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Reduction of primary graft dysfunction using
cytokine adsorption during organ preservation and
after lung transplantation
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Sandra Lindstedt 1,2,3,4✉

Despite improvements, lung transplantation remains hampered by both a scarcity of donor

organs and by mortality following primary graft dysfunction (PGD). Since acute respiratory

distress syndrome (ARDS) limits donor lungs utilization, we investigated cytokine adsorption

as a means of treating ARDS donor lungs. We induced mild to moderate ARDS using lipo-

polysaccharide in 16 donor pigs. Lungs were then treated with or without cytokine adsorption

during ex vivo lung perfusion (EVLP) and/or post-transplantation using extracorporeal

hemoperfusion. The treatment significantly decreased cytokine levels during EVLP and

decreased levels of immune cells post-transplantation. Histology demonstrated fewer signs of

lung injury across both treatment periods and the incidence of PGD was significantly reduced

among treated animals. Overall, cytokine adsorption was able to restore lung function and

reduce PGD in lung transplantation. We suggest this treatment will increase the availability of

donor lungs and increase the tolerability of donor lungs in the recipient.
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Organ transplantation remains a vital tool in the arsenal of
treatments against end-stage disease, yet the field remains
hindered by a scarcity of organs. Deemed a public health

crisis, the World Health Organization remarks that just 10% of
the global demand for organ transplantation is being met1. LTx
remains limited by donor organ availability, resulting in waiting
list death. In stark contrast with the 83% of potential donor
kidneys which are transplanted, there are estimates that only 40%
of potential donor lungs are selected for transplantation owing to
donor lung injury and fear of ensuing primary graft dysfunction
(PGD)2,3. Despite advancements in the field, PGD is still the
leading cause of early mortality and contributes to the onset of
chronic lung allograft dysfunction (CLAD), the foremost cause of
late mortality4–6.

Rejected donor lungs are often deemed irreparable due to lung
injury3,7–9. Among other causes of damage in donor lungs, such
as aspiration, infection or neurogenic edema, acute lung injury
(ALI), and the more severe acute respiratory distress syndrome
(ARDS), stand as a frequent root of severe respiratory failure. The
damage is characterized by an inflammatory injury at the alveolar
capillary barrier with edema in the airspaces. ALI and ARDS
involve an intense inflammatory response wherein cytokines,
including interleukin-6 (IL-6), interleukin-1β (IL-1β) and tumor
necrosis factor α (TNF-α), play a critical role as signaling mole-
cules that initiate, amplify, and maintain inflammatory responses
both locally and systemically10–14. Cytokine reduction by
adsorption has been shown to have a positive impact on ortho-
topic heart transplantation and has reduced delayed graft func-
tion in the setting of kidney transplantation15,16. There is still
debate on the efficacy of cytokine adsorption with reports of no
provided survival benefit to patients with septic shock17. Cytokine
adsorbers have been used to treat sepsis or ALI by reducing the
levels of cytokines such as IL-6, IL-1β and TNF-α11,18–20. While
cytokine adsorbers are being studied for their potential in ARDS
patients, they have not been fully explored in the context of
rescuing ARDS-damaged donor lungs for later
transplantation18,21–25. Previous models involving transplanta-
tion have utilized healthy lungs subjected to a prolonged cold
ischemic time, but there has not yet been an evaluation of cyto-
kine adsorption in a model of ARDS-damage to the donor prior
to organ retrieval26,27.

Ex vivo lung perfusion (EVLP) is a novel approach for asses-
sing previously unacceptable donor lungs and has been used in
the successful transplant of lungs evaluated on the EVLP
system28–31. Cytokine adsorption has recently been evaluated in
conjunction with EVLP in pre-clinical settings and has been
employed as a therapy for healthy lungs subjected to extended
cold ischemic storage26,27. Considering that the tissue was healthy
at its origin, the effect of cytokine adsorption in restoring it from
exposure to prolonged ischemia would allow for greater trans-
portation times and would facilitate scheduling of operations.
This would, however, differ from studying lungs that were
damaged at the time of explantation with the intention of
increasing the number of donor lungs viable for transplantation.

In the present study we evaluated the potential for trans-
planting lungs with ARDS by using cytokine adsorption in the
recipient peri- and post-transplantation, with a primary endpoint
of lung function as measured by the PaO2/FiO2 ratio. This
treatment was administered either in two time points at both
EVLP and post-transplantation via an extracorporeal cytokine
hemoadsorber (entitled the two-step treatment) or solely post-
transplantation (one-step treatment). Clinically relevant and
molecular outcomes during EVLP and in the days following
transplantation were compared to non-treated recipients. We
hypothesized that a cytokine adsorber would restore lungs with
ARDS and reduce the incidence of PGD.

Results
Overview of different treatment groups versus non-treatment
group. The non-treated group refers to those lungs with lipo-
polysaccharide (LPS)-induced ARDS which then received EVLP
and underwent transplantation without cytokine adsorption.

The treated groups were subdivided between the “one-step
treated” group and the “two-step treated” group (experimental
timeline demonstrated in Fig. 1a). One-step treatment refers to
lungs with LPS-induced ARDS wherein EVLP was administered
without cytokine adsorption and where transplantation was
followed by 12 hours of extracorporeal cytokine adsorption. In
the two-step treatment group, the lungs received cytokine
adsorption both during EVLP and again for 12 hours of
extracorporeal cytokine hemoadsorption post LTx.

Establishment of ARDS using LPS in the Donor. Donors were
treated intravenously with LPS with a dosage calculated according
to weight and then monitored for development of ARDS. This
follows an established model of ARDS, as previously published32.
All LPS-treated donors developed mild to moderate ARDS within
120 ± 30 min, as defined by two separate arterial blood gases
within a 15-minute interval. There was no significant difference
between the severity of ARDS that ensued in donors that would
go on to receive treatment (PaO2/FiO2 ratio= 208.2 ± 55.5
mmHg in the two-step treatment group; PaO2/FiO2 ratio=
204.8 ± 43.4 mmHg in the one-step treatment group) compared
to those assigned to the non-treated group (ratio= 225.3 ± 33.6
mmHg, p= 0.733). All donors showed hemodynamic instability
after LPS administration and required inotropic support. In this
study, inotropic support refers to the use of agents like dobuta-
mine, epinephrine, and norepinephrine with the clinical purpose
of maintaining hemodynamic stability. Table 1 demonstrates this
instability of the donors as seen in decreased oxygen saturation,
decreased lung compliance, increased pulmonary vascular resis-
tance, decreased systemic vascular resistance. Additionally, the
mean arterial pressure was decreased while the cardiac output
and the cardiac index increased.

A significant increase in cytokines, including IL-1β, IL-6, IL-8,
IL-10, IL-12, and TNF-α, which are known to play a critical role in
ARDS, was seen during the induction of ARDS in plasma and in
BALF as expected, confirming the disease model (n= 12, Fig. 2a, b,
Supplementary Figs. 1, 4). In plasma, TNF-α values rose from a
baseline value of 103.4 ± 145.3 pg/mL to 14347.0 ± 10567.0 pg/mL
at the time of confirmed ARDS (p= 0.0001). In a similar pattern,
IL-1β increased from 96.8 ± 180.7 pg/mL to 194.6 ± 273.3 pg/mL
(p= 0.008). IL-6 increased from a baseline value of 6.7 ± 4.4 pg/mL
to 140.2 ± 94.8 pg/mL at confirmed ARDS (p= 0.003). IL-8 rose
from 0.6 ± 0.7 pg/mL to 454.2 ± 653.7 (p= 0.002) and IL-10 from
non-detected to 1030.5 ± 288.8 pg/mL (p= 0.001). Lastly, an
increase in IL-12 was detected from 120.7 ± 76.9 pg/mL to
525.4 ± 526.2 pg/mL (p= 0.007, Fig. 2a).

To investigate the relative amounts of white blood cell types,
cell counts were measured every 30 minutes in the donor animals.
A dramatic decrease in intravascular white blood cells following
LPS administration was observed (Fig. 2c), as described
previously in LPS-induced septicemia-like conditions33. Neutro-
phils decreased from 11.5 ± 5.0 × 106 cells/mL at baseline to
1.5 ± 0.9 × 106 cells/mL at the time of confirmed ARDS, which
was a decrease also seen in lymphocytes which fell from
12.0 ± 4.4 × 106 cells/mL to 3.3 ± 1.0 × 106 cells/mL.

