drawbacks,
such as off-target effects and propagation of highly in-
flammatory fragmented NET components.'”'%*" A novel
approach to overcome those challenges is to selectively
remove NETs from circulation, using an extracorporeal
column containing histone-conjugated beads which avidly
bind chromatin fragments.

Ex vivo lung perfusion (EVLP) involves the extra-
corporeal perfusion of lungs, which allows for pre-
transplantation assessment and the possibility to selectively
deliver therapeutic agents, thus emerging as a technique to
expand the LTx donor pool.”" >’ Elevated levels of NETs in
perfusate and post transplantation have been correlated with
severe PGD post-LTx.”*”’

We hypothesized that a NET removal device, connected
to an EVLP circuit to remove NETs from the perfusate,
ameliorates the inflammatory milieu in aspiration-damaged
lungs to accelerate their recovery and improves function
sufficiently to render them suitable for transplantation.

Materials and methods

Additional details are described in the Supplementary
Materials.

Ethical approval

Porcine experiments were approved by the Ethics
Committee for Animal Research (Drn 5.2.18-4903/16 and
Drn 5.2.18-8927/16).

Animal preparation

Twelve Yorkshire pigs, both male and female (mean weight
35 + 2 kg), were assigned to receive EVLP alone (non-
treated group, n = 6) or EVLP in combination with a NET
removal device (treated group, n = 6). The animals were
prepared as previously described.”

Induction and establishment of aspiration-induced
lung injury using gastric content

Gastric content, previously retrieved from pigs and stored at
—80°C, was mixed to homogeneity, centrifuged, and filtered
(Fisher Scientific, Waltham, MA). All gastric content was
titrated to pH 2 before instillation. The pigs were kept under
anesthesia during the experiment. Mechanical ventilation
was applied to the donor animals in the volume-controlled
ventilation setting, with peak inspiratory pressure (PIP),
respiratory rate, and fraction of inspired oxygen (FiO,)
adjusted according to clinical demands. Following baseline
measurements, each donor pig received 2 ml/kg/lung (total
4 ml/kg), distributed equally throughout the lung lobes via
bronchoscopy, in 2 doses; the first dose contained 90% of
the total gastric content, with the remaining 10% given
1 hour later. The following hemodynamic parameters were
measured every 30 minutes by thermodilution with a Swan-
Ganz catheter (Edwards Life Sciences, Irvine, CA) and
arterial line (Merit Medical, Galway, Ireland): heart rate,
systolic blood pressure, diastolic blood pressure, mean ar-
terial pressure, cardiac index, systolic pulmonary pressure,
diastolic pulmonary pressure, mean pulmonary pressure,
pulmonary artery wedge pressure (Wedge), systemic vas-
cular resistance, and pulmonary vascular resistance (PVR).
A chest X-ray (CXR) was taken before administration of
gastric content and hourly until organ harvest. Arterial
blood gases were analyzed every 30 minutes with an ABL
90 FLEX blood gas analyzer (Radiometer Medical ApS,
Brgndshgj, Denmark) before lung retrieval (during and after
induction of acute respiratory distress syndrome [ARDS]).
Pa0,/FiO; ratios and CXR images were used to determine
the induction of ARDS, which was retrospectively con-
firmed by histopathological analysis.

EVLP of aspiration-injured lungs

Explanted lungs were subjected to EVLP per Ghaidan et al.”*

NET removal from porcine lungs

In the treated group, a NucleoCapture column (Santersus
AG, Ziirich, Switzerlandzx) which captures and removes
NETSs, nucleosomes, and other cell-free histones and DNA
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fragments, was connected to a Spectra Optia Apheresis
System (perfusate flow 80 ml/min; Terumo BCT Inc.,
Terumo BCT Europe NV, Zaventem, Belgium), both of
which were then placed in line with an EVLP circuit
through a veno-venous shunt from the reservoir.