Lung tissue taken before LPS administration for histological
analysis appeared normal, with no anomalies (Fig. 2d, e).
Following the administration of LPS, and as previously observed
using a similar model of ARDS-induction32, there was a sig-
nificant infiltration of the alveolar spaces by immune cells and
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notable atelectasis which affected the majority of alveolar spaces.
Erythrocytes were also found in abundance within the alveolar
space with the occasional appearance of early hyaline membrane
formation. Furthermore, vasodilation was visible within the
capillaries where there was also hemorrhage and aggregation of
neutrophils. In addition to subjective analysis of lung histology,
blinded scoring was performed on all pigs at baseline, post-ARDS,
post-EVLP and post-transplantation by three independent
observers. Significant increases in a cumulative lung injury score
from baseline were observed, accounting for multiple signs of
lung injury following ARDS onset via LPS administration
(baseline mean score= 5.4 ± 2.1, confirmed ARDS mean score
= 15.8 ± 7.9, p < 0.0001, Fig. 2d). No significant differences were
seen between the treated (two-step and one-step treatment) and
non-treated groups at baseline (two-step treated mean score of
4.4 ± 1.8, one-step treatment 5.5 ± 2.3 non-treated mean score of
6.1 ± 2.3, p= 0.41). A greater detailed figure of histology can be
found in Supplementary Fig. 5. TUNEL scoring of positive cells in
baseline biopsies and biopsies taken at pulmonary harvest after
ARDS confirmation showed significant differences, in line with

late apoptosis (baseline mean score= 9.2 ± 5.3
cells/mm2, confirmed ARDS mean score= 21.4 ± 10.7 cells/
mm2, p= 0.03, Fig. 2d, f, greater detail in Supplementary Fig. 11).
Following confirmation of ARDS, lungs were harvested en bloc
approximately 1 hour after confirmed ARDS.

Recovery of pulmonary function and inflammation following
cytokine adsorption in EVLP. To mimic clinical transplantation,
the lungs were put in cold storage in Perfadex® PLUS solution
(XVIVO perfusion, Gothenburg, Sweden) for 2 hours. After, they
were connected to the EVLP for 4 hours. All pulmonary grafts
had ARDS according to the Berlin ARDS definition using the
PaO2/FiO2 ratio at the initiation of EVLP34. In this definition, the
distinguishing criteria of ARDS severity is the PaO2/FiO2 ratio
with a PEEP of at least 5 cmH2O such that mild ARDS falls in a
PaO2/FiO2 ratio between 201–300 mmHg, moderate between
101–200 mmHg, and severe as ≤100 mmHg. Over the course of
EVLP, the cytokine adsorber-treated lungs had an increase in gas
exchange capacity and reached a PaO2/FiO2 ratio of 324 ± 70.

Fig. 1 Experimental overview and technique for cytokine adsorption and lung transplantation. a Timeline of lipopolysaccharide (LPS)-induced acute
respiratory distress syndrome (ARDS) lung injury and lung recovery by therapeutic interventions during ex vivo lung perfusion (EVLP) and transplantation
(LTx) follow-up. Sample collection, including, plasma, biopsies, bronchoalveolar lavage fluid (BALF), hemodynamic measurements and arterial blood gases
(AGB) and differential treatment regimens are indicated. Pulmonary harvest was conducted after confirmation of ARDS and the lungs where then placed
on EVLP. The recipient was monitored for 48 hours after left lung transplantation and a mid-sternotomy followed by a right pneumonectomy in the last four
hours allowed for isolated monitoring of the transplanted lung. A Swan-Ganz catheter was also placed in this monitoring period. b Setup of cytokine
adsorption during EVLP. A mechanical ventilator (a) was connected to the lungs in the dome (b). Flow of perfusate continued into the reservoir (c) which
fed into the cytokine adsorber (d) that then directed adsorbed perfusate back into the reservoir. Flow continued as per established methodology using a
peristaltic pump (e) into a deoxygenator (h) connected to a gas supply (f) and heater (g). Following the leukocyte filter (i), the perfusate returned to the
lungs. c Setup of cytokine adsorption post-transplantation. A veno-venous shunt using a hemodialysis catheter was inserted into the jugular vein. This
facilitated flow through a pump (a) that was in line with the cytokine adsorber (b). After adsorption, flow returned to the circulation via the hemodialysis
catheter in the jugular vein. Created with BioRender.com.
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This represented a significant change over time (p= 0.03) and
met the threshold of clinical acceptance for transplantation. The
non-treated lungs did not pass clinical acceptance with a PaO2/
FiO2 ratio of 249 ± 143 in the 10 pigs assigned to the non-treated
group and a ratio of 228 ± 120 in the one-step treatment group
(Fig. 3a, Supplementary Fig. 14a). No significant differences could
be seen between either of the groups. All lungs increased in PVR
during the EVLP, however this increase was not significant within
each group or between the groups (Fig. 3a, Supplementary
Fig. 14a). There were no significant differences between the
groups in airway pressure or the pulmonary compliance (Fig. 3a,
Supplementary Fig. 14a). This change in pulmonary function is
reflected on a macroscopic level, as the gross morphology of the
treated lungs also showed decreased hemorrhage compared to
non-treated donor lungs (Fig. 3b).

All groups required additional Steen solution in the EVLP
circuit over the 4 hours. Two lungs in the non-treated group, two
in the two-step treated group, and one in the one-step treated
group had acute pulmonary edema after 2 hours in EVLP with
fluid withdrawal in the main bronchus. The addition of
supplementary Steen solution, a procedural measure taken when

perfusate levels dropped below 300 mL in the EVLP reservoir, is a
sign of edema in the lungs.

To monitor the inflammatory response during EVLP and see if
changes in perfusate markers coincided with signs of restored
pulmonary function, cytokine concentrations were measured in
the perfusate each hour (Fig. 3c, Supplementary Fig. 2). A
significant decrease in the proinflammatory cytokine IL-1β was
seen in the cytokine adsorbed lungs relative to the non-treated
lungs (n= 6) in the perfusate and BALF. This is exemplified by
the 4th hour of EVLP which showed a decrease from
282.9 ± 177.4 pg/mL in the non-treated perfusate to
75.6 ± 66.4 pg/mL in the treated perfusate (Fig. 3c) and from
362.4 ± 626.7 pg/mL in non-treated BALF to 15.3 ± 37.4 pg/mL in
two-step treated BALF (p= 0.0216, Fig. 3d). A generally lower
level of cytokines could be detected in the treated lungs, however
none reached significance (Fig. 3c, d). During EVLP, the cell
counts in the perfusate were measured every hour and there was
no significant change in the number of neutrophils, leukocyte,
and total white blood count within the 4-hour period in all donor
groups (Fig. 3e, Supplementary Fig. 14b).

Following EVLP, the histology of the tissue showed a
significant difference between the cytokine adsorption-treated
lungs and those without adsorption with regard to morphology
and lung injury (Fig. 3f, g). A greater detailed figure of histology
can be found in Supplementary Fig. 6. Treated lungs had fewer
immune cells, erythrocytes, and atelectasis compared to lungs
without adsorption. Histological scoring revealed a significant
improvement towards healthy lung tissue between the treated
(average score of 5.4 ± 2.8) and the non-treated donors (score of
12.8 ± 5.4, p= 0.016) following EVLP (Fig. 3f). According to the
wet/dry ratio, an index of accumulated fluid in the lungs, there
was no significant difference between the groups at the end of
EVLP (Supplementary Fig. 15, p= 0.07).

To evaluate the incidence of late apoptosis within each group,
TUNEL staining was performed and showed no difference
between the treated and non-treated groups. Those with cytokine
adsorption in EVLP had a mean value of 5.0 ± 4.6 cells/mm2

while those who were non-treated measured 13.2 ± 9.4 cells/mm2

(p= 0.13, Fig. 3f, h, enlarged images in Supplementary Fig. 12).