Results

Induction of ALI by intratracheal gastric content
instillation

We first induced ARDS in all donor pigs through in-
tratracheal delivery of gastric content. After confirmed
ARDS, lungs were explanted, put in cold storage for
2 hours, and connected to EVLP (Figure 1). Donor animal
hemodynamics, ventilatory settings, vitals, and blood gases
are listed in Table 1. All animals experienced increases in
PVR and PIP and decreased dynamic compliance (Cdyn) on
induction of lung injury, infiltrates on CXRs, decreased
PaO,/FiO, ratio, and higher pCO, (Figures 2A-2C,
Table 1), confirming the development of ARDS. At the time
of donor lung retrieval, there was no significant difference
in PaO,/FiO, ratio between animals that were stratified to
treatment (162.30 + 63.20 mm Hg) or nontreatment groups
(150.80 + 67.70 mm Hg; p = 0.9372; Figure 2A). At the
time of lung retrieval, CXRs revealed bilateral infiltrates, in
contrast to the X-rays before aspiration (baseline), which
showed no visible infiltrates (Figure 2B). All pigs had es-
tablished ARDS and significantly lower PaO,/FiO, ratios

versus baseline (156.60 =+ 6270 mm Hg vs
505.30 £ 58.56 mm Hg; p = 0.0005, Figure 2C).

By histology, we observed intact alveolar barriers and
open-air spaces in baseline lung tissue (Figure 2D, left),
whereas lung injury was seen at the time of lung retrieval,
evidenced by thickening of the alveolar walls, pulmonary
edema, infiltration of immune cells into alveolar air spaces,
and hemorrhage (Figure 2D, center). The overall lung in-
jury score increased from 0.04 + 0.01 to 0.81 = 0.03
(»=0.0022) between baseline and retrieved lungs (Figure
2D, right) with scores being significantly elevated in all
subcategories of scoring as well (Figure S1).

With regard to peripheral blood levels of NET-related
markers, cell-free DNA was similar between baseline
(253.3 + 81.28 ng/ul) and time of confirmed ARDS
(239.4 + 98.27 ng/pul; p=0.2189; Figure 3A). Further,
western blot analysis showed that total histone levels were
higher, albeit insignificantly, from baseline
(5.43 = 3.71 pg/ml) to confirmed ARDS (10.57 + 9.87 ug/
ml, p=0.1978; Figure 3B, left). This increase was paral-
leled by a rise in H3 nucleosome levels from
10.20 = 17.71 ng/ml at baseline to 19.25 + 16.10 ng/ml at
confirmed ARDS (p =0.0205; Figure 3B, right).

NET-specific histones were then analyzed by measuring
citrullinated histone H3 (Cit-H3). Immunohistochemistry
imaging scores for Cit-H3 (Figure 3C, left and middle)
increased  significantly (p=0.0043) from baseline
(0.17 £ 0.41) to confirmed ARDS (2.50 = 0.84). In con-
trast, extracellular Cit-H3 nucleosome levels in plasma re-
mained unchanged at baseline (1.58 + 1.64 ng/ml) to
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Table 1

Clinically Relevant Parameters for the Donor Lungs in the Treated and Nontreated Group, Documented Before Induction
of ARDS, Termed Baseline, and at Confirmation of ARDS

Confirmed ARDS

Confirmed ARDS

Parameter Baseline treated Baseline nontreated p value  treated nontreated p value

Sat (%) 99.83 + 0.41 98.50 + 1.52 0.1061 98.00 + 3.16 95.33 = 1.97 0.0649
HR (bpm) 94.83 + 17.77 77.83 + 4.66 0.0606 89.50 + 17.07 76.00 + 8.53 0.1039
MAP (mm Hg) 92.50 + 15.33 86.83 + 12.72 0.4610 86.17 + 8.33 98.00 + 8.22 0.0216
SPP (mm Hg) 26.50 + 3.83 21.83 + 2.86 0.0519 35.17 + 4.26 35.00 £+ 6.54 0.9048
DPP (mm Hg) 17.67 + 3.01 12.50 + 2.17 0.0087 22.17 + 4.26 18.33 + 4.46 0.1970
MPP (mm Hg) 21.67 + 3.01 16.67 + 2.66 0.0087 28.00 + 4.19 24.67 + 5.16 0.3723
PVR (DS/cmS) 238.00 + 88.10 185.70 + 31.60 0.3939 302.50 + 82.30 368.30 + 51.00 0.1320
(I (h'ter/min/mz) 3.01 + 0.64 3.24 + 0.61 0.6991 3.66 + 0.49 2.59 + 0.41 >0.9999
pH 7.45 + 0.07 7.44 + 0.03 0.7857 7.42 + 0.10 7.37 + 0.05 0.3290
Pa0,/Fi0, 470.60 + 45.20 540.00 + 51.10 0.0411 162.30 + 63.20 150.80 + 67.70 0.9372
BE (mmol/liter) 4.67 + 2.00 6.95 + 2.20 0.1212 4.35 + 2.46 4,90 £ 3.49 0.5130
Lactate (mmol/ 0.93 + 0.56 0.92 + 0.21 0.6710 1.10 + 0.30 1.35 + 0.69 0.5584

liter)

MV (liter/min) 7.02 + 0.66 6.18 + 1.02 0.1688 7.23 + 0.47 6.92 + 1.42 0.6688
PIP (cmH,0) 22.67 + 2.58 16.8 + 1.47 0.0043 27.33 + 6.05 22.5 + 3.99 0.1126
PEEP (cmH,0) 5.00 + 0.00 5.00 + 0.00 >0.9999 5.00 + 0.00 5.83 + 1.16 0.1818
Vt (ml) 261.33 + 15.59 273.83 + 32.55 0.7879 265.17 + 12.92 272.33 = 39.79 0.5584
Cdyn (ml/cmH,0) 15.07 + 2.30 23.45 + 3.81 0.0022 12.51 + 2.66 16.81 + 3.27 0.0931
RR (breaths/min) 26.00 + 1.09 21.80 + 1.72 0.0022 27.17 + 2.23 25.00 + 4.52 0.4026

Abbreviations: ARDS, acute respiratory distress syndrome; BE, base excess, lactate (mmol/liter); Cdyn, dynamic compliance; CI, cardiac index; DPP,
diastolic pulmonary pressure; HR, heart rate; MAP, mean arterial pressure; MPP, mean pulmonary pressure; MV, mechanical ventilator settings with
volume-controlled ventilation: minute volume; Pa0,,Fi0,, blood gas parameters: pH, partial pressure of oxygen divided by fraction of inspired oxygen;
PEEP, positive end-expiratory pressure; PIP, peak inspiratory pressure; PVR, pulmonary vascular resistance; RR, respiratory rate; Sat, oxygen saturation;
SPP, hemodynamic variables: systolic pulmonary pressure; Temp, temperature; Vt, tidal volume.

The lungs later received either ex vivo lung perfusion and neutrophil extracellular trap removal (treated) or ex vivo lung perfusion only (nontreated).

All results are expressed as mean and standard deviation. Mann-Whitney tests were performed for statistical analysis. Statistical significance was

defined as p > 0.05 (not significant, ns), p < 0.05 (*), p < 0.01 (**).

confirmed ALI (1.56 + 2.08 ng/ml, p =0.8756; Figure 3C,
right). Fibrin scores in tissue were similar between baseline
and confirmed ARDS (1.83 = 0.75 and 2.50 = 0.84, re-
spectively; p =0.2100; Figure 3D).

Restoration of lung function and morphology
following NET removal during EVLP

Following cold storage to mimic pretransplantation condi-
tions, the explanted lungs underwent 4 hours of EVLP: 6
lungs with EVLP and NET removal (treated group) and 6
with EVLP alone (nontreated group). During EVLP, PIP,
dynamic compliance, PVR and PAP remained constant,
with no significant differences in these parameters between
groups on completion of EVLP (Figure 4A). PaO,/FiO,
ratios increased significantly after 4 hours in the treated
(415.80 £ 85.73mm Hg) versus nontreated group
(275.40 = 120.30mm Hg, p=0.0411). Notably, 5 of 6
treated lungs had PaO,/FiO, ratios that exceeded 300 mm
Hg, the clinical threshold of acceptability for transplanta-
tion, compared with 1 of 6 nontreated lungs (Figure 4B).