Restoration of pulmonary function and reduced inflammation
after 48 hours of transplantation in treated recipients. After
4 hours of EVLP, the lungs were subsequently transplanted. A left
thoracotomy was followed by a left pneumonectomy so that a left
LTx could occur. Once the lung was transplanted, extracorporeal
hemoperfusion with a cytokine adsorber in the circuit was placed
in the treated recipients (one-step treatment and two-step treat-
ment) for the first 12 postoperative hours (Fig. 1c, Supplementary
Video 1). Both treated groups required significantly less inotropic
support post-transplantation, showing improved hemodynamic
stability compared to the non-treated group. Hemodynamic
parameters, blood gas values, and mechanical ventilator settings
are shown in Table 2.

To track the inflammatory response post-transplantation,
cytokine concentrations were measured in plasma and collected
at multiple time points post-transplantation. All measured
cytokines were generally decreased post-transplantation in the
cytokine adsorber-treated group, however none of these reached
statistical significance (Fig. 4a, b, Supplementary Fig. 3). When
looking at the count of blood cells post-transplantation,
significant decreases in both neutrophil counts and total white
blood cell counts were observed in the two-step treated group in
the latter hours of transplantation follow-up, especially after the
right pneumonectomy (Fig. 4c). At the end of observation,
neutrophils were reduced from 11.6 ± 3.0 × 106 cells/mL (non-

Table 1 Clinically relevant measurements of vitals and
mechanical ventilator settings during establishment of LPS-
induced ARDS for all pigs.

Baseline
(n= 16)

Confirmed ARDS
(n= 16)

p value

Sat (%) 98.9 ± 1.4 96.1 ± 3.4 >0.9999
HR (bpm) 73.8 ± 18.2 131.8 ± 18.3 0.5670
SBP (mmHg) 101.5 ± 10.2 100.6 ± 23.4 >0.9999
DBP (mmHg) 70.6 ± 10.7 62.9 ± 24.2 >0.9999
MAP (mmHg) 83.2 ± 11.0 72.6 ± 22.6 >0.9999
CVP (mmHg) 6.8 ± 2.9 6.6 ± 2.5 >0.9999
Temp (°C) 38.5 ± 1.7 39.0 ± 2.0 >0.9999
SPP (mmHg) 25.3 ± 4.8 39.6 ± 9.4 >0.9999
DPP (mmHg) 13.5 ± 4.7 26.8 ± 8.4 >0.9999
MPP (mmHg) 18.9 ± 4.1 31.6 ± 6.8 >0.9999
Wedge (mmHg) 10.6 ± 3.4 10.4 ± 5.5 >0.9999
CO (L/min) 4.0 ± 0.9 5.8 ± 2.2 >0.9999
SVR (DS/cm5) 1517.2 ± 312.1 1044.3 ± 405.4 <0.0001
PVR (DS/cm5) 173.2 ± 68.1 364.0 ± 183.4 <0.0001
CI 2.8 ± 0.5 4.3 ± 1.6 >0.9999
pH 7.4 ± 0.1 7.3 ± 0.1 >0.9999
PaCO2 (mmHg) 40.7 ± 6.1 54.0 ± 6.2 >0.9999
PaO2 (mmHg) 247.3 ± 33.6 107.8 ± 24.5 <0.0001
Hb (g/L) 91.2 ± 10.4 95.1 ± 13.1 >0.9999
Lactate (mmol/L) 1.6 ± 0.5 2.4 ± 1.0 >0.9999
BE (mmol/L) 4.5 ± 2.7 2.1 ± 1.5 >0.9999
MV (L/min) 7.9 ± 1.1 8.5 ± 1.6 >0.9999
Max. Pressure
(cmH2O)

16.7 ± 2.6 20.4 ± 3.7 >0.9999

PEEP (cmH2O) 5.0 ± 0.0 5.0 ± 0.0 >0.9999
Vt (mL) 363.9 ± 63.0 363.4 ± 52.9 >0.9999
Cdyn (mL/cmH2O) 33.1 ± 11.6 23.8 ± 4.9 >0.9999
RR (breaths/min) 21.4 ± 3.4 23.6 ± 3.4 >0.9999
PaO2/FiO2 (mmHg) 494.2 ± 53.4 213.6 ± 43.0 <0.0001

Sat oxygen saturation, HR heart rate, SBP systolic blood pressure, DBP diastolic blood pressure,
MAP mean arterial pressure, CVP central venous pressure, Temp temperature. Hemodynamic
variables: SPP systolic pulmonary pressure, DPP diastolic pulmonary pressure, MPP mean
pulmonary pressure, Wedge pulmonary artery wedge pressure, CO cardiac output, SVR
systemic vascular resistance. Blood gas parameters: pH, PaO2 partial pressure of oxygen, PaCO2

partial pressure of carbon dioxide, Hb hemoglobin, lactate, BE base excess, PaO2/FiO2 partial
pressure of oxygen divided by fraction of inspired oxygen. Mechanical ventilator settings with
volume-controlled ventilation: MV minute volume, PIP peak inspiratory pressure, PEEP peak
inspiratory pressure, positive end-expiratory pressure, Vt tidal volume, Cdyn dynamic
compliance, RR respiratory rate, FiO2 fraction of inspired oxygen.
Two-sided Mann–Whitney test was used for statistical analysis. P values less than 0.05 are
highlighted in bold text.
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Fig. 2 Establishment of Acute Respiratory Distress Syndrome (ARDS) lung injury in the donor. ARDS was induced via lipopolysaccharide (LPS)
administration and was confirmed via two blood gases taken at a 15-minute interval with values in accordance with the Berlin definition of ARDS.
a Cytokine measurement in plasma in the donor before LPS was administered and then 60 and 120min after LPS was given (n= 12). Cytokines were also
measured in the plasma at the time of confirmed ARDS. b Cytokine measurement in bronchoalveolar lavage fluid (BALF, n= 12). BALF was procured as a
baseline measure before LPS administration and then again at confirmed ARDS, represented as a box-and-whiskers plot with a median line, a plus at the
mean, and minimum and maximum values. c Neutrophils, lymphocytes, and white blood cell counts were recorded at baseline, 30 and 60min after LPS,
and at confirmed ARDS. d Scoring of lung injury of baseline biopsies and biopsies taken at pulmonary harvest after ARDS confirmation (left) and scoring of
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) positive cells/mm2 (right). e Baseline (left) and ARDS lung injury (right)
hematoxylin and eosin (H&E) staining. Scale bar in the larger image represents 0.5 mm. The callout shows a magnified portion of the tissue where the scale
bar represents 0.2 mm. f Representative images of TUNEL staining in baseline (top left) and injured lungs (bottom left) with representative black arrows
indicating the type of positively stained cell counted. All graphs represent data from all donors (n= 16) except TUNEL (n= 5). Statistically significant
differences between groups were tested with two-sided Student’s T-test and within groups with ANOVA when data were normally distributed. The two-
sided Mann–Whitney test and the Kruskal–Wallis test were used when data were not normally distributed. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. All values represent the mean ± standard deviation unless otherwise stated.
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treated) to 5.6 ± 1.3 × 106 cells/mL (two-step treated) but were
unchanged in the one-step treated (12.5 ± 4.0 × 106 cells/mL).
Total white cell counts dropped from 18.1 ± 3.4 × 106 cells/mL
(non-treated) to 9.8 ± 1.2 × 106 cells/mL (two-step) and were
unchanged in the one-step treated (17.0 ± 4.7 × 106 cells/mL).
Furthermore, lymphocyte counts were significantly lower in the
treated groups at the majority of time points studied, showing a

decrease from 6.4 ± 1.2 (non-treated) to 3.7 ± 0.2 (two-step
treated), and 3.3 ± 0.78 × 106 cells/mL (one-step treated) after
4 hours following right pneumonectomy (Fig. 4c).