As a measure of edema in the lung, the wet-dry ratios of
tissue biopsies from lungs of both groups were determined. As
a result of NET removal, edema in treated lungs decreased,
based on their lower wet-dry ratio (4.06 = 0.37) versus non-
treated grafts (4.99 = 0.57; p=0.0087; Figure 4C).

By histology, treated lungs experienced significantly less
infiltration, thickening of alveolar walls, and edema than

nontreated lungs, based on lung injury scores (0.21 = 0.06
vs 0.87 = 0.07, respectively; p=0.0022; Figures 4D and
S2). Furthermore, the lungs in both groups showed de-
creased infiltration of immune cells compared with before
EVLP (Figure 4E, compared to Figure 2D center).

To determine whether the improved lung function and
morphology resulted from the NET removal from the cir-
culation, we analyzed NET-related elements in EVLP per-
fusate, lung tissue biopsies, and bronchoalveolar lavage fluid
(BALF). Treated lungs had lower cell-free DNA levels in
EVLP perfusate than nontreated lungs (781.50 + 230.30 ng/
ul vs 1,599.00 + 981.60 ng/ul; p=0.0260, Figure 5A). Fur-
ther, the levels of extracellular histones in EVLP perfusate
were significantly lower by western blot analysis after NET
removal (6.02 £ 6.45ug/ml) versus nontreated lungs
(19.02 = 7.51 pg/ml; p=0.0260, Figure 5B). However, H3
nucleosome content in perfusate was similar between groups
(205.10 = 140.60 ng/ml for treated and 170.80 + 211.30 ng/
ml for nontreated, respectively; p =0.4848, Figure 5C). With
regard to NET-specific markers, the extracellular Cit-H3
nucleosome content in EVLP perfusate from treated animals
was 7.44 = 3.85ng/ml, compared with 29.56 + 9.72 ng/ml
in the nontreated group (p =0.0043, Figure 5D). To estimate
the NET removal efficiency from the plasma, the ratio of Cit-
H3 nucleosomes relative to total H3 nucleosomes was cal-
culated. A significant difference between the treatment
groups with a ratio of 0.04 = 0.02 in the treated group and a
ratio of 0.39 = 0.27 in the nontreated group (p=0.0087,
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Figure 2 Establishment of acute lung injury following gastric aspiration. (A) Selected hemodynamic and blood gas parameters for
treated (blue squares) and nontreated lungs (gray full circles) over time from baseline (before instillation of gastric contents) until con-
firmation of ARDS, including cardiac index, pulmonary vascular resistance, mean arterial pressure, peak inspiratory pressure, PaO,/FiO,
ratio, partial pressure of carbon dioxide, and dynamic compliance. Data are represented as mean + SD. (B) Representative chest X-rays
before induction of ARDS (baseline) and after ARDS was confirmed (ARDS). (C) PaO,/FiO, ratio in all pigs (n = 12) at baseline and after
confirmation of ARDS. Statistical significance was tested with a 2-sided Wilcoxon test, ***p < 0.001. (D) Representative images of
hematoxylin and eosin-stained histology sections of lung tissue at baseline (left) versus after confirmation of ARDS (middle), with arrows
indicating thickening of alveolar walls (blue arrow), pulmonary edema (black arrow), and infiltration of immune cells into alveolar spaces
(gray arrow). Scale bars represent 100 um. Lung injury scores (right) comparing healthy lung tissue at baseline to tissue after ARDS was
confirmed. Data are presented as boxplots with median lines, a plus at the mean, and whiskers indicating minimum and maximum.
Statistical significance was tested with the 2-sided Mann-Whitney test, **p < 0.01. ARDS, acute respiratory distress
syndrome; Cdyn, dynamic compliance; CI, cardiac index; MAP, mean arterial pressure; pCO,, partial pressure of carbon dioxide; PIP, peak
inspiratory pressure; PVR, pulmonary vascular resistance; SD, standard deviation.