The lung tissue wet/dry weight ratios were measured after
4 hours of EVLP, and 48 hours post-transplantation in the two-
step treatment and non-treatment group. While the ratios
between the treated and non-treated group were not statistically
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significant, there was a significant decrease in the cytokine
adsorption treated lungs’ average wet/dry ratio from the time of
EVLP to the end of LTx (Supplementary Fig. 15). The average
wet/dry ratio in the left lower lobe after 4 hours of EVLP was
8.55 ± 1.8 while it was 6.1 ± 0.8 48 hours following transplantation
in the two-step treated group (p= 0.0196).

With regard to histology, in the non-treated group, there were
significant morphological changes characteristic of ARDS which
remained, including the accumulation of immune cells, intra-
alveolar hemorrhage, and the collapse of most alveolar spaces
after transplantation, which was reflected in the scoring (Fig. 4d,
e). In the one-step and two-step treated recipients, an immune
response was still seen, exemplified by the infiltration of immune
cells, as expected in transplanted lungs, but the alveolar spaces
were mostly open, and respiratory bronchioles and blood vessels
appeared without major visible damage. There was a decreased
score in both treated lungs relative to non-treated ones 48 hours
post-transplantation (score of 9.92 ± 4.27 in the one-step
treatment; score of 10.94 ± 4.33 in the two-step treatment; score
of 22.61 ± 7.76 in the non-treated group). The two-step treated
group and one-step treated group had significantly lower scores
compared to the non-treated group (p= 0.026 and p= 0.0381
respectively, Fig. 4d). Greater detailed figures of histology can be
found in Supplementary Fig. 7. TUNEL staining showed greater
numbers of apoptotic cells normalized to tissue area in the
histological section from non-treated recipients (114.2 ± 82.3
cells/mm2) compared to the one-step treated group (19.7 ± 19.2
cells/mm2) and the two-step treated group (5.5 ± 3.0 cells/mm2).
A significant difference was seen between the non-treated and the
one-step treated group (p= 0.027), and also between the non-
treated and the two-step treated group (p= 0.006), Fig. 4d, f,
Supplementary Fig. 13).

Reduced Primary Graft Dysfunction (PGD) in Treated Reci-
pients. All treated and non-treated recipients were monitored for
48 hours post-transplantation, with the last 4 hours encompassing
isolated transplanted left lung function following a right pneu-
monectomy. The overview of clinically relevant vital measure-
ments during these 4 hours are shown in Table 3 and Fig. 5,
which demonstrates improved oxygenation capacity of the lung
and improved pulmonary vascular resistance upon reliance on
the transplanted lung alone. The pulmonary compliance was
generally improved in the two-step treated group compared to the
non-treated group (p= 0.001, Tables 2 and 3). The lactate was
lower in the two-step treated group (p= 0.001, Table 3). During
the first day post-transplantation, no significant difference could

be seen in the gas exchange between the groups (Fig. 5a,
p= 0.122). During the second day, however, and especially after
the right pneumonectomy, a significant increase in gas exchange
could be seen in the two-step treated compared to the non-treated
group (Fig. 5a, p < 0.0001). At the end of the experiment
(including all recipients), PVR was found to be significantly lower
in both the one-step and two-step treated groups (Fig. 5b,
p= 0.0190 and p= 0.0260, respectively). The PaO2/FiO2 ratios
also demonstrated better outcomes with higher ratios found in
both the one-step and two-step groups at the end of the experi-
ment (Fig. 5c, p= 0.0190 and p= 0.0022, respectively). In the
non-treated group, five recipients developed PGD grade 3, while
one developed PGD grade 2. In the two-step treated group, only
one recipient developed PGD grade 2 while the rest of the treated
recipients had PGD grade 0. In the one-step treated group, two
had PGD grade 0 and 2 had PGD grade 2. This represented a
significant difference in the number of recipients developing PGD
in either treatment group (p= 0.006, Fig. 5d).

Discussion
This current study explores the implementation of a cytokine
adsorber in the treatment of ARDS-damaged lungs, rendering the
organs suitable for transplantation. The results suggest that the
use of a cytokine adsorber (i) recovers pulmonary function and
inflammation during EVLP, (ii) restores pulmonary function and
reduces inflammation in the 48-hour follow-up post-transplan-
tation, and (iii) was correlated with a decreased incidence of PGD
in recipients. The value of this technique lies in the interest in the
field in restoring injured lungs. Previous results by Hozain et al.
have shown that cross-circulation may treat injured human
lungs35, however, the implementation of xenogeneic or allogenic
cross-circulation may prove challenging in practical application.
In contrast, the use of EVLP is an already established method and
alone can reduce acute injury in the lungs. In conjunction with a
cytokine adsorber, EVLP is capable of treating healthy lungs
subjected to extended cold ischemic storage26,36. This method has
not, however, examined the results of using cytokine adsorption
on lungs damaged by ARDS which are then transplanted and
examined for primary graft dysfunction (PGD), the gold standard
for evaluating the efficacy of potential methods in the clinic.

To address this, donor lungs with an LPS-induced ARDS injury
were transplanted and treated with cytokine adsorption. LPS is
derived from the outer membrane of gram-negative bacteria and
upon intravenous administration, results in damage to the
endothelial cells in the lung. The destruction is further driven by a
systemic inflammatory response37. The bacterial toxin is known

Fig. 3 Improvement of pulmonary function and inflammation following cytokine adsorption during ex vivo lung perfusion (EVLP) treatment. Donor
lungs were connected to an EVLP circuit and assigned to either the non-treated group or treated group which consisted of continuous cytokine adsorption
during the four hours of EVLP. a Measures of pulmonary gas exchange including the PaO2/FiO2 ratio, the pulmonary vascular resistance (PVR), peak
inspiratory pressure (PIP), and dynamic compliance were recorded throughout EVLP. b Gross morphology of the treated lungs (top) and the non-treated
lungs (bottom) throughout the 4-hour period. c Cytokines in plasma with samples taken every hour of EVLP, with 1 hour marking the time elapsed since the
start of treatment (n= 6 per group). d The bronchoalveolar lavage fluid (BALF) was tested at the end of EVLP for cytokine levels (n= 6 per group). e Cell
counts of neutrophils, lymphocytes, and white blood cells were measured every hour. Data is represented as a box-and-whiskers plot with a median line, a
plus at the mean, and minimum and maximum values. f The scores of the histologycompare cytokine adsorption groups (left) and the cell counts per mm2

after terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (right). g Images representative of n= 16 samples of hematoxylin and
eosin (H&E) histology of non-treated (left) lungs and treated (right) lungs. Scale bar in the larger image represents 0.5 mm. The callout shows a magnified
portion of the tissue where the scale bar represents 0.2 mm. h Representative images of n= 5 lungs of TUNEL staining in non-treated (left) and treated
lungs (right) with representative black arrows indicating the type of positively stained cell used in the TUNEL score. Scale bars represent 50 µm. All graphs
represent data from either the treated donor lungs (n= 6) or non-treated lungs (n= 10 as the one-step group did not receive cytokine adsorption during
EVLP), except for the multiplex cytokine and chemokine and the TUNEL analysis (treated donor lungs (n= 6) or non-treated lungs (n= 6)). Statistically
significant differences between non-treated and treated groups were tested with two-sided Student’s T-test and within groups with ANOVA when data
were normally distributed. The two-sided Mann–Whitney test and the Kruskal–Wallis test were used when data were not normally distributed. *p < 0.05,
**p < 0.01, ***p < 0.001, n.s. non significant. All values represent the mean ± standard deviation unless otherwise stated.
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to interact with the endothelial lining of the vessel walls of the
lung to induce programmed cell death which is thought to be
central to sepsis pathogenesis37. This form of inducing ARDS has
been studied in large animal models given the clinical transla-
tional potential of the disease. Other forms of provoking ARDS,
including repeated lavage and oleic acid, result in lung pathology
but suffer from the use of mechanisms that are different from
those found in human patients with ARDS38. Advantages of the
use of endotoxin include a pathophysiology similar to clinical
ARDS along with technical reproducibility. Using an LPS-
induced ARDS model represents an opportunity to explore the
expansion of the donor pool considering the large number of
organs that are rejected due to acute lung injury. ARDS can be
induced by a diverse range of causes including infection, neuro-
genic edema and trauma39. In neurogenic edema, damage to the
central nervous system causes severe stress triggering ARDS40.
Despite the differences between these origins of disease, they all
result in damage to the lung epithelium that increases perme-
ability, leading to pathological pulmonary edema and failure of
the lung to undergo proper gas exchange39. In utilizing a model of
ARDS that faithfully reproduces this pathology, efforts can be
made to evaluate treatments that reduce or eliminate the damage
caused by cellular injury. In other studies of EVLP and cytokine
adsorption, the focus on extended cold ischemic storage has
resulted in the conclusion that lung tissue may be perfused for
longer but have not confronted a condition in which the lung is
damaged to begin with. The similarity of LPS-induced ARDS to a
clinical scenario of acute lung injury combined with the current
context of an added cytokine adsorber would address the issue of
ameliorating donor tissue damaged prior to storage.