stained by immunohistochemistry were significantly lower in
the treated (0.00 £ 0.00) versus nontreated group
(1.83 = 0.98; p=0.0022; Figure 5F). To examine the effects
of NET removal on fibrin deposition in ARDS, we analyzed
fibrin content in lung tissue by immunohistochemistry

Figure S3) was observed. Further, BALF from treated lungs
had a lower concentration of extracellular Cit-H3 nucleo-
somes (480.10 £ 190.50 ng/ml) than nontreated lungs
(3,480.00 + 2,924.00 ng/ml; p=0.0022; Figure 5E). Vali-
dating these ELISA results, Cit-H3 scores for lung tissue
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Figure 3 Molecular analysis of aspiration-induced ARDS showed increased levels of extracellular H3 nucleosomes in plasma and
citrullinated H3 in tissue. (A) Levels of cell-free DNA in plasma at baseline and confirmed ARDS (n =12). (B) Total extracellular histone
levels in plasma quantified by western blot (left) and extracellular H3 nucleosome levels quantified by (right) at baseline compared to after
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plasma by ELISA (right, n =12) at baseline compared to after confirmation of ARDS. Scale bars represent 20 um. (D) Fibrin depositions
were quantified by immunohistochemistry. Representative images at baseline and after ARDS was confirmed show fibrin depositions in
lung tissue (brown indicated by black arrows) quantified with a fibrin score (right, n = 6). Scale bars represent 20 um. Data are presented as
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to test for statistical significance, *p < 0.05, **p < 0.01. ARDS, acute respiratory distress syndrome; cfDNA, cell-free DNA; ns, not
significant.

(Figure 5G, left and center). Fibrin scores were 1.83 + 1.47
in the nontreated group and 0.33 + 0.52 in treated lungs
(p=0.1126; Figure 5G, right).

Identification of immune cells in the grafts
after EVLP

To better understand the mechanism and nature of the NET
removal and obtain insights into which immune cells might
be involved in the process, we performed im-
munohistochemical staining for allograft inflammatory
factor-1 (AIF-1), a marker for monocytes and macrophages
(Figure 6A). We compared tissue sections from treated to
those from nontreated grafts after 4 hours of EVLP and de-
tected a significantly higher amount of fluorescence units in

the treated (96.38 = 7.51) versus the nontreated group
(162.00 = 37.58; p=0.0087, Figure 6B). On the basis of the
significant difference in AIF-1 positive cells in between
treatment groups, we performed cytokine analysis of BALF
and EVLP perfusate after EVLP. We observed significantly
lower levels of cytokines in EVLP perfusate in treated
compared to nontreated grafts reaching statistical sig-
nificance for n-1p (31.30 £ 10.67 pg/ml Vs
214.30 = 110.30 pg/ml, respectively; p=0.0022, Figure
60), IL-6 (183.60 + 18.54 pg/ml vs 673.30 + 140.50 pg/ml,
respectivel;  p=0.0022, Figure 6C), and IL-12
(144.20 = 81.09 pg/ml vs 582.90 + 186.40 pg/ml, respec-
tively; p=0.0022, Figure 6C). No statistically significant
difference could be identified in cytokine levels in EVLP
perfusate for IL-8, IL-10, and TNF-a (Figure 6C). Those
results were mirrored in BALF from treated versus
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dynamic compliance, and pulmonary artery pressure. (B) PaO,/FiO, ratios for treated (n = 6) and nontreated lungs (n = 6) after 4 hours of
EVLP. The black dotted line at 300 mm Hg indicates the clinical threshold for acceptance of lungs for transplantation. (C) Wet/Dry ratio of
lung tissue after 4 hours of EVLP for nontreated and treated lungs (n=6). (D) Quantitative lung injury score (right, n=6) comparing
nontreated versus treated group. (E) Representative images of hematoxylin and eosin-stained histological lung tissue sections of the
nontreated (left) versus the treated group (right), where scale bars indicate 100 um. Data are presented as boxplots with median lines, a plus
at the mean, and whiskers indicating minimum and maximum. The 2-sided Mann-Whitney test was used for all statistical analyses,
*p < 0.05, **p < 0.01. Cdyn, dynamic compliance; ns, not significant; PAP, pulmonary artery pressure; PIP, peak inspiratory
pressure; PVR, pulmonary vascular resistance.