In the pathology induced in this study, all donors developed
mild to moderate ARDS with significantly lower gas exchange
capacities as measured by the PaO2/FiO2 ratio before lung har-
vest. This adheres to the Berlin definition of the syndrome34 and
the diagnosis of ARDS was further confirmed histologically.
Pathologically, ARDS has previously been defined by diffuse
alveolar damage in which hyaline membranes distinctively line
alveolar spaces41. Edema and alveolar hemorrhage may be pre-
sent as endothelial cells and pneumocytes undergo necrosis. In
the model included in this study, mild hyaline membrane for-
mation was observed in the tissue obtained following LPS
administration. Further evidence of ARDS onset was supple-
mented by the blinded scoring conducted, which graded samples
based on proteinaceous debris, thickening of the alveolar walls,
hemorrhage, and atelectasis, and showed significant histological
damage in LPS-treated lungs as compared to controls. The
administration of LPS was also followed by a dramatic increase in
early response cytokines, specifically IL-6, IL-8, IL-1β and TNF-α
in all donors. ARDS has previously been reported to demonstrate
an increase in these cytokines10. Proinflammatory cytokines
TNF-α, IL–1β, IL-6, IL-8, and IL-18 have even been suggested as
biomarkers of morbidity and mortality in ARDS19. TNF-α has
been recognized in the pathogenesis of ARDS as a proin-
flammatory cytokine which acts downstream of pattern recog-
nition receptors and IL-6 has been studied for its link to
morbidity and mortality in ARDS19,42. In a discussion of
potential subphenotypes of ARDS, a hyperinflammatory pheno-
type with high plasma levels of inflammatory biomarkers was
found to have a different treatment response and correlate to
higher mortality rates43.

Following the establishment of ARDS, harvested lungs were
examined for recovery of function upon completion of cytokine
adsorption during EVLP for four hours. While the PaO2/FiO2

ratios of non-treated lung did not reach acceptable levels for
transplantation, treated ones had improved gas exchange capacity
and most reached a PaO2/FiO2 ratio above 300. This is regardedT
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Fig. 4 Reduced inflammatory state during lung transplantation (LTx) and follow-up. a Plasma cytokine levels were monitored throughout the 48-hour
period following transplantation, with 1 h marking the time elapsed since the start of treatment. EP stands for endpoint of the experimental timeline.
b Bronchoalveolar lavage fluid (BALF) was tested for cytokine concentrations at the termination of the experiment represented as a box-and-whiskers plot
with a median line, a plus at the mean, and minimum and maximum values. c Cell counts including neutrophils, lymphocytes, and white blood cells were
analyzed. Statistical significance applies to direct comparison of two-step treatment to the non-treated group. d Scoring of the lung injury across groups
(top) and scoring of the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) cell counts per mm2 (bottom). e Hematoxylin and eosin
(H&E) staining representative of n= 16 of non-treated (left), one-step treated (middle) and two-step treated (right) biopsies taken at the end, following 4 h
of isolated transplanted lung function. f Representative images of n= 5 lungs of TUNEL staining in non-treated (left), one-step treated (middle) and two-
step treated lungs (right) with representative black arrows indicating positively stained cells used in the TUNEL score. Scale bars represent 50 µm,
respectively. All graphs represent data from either the two-step treated recipient lungs (n= 6), the one-step treated recipients (n= 4) or non-treated lungs
(n= 6). Statistically significant differences between groups were tested with two-sided Student’s T-test and within groups with ANOVA when data were
normally distributed. The two-sided Mann–Whitney test and the Kruskal–Wallis test were used when data were not normally distributed. *p < 0.05,
**p < 0.01, ***p < 0.001. All values represent the mean ± standard deviation unless otherwise stated.
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Table 3 Overview of clinically relevant measurements of vitals and mechanical ventilator settings during the last phase of the
experiment.

Before Pneumonectomy 4 h Post Pneumonectomy Non- vs 1-Step
Treated

Non- vs 2-Step
Treated

1-Step vs 2-Step
Treated

Sat (%) 96.1 ± 3.3 96 ± 2.5 0.9936 0.9998 0.9952
100 ± 0 100 ± 0
96.8 ± 1.5 95.2 ± 4.3

HR (bpm) 91 ± 17.2 83.3 ± 19.0 0.5930 0.9857 0.4750
107 ± 10.5 133.3 ± 12.5
79 ± 17.0 89.8 ± 34.2

SBP (mmHg) 106.6 ± 13.1 101.6 ± 7.5 0.9931 0.9961 0.9992
102 ± 8.2 100 ± 9.8

109.4± 8.5 105 ± 12.5
DBP (mmHg) 63 ± 19.0 47.4 ± 17.5 0.9705 0.8935 0.9819

61.2 ± 9.5 55.2 ± 8.4
72 ± 8.6 65.6 ± 3.1

MAP (mmHg) 80.2 ± 20.1 64.8 ± 21.1 0.9783 0.9206 0.9866
73.7 ± 12.6 71.5 ± 11.6
87.8 ± 11.4 80.4 ± 6.1

CVP (mmHg) 6.8 ± 2.3 7 ± 2.5 0.9951 0.9997 0.9969
8.7 ± 2.8 10.2 ± 2.8
7.6 ± 3.4 6 ± 3.1

Temp (°C) 38.6 ± 0.6 38 ± 0.8 >0.9999 >0.9999 >0.9999
39.4 ± 0.4 38.2 ± 0.6
39.5 ± 0.4 38.4 ± 1.2

CO (L/min) 4.3 ± 0.9 3.7 ± 0.6 0.9997 0.9991 >0.9999
4.75 ± 0.8 4.2 ± 0.8
4.5 ± 0.1 5.3 ± 0.9

SVR (DS/cm5) 1327 ± 356 1415 ± 413 0.0009 <0.0001 <0.0001
1202.5 ± 452.2 1192.5 ± 240.6

1180 ± 200 1030 ± 139
pH 7.4 ± 0.1 7.3 ± 0.1 >0.9999 >0.9999 >0.9999

7.4 ± 0.05 7.4 ± 1.0
7.4 ± 0.1 7.3 ± 0.2

Hb (g/L) 72 ± 10.2 69.4 ± 10.5 0.7691 0.9425 0.9115
51.5 ± 4.2 51.8 ± 2
83 ± 3.4 82.6 ± 10.1

BE (mmol/L) 6.4 ± 3.8 8.7 ± 2.7 0.9956 >0.9999 0.9945
6.6 ± 2.8 4.4 ± 1.2
6.9 ± 4.1 8.4 ± 1.8

MV (L/min) 9.7 ± 1.8 11.8 ± 3.0 0.9958 >0.9999 0.9952
7.3 ± 1.2 7.8 ± 0.8
10.1 ± 1.5 11.7 ± 1.6

Max. Pressure (cmH2O) 22 ± 2.5 24 ± 3.0 0.9991 0.9993 0.9969
26.7 ± 2.2 27.2 ± 1.8
22.4 ± 3.4 25.4 ± 2.9

PEEP (cmH2O) 6.4 ± 2.2 6.0 ± 2.2 0.9975 >0.9999 0.9980
8 ± 0.8 8.6 ± 1

6.2 ± 1.6 5.6 ± 1.3
Vt (mL) 407.0 ± 58.5 396.5 ± 35.4 0.7573 0.9575 0.8829

416.5 ± 36.8 416.9 ± 55.8
429.0 ± 52.5 385.2 ± 22.5

Cdyn (mL/cmH2O) 26.4 ± 1.8 22.7 ± 2.4 0.9956 0.9982 0.9991
26.0 ± 5.8 24.4 ± 4.8
27.1 ± 5.0 20.4 ± 3.4

RR (breaths/min) 26.4 ± 4.1 22.7 ± 3.3 >0.9999 0.9830 0.9863
26 ± 1.4 29.5 ± 4

23.8 ± 4.0 29.8 ± 4.9
SPP (mmHg) 27 ± 6 38 ± 3 0.9989 >0.9999 0.9988

30 ± 6 36 ± 6.7
26 ± 4 38 ± 8

DPP (mmHg) 18 ± 11 23.5 ± 3 0.9705 0.9948 0.9874
16 ± 2.9 17 ± 4.8
15 ± 6.0 27.4 ± 12.0

MPP (mmHg) 24 ± 2.0 31 ± 2 0.9849 0.9997 0.9791
20.7 ± 4.3 22.6 ± 5.9
24 ± 2.9 30 ± 8.2

Lactate (mmol/L) 1.2 ± 0.3 1.3 ± 0.2 >0.9999 >0.9999 >0.9999
0.9 ± 0.3 1.5 ± 0.2
1.3 ± 0.4 1.2 ± 0.4

The values for the two-step treated recipients (n= 6) are shown in the first row, one-step treated recipients (n= 4) in the second row with bold text, and the non-treated recipients (n= 5) are in the
third row for each respective parameter. Mann–Whitney and Kruskal–Wallis tests were used for statistical analysis. P values less than 0.05 are highlighted in bold text.
Two-step treated: First rows (n = 6); One-step treated: Second rows, bold text (n= 4); Non-treated: Third rows (n= 5).
Sat oxygen saturation, HR heart rate, SBP systolic blood pressure, DBP diastolic blood pressure,MAPmean arterial pressure, CVP central venous pressure, Temp temperature, Hemodynamic variables: SPP
systolic pulmonary pressure, DPP diastolic pulmonary pressure, MPP mean pulmonary pressure, CO cardiac output, SVR systemic vascular resistance, PVR pulmonary vascular resistance, Blood gas
parameters: Hb hemoglobin, lactate, BE base excess, Mechanical ventilator settings with volume-controlled ventilation: MV minute volume, PIP peak inspiratory pressure, PEEP peak inspiratory pressure,
positive end-expiratory pressure, Vt tidal volume, RR respiratory rate.
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as being clinically acceptable for transplantation3. Furthermore,
lungs in the treated group experienced significantly reduced
BALF levels of IL-1β relative to non-treated lungs. Other cyto-
kines were also generally decreased throughout EVLP. This
indicates a state of reduced inflammation when comparing the
two conditions, further supported by the decreased number of
immune cells and atelectasis seen on histological examination in
the treated lungs relative to non-treated. The finding of decreased
levels of IL-1β is of particular note given its previous identifica-
tion as a prognostic indicator of nonrecovery during EVLP44.
These results suggest restoration of lung function in the
treated lungs.

The use of extracorporeal blood purification techniques to
reduce tissue damage has been explored within the context of
several surgical conditions associated with increased inflamma-
tory cytokines15,16,22. Commercial products include cytokine
adsorbers which remove substances through polymer beads.
These devices target middle and low molecular weight molecules,
thus reducing levels of diverse cytokines. They have so far been
employed in vivo during human orthotopic heart transplantation
and in human kidney transplantation settings15,16,45. In patients
with severe sepsis and acute lung injury, the device was reported
to have reduced the levels of IL-6, IL-8, IL-1β and TNF-α21–24,46.
Based on the finding that the adsorption is beneficial in ameli-
orating healthy lungs damaged by ischemia, it was then utilized in
this study for its potential to rescue ARDS donor lungs for
LTx26,27.

To investigate the functionality of the adsorption in this set-
ting, the transplanted lungs were followed for 48-hours and found
to have a reduced need for inotropic support along with greater
hemodynamic stability in both the one-step and two-step treat-
ments. This mirrors the findings of studies of cytokine adsorption
in septic patients, in whom the treatment reduced noradrenaline
doses18. Furthermore, a randomized controlled trial in septicemia
showed decreased inflammation by reducing IL-6 levels21. In this
model, recipients were also found to have reduced cytokine levels
and there were significant decreases in neutrophils and total white
blood cells counts in the treated groups. Decreasing levels of
cytokines is particularly important in ARDS given that clinical
studies have shown increased IL-6 and TNF-α in the plasma and
BALF samples of those who do not survive as well as a correlation
of IL-6 with longer time spend on ventilation11,19,47. TNF-α
produced from activated macrophages mediating the inflamma-
tory response in ARDS will in turn activate neutrophils and along
with other mediators, will lead to the recruitment of inflamma-
tory cells to the alveoli48. Histologically, the treated lung tissue in
this study showed a reduction in accumulated immune cells. This
reinforces the finding that cytokine adsorption contributes to a
decreased inflammatory state. Of note, the lung injury score for
the one-step treatment fell between that of the two-step and non-
treatment groups, a difference that was echoed in the TUNEL
staining. This could indicate an additive effect on the part of the
cytokine adsorber when administered both during EVLP and
post-transplantation, rather than after transplantation alone.

Fig. 5 Reduced primary graft dysfunction (PGD) in treated recipients. a PaO2/FiO2 ratios for all groups were followed from before transplantation in the
recipient to 48 h of follow-up. The first arrow indicates a left pneumonectomy followed by left lung transplantation (LP followed by L LTx) and the second
arrow depicts the time of right pneumonectomy (RP). Statistical significance applies to direct comparison of two-step treatment to the non-treated group
b Pulmonary vascular resistance (PVR) data (left) and c PaO2/FiO2 ratios (right) for all groups at the end of the experiment including all recipients.
d Comparison of PGD grades following transplantation. All graphs represent data from either the two-step treated recipient lungs (n= 6), the one-step
treated recipient (n= 4) or non-treated lungs (n= 6, n= 5 following 9 h post transplantation). Statistically significant differences between groups were
tested with two-sided Student’s T-test and within groups with ANOVA when data were normally distributed. The two-sided Mann–Whitney test and the
Kruskal–Wallis test were used when data were not normally distributed. Chi-squared analysis was performed to analyze observed frequencies of
categorical PGD grades. *p < 0.05, **p < 0.01, ***p < 0.001. All values represent the mean ± standard deviation.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-31811-5 ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:4173 | https://doi.org/10.1038/s41467-022-31811-5 | www.nature.com/naturecommunications 11

www.nature.com/naturecommunications
www.nature.com/naturecommunications


As double LTx is not possible in pigs due to anatomical
challenges on the right bronchus, a left LTx was conducted in this
model. To evaluate the transplanted lung function, a right-sided
pneumonectomy was consequently performed. Interestingly,
there was no difference in the gas exchange capacity during the
first day post transplantation between the groups. However,
during the second day and especially after the right pneumo-
nectomy, a significant difference in gas exchange could be seen
between the two-step treatment and the non-treated, wherein the
treated lungs performed better. The ratio in the one-step treat-
ment in combination with the findings from the histological and
apoptotic scores points toward a conclusion that the effects of the
cytokine adsorber increase when used at two time points.

Differences in the response of grafts to transplantation between
treatment groups pointed towards the wide scope of the cytokine
adsorber’s effects. Post-transplantation, three recipients showed
signs of septicemia. One recipient in the two-step treated group
developed bacteremia 8 hours after transplantation but recovered
with no subsequent signs. Another recipient in the non-treated
group also developed septicemia post-transplantation which
could not be overturned despite advanced intensive care and died
9 hours later. In the one-step treated group, one recipient devel-
oped mild septicemia with a severe tachyarrhythmia. The reci-
pient was treated with albumin, a magnesium infusion,
potassium, and intravenous lidocaine without any effect. The
hemoadsorber was established and the tachyarrhythmia subse-
quently stabilized and resolved within 1 hour of hemoadsorption.
The use of cytokine adsorption may have potentially mitigated
the risk of developing fatal septicemia in the treated recipient.
Additionally, the need for less inotropic support and greater
hemodynamic stability of treated recipients could be attributed to
reduced cytokine levels.