nontreated grafts with detected lower levels of cytokines for Discussion

IL-1B (1,120 £ 839.0 pg/ml vs 8,080.00 = 3,512.00 pg/ml,

respectively; p =0.0022, Figure 6D), IL-6 (377.40 + 138.30
vs 985.20 + 356.70 pg/ml, respectively; p =0.0043, Figure
6D), and IL-12 (212.40 = 187.50 pg/ml Vs
1,167.00 = 635.60 pg/ml, respectively; p=0.0022, Figure
6D). Regarding the cytokine levels for IL-8, IL-10, and TNF-
a in BALF, no statistically significant difference between
treated and nontreated grafts could be detected (Figure 6D).

Removing NETs holds potential as a novel therapeutic
strategy for solid organ transplantations. Elevated NET le-
vels have been reported in liver transplantation patients
suffering from ischemia-reperfusion injury and are linked to
29 .

poor outcomes.” Furthermore, increased NET levels were
reported in kidney transplant recipients, suggesting a broad
target group for ex vivo NET removal.”’~"’
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Figure 5 Neutrophil extracellular trap removal during ex vivo lung perfusion decreases cell-free DNA and other neutrophil extracellular
trap-related markers in aspiration-damaged lungs. (A) Levels of cell-free DNA in plasma comparing nontreated and treated lungs (n = 6).
(B) Total extracellular histone levels in plasma quantified by western blot. Representative image (left) and quantification (right), n=6. (C)
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Immune cell marker AIF-1 and proinflammatory cytokines are decreased in treated versus nontreated grafts after 4 hours of ex

vivo lung perfusion (EVLP). (A) Representative images from fluorescent staining of allograft inflammatory factor-1 (in green), 4’,6-
diamidino-2-phenylindole (in blue), and Lycopersicon esculentum lectin (in white) comparing nontreated to treated grafts after 4 hours of
EVLP. Scale bars represent 100 and 20 um, respectively. (B) Quantification of AIF-1 fluorescence units comparing nontreated to treated
grafts (n = 6). Cytokine levels (C) in EVLP perfusate (n = 6) and (D) in bronchoalveolar lavage fluid (n = 6), comparing treated to nontreated
grafts. Data are presented as boxplots with median lines, a plus at the mean, and whiskers indicating minimum and maximum. Two-sided
Mann-Whitney tests were used for all statistical analyses, *p < 0.05, **p < 0.01, and ns =not significant.

Our results demonstrate that combining EVLP and NET
removal constitutes a promising therapeutic approach for
ameliorating the inflammatory milieu in injured donor
lungs. In our porcine model, ARDS was induced by the
instillation of intratracheal gastric content and confirmed
based on CXR, blood gas analysis, and histology. The le-
vels of NET-specific markers in peripheral blood did not
differ pre- and post-ARDS but did in lung tissue, as evi-
denced by increased Cit-H3 staining. This result is not
unexpected, since damage was focused within the lungs.
Therefore, it is unlikely that significant levels of NETs,
induced within the lung, migrate to the blood during 6 hours
of ARDS induction, resulting in elevated NET markers
locally but not systemically.

In this study, the combination of EVLP and NET re-
moval enhanced lung function and morphology in injured
donor lungs, significantly increasing their oxygenation ca-
pacity. Based on improved PaO,/FiO, ratios, 5 of 6 lungs
surpassed the acceptance threshold for transplantation. A
likely explanation is the pathogenicity of NETs in ALIs.
Excess NET release causes inflammation and, due to the
high content of cytotoxic molecules in NETs, induces