Interestingly, in one recipient in the two-step treated group, the
graft developed dramatic pulmonary edema after 2 hours of
EVLP. Up to 1.2 liters of fluid were drained from the trachea
during EVLP and measures were taken during transplantation to
fit the enlarged graft into the chest. By the end of the post-
transplantation observational period, virtually all edema had been
resorbed and the graft showed excellent gas exchange capacity
and no signs of PGD, suggesting that the cytokine adsorption was
of particular importance during hemoperfusion post-
transplantation. Furthermore, the wet–dry ratios of the lung tis-
sue when comparing the end of EVLP to the end of LTx showed a
decrease between these time points. The wet–dry ratio assay was
employed in order to determine the degree of pulmonary edema
in the biopsies and provides evidence that the addition of a
cytokine adsorber reduces accumulation of fluid in the tissue.
These incidences of edema and septicemia illustrate how the
addition of a cytokine adsorber may support restoration of non-
acceptable donor lungs in the critical days immediately following
transplantation.

The days following LTx are critical given the mortality asso-
ciated with PGD, defined by PaO2/FiO2 ratios up to three days
following surgery. In this study, after the addition of a cytokine
adsorber in the first 12 hours after transplantation, five of six two-
step treated recipients and two of four one-step treated recipients
had no PGD at all. This contrasts with the five of six non-treated
recipients who developed severe grade 3 PGD. Again, the two-
step treatment appears to have an additive effect when compared
to the rate of PGD in the one-step treatment group. This additive
effect of treatment in both EVLP and post-transplant (the two-
step group) with respect to to post-transplant alone (one-step
group) is further emphasized in comparing the PaO2/FiO2 ratios
at the end of the experiment (Fig. 5c). Not only are both groups
improved relative to the non-treated recipients, but the two-step
recipients are significantly higher than the one-step alone.

Immune cell populations, particularly leukocytes, were sig-
nificantly lower in the treated animals. This represents a curbed
immunological response which could then facilitate the accep-
tance of a new organ during the initial post-transplantation
period when the donor organ starts to be re-perfused. The
diminished immunological response afforded by a cytokine
adsorber could be responsible for the reduced incidence of
PGD49.

There are limitations to the present study. One concern with
cytokine adsorption in general is the potential for adsorption and
removal of non-desired targets, with previous findings that
plasma drug levels may decrease with treatment27. In this study, if
the cytokine adsorption treatment groups had been experiencing
reduced glucocorticoid and immunosuppressive agents, then
higher rates of acute inflammation and signs of acute rejection
would have been observed in the recipient during the clinical
course and in the later histological examination. When translating
the findings of this study to a clinical setting, concern over
potentially diminishing drug levels should result in careful mea-
surement of their plasma levels and precautions to maintain
therapeutic levels. The intensive care required to sustain the pigs
prohibits a longer follow-up over weeks or months, as might be
desired to understand long-term outcomes, and thus the animals
were only followed for 48 hours plus the time post-pulmectomy.
This timeline did not allow for investigation of what effect
cytokine adsorption may have on acute rejection or on CLAD.
These conditions would be important to examine given the results
found in the present study of reduced number of immune cell
infiltration into the lung tissue. Two of the recipients in the one-
step group developed postoperative pneumothorax. Chest x-ray
showed that the lungs did not expand despite treatment with
chest drainage. Because of underinflation of the lungs, higher
PEEP was used to expand the lungs to facilitate contact with the
chest wall and decrease air leakage. Subsequent expansion of the
lung was confirmed with x-ray imaging. In consideration of the
injury model used within this study, administration of LPS was
chosen for its ability to reproduce an ARDS state, but it is limited
as it does not represent a multi-factorial lung injury seen in
human donor lungs. In addition, the study initially explored if
there was any efficacy to the addition of cytokine adsorption at all
and thus compared non-treatment to treatment both during
EVLP and post-transplantation. Upon determination of a clinical
and molecular improvement, an effort was made to refine when
during this timeline cytokine adsorption held the greatest clinical
utility and thus the one-step treatment group was added in. As a
result, the addition of a third group presents some limitations to
the data interpretation as differences may naturally arise with
such a study design along with an inability to randomize the one-
step treatment group as the other treatment and two-step groups
had been randomized. Accordingly, because samples for cytokine
analysis from the one-step group had to be analyzed at a different
time than those from the non-treated and two-step groups, that
data is presented separately within the supplement (Supplemen-
tary Fig. 1–4).

In summary, cytokine adsorption in the context of ARDS-
injured lungs in this study has been shown to (i) reduce
inflammation and restore pulmonary function during EVLP, (ii)
restore function and decrease inflammation following trans-
plantation, and (iii) reduce the incidence of PGD in transplanted
recipients. The work outlined here represents the utilization of
the cytokine adsorber in the context of lung transplantation using
severely damaged donor lungs. It is thus envisioned that
adsorption may be an intervention that could lead to the accep-
tance of more lungs for transplantation. It may also further
increase the tolerability of such lungs in a recipient, a needed
outcome given the role that PGD continues to play as the leading
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cause of early mortality and as a contributor to the development
of chronic graft dysfunction.

Methods
Ethical considerations. The study was approved by the local Ethics Committee for
Animal Research (Dnr 5.2.18-4903/16, and Dnr 5.2.18-8927/16) at Lund Uni-
versity. All animals received care according to the USA Principles of Laboratory
Animal Care of the National Society for Medical Research, Guide for the Care and
Use of Laboratory Animals, National Academies Press (1996). All animal handling,
welfare monitoring, and euthanasia were attended to according to the guide for
laboratory animals under the supervision of an on-site veterinarian.

Animal Preparation. Thirty-two male and female adult farm-raised wild-type
American Yorkshire pigs (Sus scrofa domesticus) were used in this study. Blood
type was determined using Seraclone™ Anti-A (blood grouping reagent, Bio-Rad,
Medical Diagnostics GmbH, Dreieich, Germany) prior to the experiment. Donor
and recipient pairs were matched according to blood type and weight. The pairs
were randomized prior to the start of the study to either the two- step treatment
groups or the non-treated group. Given the findings of the two-step treatment
group, the one-step treatment group was added to elucidate the differences between
cytokine adsorption given during EVLP or post-transplantation.

Non-Treated: Lungs with LPS-induced ARDS receiving EVLP and LTx without
cytokine adsorption (n= 6).

One-step Treated: Lungs with LPS-induced ARDS receiving EVLP without
cytokine adsorption but with cytokine adsorption for 12 hours of extracorporeal
cytokine hemoadsorption post-LTx (n= 4).

Two-step Treated: Lungs with LPS-induced ARDS receiving cytokine
adsorption during EVLP and again for 12 hours of extracorporeal cytokine
hemoadsorption post-LTx (n= 6).

A total of 32 pigs with a mean weight of 50 kg were premedicated with xylazine
(Rompun® vet. 20mg/mL; Bayer AG, Leverkusen, Germany; 2 mg/kg) and ketamine
(Ketaminol® vet. 100mg/mL; Farmaceutici Gellini S.p.A., Aprilia, Italy; 20 mg/kg). A
peripheral intravenous (IV) line was inserted in the earlobe, and a urinary catheter
was inserted in the bladder. General anaesthesia was accomplished with ketamine
(Ketaminol® vet, Farmaceutici Gellini S.p.A.), midazolam (Midazolam Panpharma®,
Panpharma Nordics AS, Oslo, Norway) and fentanyl (Leptanal®, Piramal Critical
Care B.V., Lilly, France) infusions. Mechanical ventilation was established using a
Siemens-Elema ventilator (Servo 900 C, Siemens, Solna, Sweden). The animals were
intubated with a 7.5 size endotracheal tube. The ventilator was set to volume-
controlled ventilation (VCV) with the flow pattern switch in “constant flow” which
lowers the peak pressures according to the manufacturer’s instructions. Inspiration
time is set to 25% with pause time 10% to give an I:E ratio of 1:2. Ventilation was
adjusted to maintain carbon dioxide levels (PaCO2) between 33–41mmHg. Tidal
volume (Vt) was kept at 6–8mL/kg. Dynamic compliance was calculated by the
eq.Cdyn ¼ VT

ðpeak pressure�PEEPÞ. A pulmonary artery catheter (Swan-Ganz CCOmbo V

and Introflex, Edwards Lifesciences Services GmbH, Unterschleissheim, Germany)
was inserted in the right internal jugular vein and an arterial line (Secalon-TTM, Merit
Medical Ireland Ltd, Galway, Ireland) was placed in the right common carotid artery.
16 pigs were used as donor pigs and 16 pigs were used as recipients. Figure 1 shows
the overview of the experimental set up. Dihydrostreptomycinsulfate (0.1mL/kg,
Boehringer Ingelheim Animal Health Nordics A/S, Copenhagen, Denmark) was given
subcutaneously before initiation of surgery in all animals.