microvascular, cellular and tissue damage, and
edema.'”'""? Those effects impair gas exchange in the
lung, lowering PaO,/FiO, ratios. This notion is supported
by other studies describing the lung niche as the repository
for neutrophils ready to act against invading pathogens.”
Furthermore, a feed forward mechanism for NET's has been
postulated, by which released NETs trigger the release of
more NETs leading to amplification and propagation of
proinflammatory immune responses.”’ The hypothesis is
strengthened by the significant elevation of AIF-1 positive
cells and elevated cytokine levels for IL-1p, IL-6, and IL-
12, confirming an amplified immune response in the non-
treated as compared to the treated lungs. The cytokine le-
vels thus display favorable results for the treated group. All
3 cytokines have previously been shown to be predictive
markers of outcome in LTx, which further strengthens the
positive effect of the NET removal device.”” " Looking
into other diseases such as atherosclerosis, NETs have been
directly linked to the release of IL-1p from macrophages.’
Despite more specifically targeted studies being needed in
the LTx field to disentangle the net of connections between
cytokines and NETs, we propose that removing NETs
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prevents damage and improves oxygenation. This is re-
flected in the higher PaO,/FiO, ratios after NET removal
during EVLP and the parallel decrease in immune cell in-
filtration and edema. Specifically, the levels of cell-free
DNA and extracellular histones by western blot decreased
significantly in treated compared with nontreated lungs,
consistent with the concomitant decline in extracellular ci-
trullinated H3 nucleosomes. In contrast, extracellular H3
nucleosome levels in plasma did not differ significantly
between treated and nontreated lungs, which could be at-
tributed to the potential interfering effects of heparin in the
EVLP perfusate. Histones, which form the bulk of the
protein content in NETs, provoke inflammatory responses
and have been proposed to mediate NET-induced tissue
damage in ALL'"""" Because the NET removal device is
predicated on the capture of chromatin using histone-con-
jugated beads, the improvement in lung function could be
attributed to the elimination of histones from circulation.

In regard to the specificity of the device, NET formation
can occur through suicidal, vital, or inducible NETosis, gen-
erating unique NETs.”> Our broad-spectrum strategy targets
all types of NETs, obviating the need to focus on specific
NETosis pathways. While determining the NETosis type in
our porcine donor model is interesting, our approach suggests
that all NET categories contribute to ARDS pathology and
could apply to other NET-mediated lung conditions.

Comparing our approach to other clinically relevant phar-
maceuticals such as DNase, DNase dissolves the NET-DNA
network but fails to prevent NET-induced tissue damage.*” This
indicates that non-DNA compounds (e.g., histones) in NETs
mediate their inflammatory and cytotoxic effects and that
therapeutics such as DNase are unlikely to have similar efficacy
in this space. In contrast, NET removal eliminates all NET-
associated elements, including histones and neutrophil proteins,
providing a broad-target, solid-phase-based strategy of in-
hibiting NETs. This latter property is especially important, be-
cause by targeting these chromatin-protein networks, NET
removal will not alter cellular function, avoiding medicinal
toxicity. Elevated NETs have recently been linked to the de-
velopment of more severe PGD, negatively impacting the
prognosis of lung transplant recipients.”*””** In our study, all
lungs exhibited some level of interstitial edema after 4 hours of
perfusion, which can favor the development of PGD post-LTx.
However, in the analysis of wet-dry ratios, treated lungs showed
significantly less edema, which is consistent with a lower risk of
PGD." Edema in our model was likely not ischemia-reperfu-
sion injury but rather the induction of aspiration-induced
ARDS. As such, the mechanism by which PGD may develop
upon transplantation of these lungs might differ from other
reports. Notably, previous studies suggested that PGD pheno-
types differ between lungs that have undergone ischemia-re-
perfusion injury and EVLP compared to those that have not."
Further, the duration of ischemia can affect PGD phenotype,
with longer ischemic times exacerbating severity.

The results of this study are encouraging and pro-
vide proof of concept that NET removal has viable ther-
apeutic value in restoring transplantability of previously
discarded donor lungs with aspiration-induced ALI. Further
studies are necessary to validate our findings, evaluate the

safety and efficacy of EVLP-NET removal in humans, op-
timize the duration of treatment, and to examine the potential
clinical applicability of NET removal post transplantation.

EVLP with NET removal effectively restored pulmonary
function in damaged porcine donor lungs, carrying im-
plications for the management of aspiration-induced lung
injury and having the potential to broaden the pool of viable
donor lungs for transplantation.
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