Induction of ARDS using LPS in donor animals. Lipopolysaccharide (LPS) from
Gram-negative bacteria Escherichia coli (O111:B4, Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany) was used to induce an ARDS according to the Berlin
criteria34, as previously described32. LPS was diluted in saline solution and
administered intravenously as an infusion (2 µg/kg/min) for one hour, after which
point it was reduced by 50% for another hour. All LPS-treated animals developed
hemodynamic instability and required continuous infusion of norepinephrine
(40 µg/mL, 0.05–2 µg/kg/min, Pfizer AB, Sollentuna, Sweden) and dobutamine
(2 mg/mL, 2.5–5 µg/kg/min, Hameln Pharma Plus GmbH, Hameln, Germany).
Fluid loss was compensated with Ringer’s acetate (Baxter Medical AB, Kista,
Sweden) in all animals.

The different ARDS stages were defined according to the Berlin definition34

using the PaO2/FiO2 ratio. Mild ARDS was defined as a ratio between 201 mmHg
and 300 mmHg, moderate ARDS between 101 mmHg and 200 mmHg, and severe
ARDS as ≤100 mmHg. Animals were confirmed as having ARDS following two
separate arterial blood gases falling within the Berlin definition’s PaO2/FiO2 range
within a 15-minute interval.

Arterial blood gases. Arterial blood gases were analyzed every 30 min with an
ABL 90 FLEX blood gas analyzer (Radiometer Medical ApS, Brønshøj, Denmark),
and normalized to the blood temperature of 37 °C according to clinical standards in
the donor animals and every hour during EVLP and after transplantation in the
recipient animals.

Hemodynamics. Hemodynamic parameters were measured every 30 min in the
donor animals using thermodilution with a Swan-Ganz catheter and an arterial
line. Heart rate (HR), systolic blood pressure (SBP), diastolic blood pressure (DBP),
mean arterial pressure (MAP), central venous pressure (CVP), cardiac output
(CO), systolic pulmonary pressure (SPP), diastolic pulmonary pressure (DPP),
mean pulmonary pressure (MPP), pulmonary artery wedge pressure (PAWP),
systemic vascular resistance (SVR), and pulmonary vascular resistance (PVR) were
recorded.

Pulmonary harvest after confirmed ARDS - donor. After confirmation of ARDS
according to the Berlin definition with two blood gas values 15 min apart, a median
sternotomy was performed. The pulmonary artery was cannulated via the right
ventricle with a 28 F cannula secured by a purse string suture placed in the outflow
tract of the pulmonary artery. A clamp was put on the superior vena cava, the
inferior vena cava, and on the ascending aorta. The left atrium and inferior vena
cava were opened. The lungs were perfused antegradely with 4 L of cold Perfadex®
PLUS solution (XVIVO perfusion, Gothenburg, Sweden) distributed at a low
perfusion pressure (<20 mmHg). The lungs were harvested en bloc in a standard
fashion. The lungs were immersed in cold Perfadex® solution and put in cold
storage at 4 °C for 2 hours.

Ex vivo lung perfusion (EVLP). EVLP was performed using Vivoline LS1 (XVIVO
perfusion, Gothenburg, Sweden) on the harvested lungs en bloc and with a target
perfusion of 40% of cardiac output, a tidal volume of 7 mL/kg body weight of the
donor, respiratory rate (RR) of 7, 5 cmH2O PEEP for 4 hours50,51. The system was
primed with SteenTM Solution (XVIVO perfusion) and with red blood cells from
the donor animal, drawn prior to LPS treatment, to reach a hematocrit level of
15–20% in the EVLP circuit. If the perfusate level dropped below 300mL in the
reservoir, additional Steen solution (XVIVO Perfusion) was added. EVLP phy-
siology was recorded hourly during the 4-hour perfusion period. After 4 hours of
EVLP the lungs were cooled down to 8–12 °C for approximately 45 min before
transplantation.

Cytokine adsorption during EVLP. During EVLP, in the two-step treated group,
the perfusate was filtered continuously through an adsorbent filter (CytoSorb®,
CytoSorbents Europe GmbH, Berlin, Germany) through a veno-venous shunt from
the reservoir at a rate of 300 mL/min (Fig. 1b).

Left lung transplantation - recipient. The lung transplantation was performed
according to the protocol described by Mariscal et al.52.

In brief, the pulmonary hilum was dissected through a left thoracotomy and the
left pulmonary artery, left atrium, and left bronchus were clamped individually. A
left pneumonectomy of the native left lung was performed thereafter. The donor
lung was sewn in, and the anastomosis of the bronchus was sutured using
polydioxanone sutures (PDS 4-0, Ethicon, Somerville, NJ, USA). The atrial cuff and
the pulmonary artery were sutured with polypropylene (Prolene 5-0, Ethicon)
using a continuous pattern. All animals were immunosuppressed using tacrolimus
(0.15 mg/kg, orally,Sandoz AS, Copenhagen, Denmark), and methylprednisolone
sodium succinate (1 mg/kg, intravenously, Solumedrol, Pfizer). After suturing the
bronchus, a bronchoscopy was done to confirm an open bronchial anastomosis.

Extracorporeal hemoadsorption after transplantation. The two-step treated
group that received cytokine adsorption during EVLP then received a further
12 hours of extracorporeal hemoadsorption also equipped with the cytokine
adsorber following transplantation, while the one-step treated group did not
receive any cytokine treatment during EVLP but received 12 hours of extra-
corporeal hemoadsorption also equipped with the cytokine adsorber following
transplantation. This was accomplished through a veno-venous shunt using a
hemodialysis catheter (Power-Trialysis® Slim-Cath™, Becton, Dickinson and
Company, New Jersey, USA) inserted in the v. jugulars with a roller pump at a rate
of 300 mL/min (Fig. 2c, video shown in the supplements).

Recipient follow-up. The recipient animals were kept under anaesthesia using
ketamine (Ketaminol® vet, Intervet AB, Stockholm, Sweden), midazolam (Mid-
azolam Panpharma®, Panpharma Nordic, Oslo, Norway), fentanyl (Leptanal®,
Piramal Critical Care B.V., Lilly, France), and rocuronium bromide (Esmeron®,
Merck, Kenilworth, NJ, USA) infusions. 500 mg imipenem (Merck & Co. Inc.,
Kenilworth, NJ, USA) was given intravenously three times daily throughout the
experimental timeframe. All animals (except for one that died of septicaemia
9 hours post-transplantation) were followed for at least 48 hours. Some animals,
however, were followed up to 60–72 hours for logistical reasons. Dihydros-
treptomycinsulfat (0.1 mL/kg, Boehringer Ingelheim Animal Health Nordics A/S)
was given subcutaneously once daily. All animals were continuously immuno-
suppressed using tacrolimus (0.15 mg/kg, PO, (Sandoz AS), and methylpredniso-
lone (1 mg/kg, intravenously, twice daily, Solumedrol, Pfizer). The ventilatory
strategy followed for the recipients was to use as low pressures as possible in order
to maintain adequate oxygenation and ventilation. This included maintaining a
PEEP between 5–10 cmH2O and a peak pressure below 30 cmH2O.
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Right pneumonectomy. Given changes in positioning and preparation for the
pneumonectomy, hemodynamic and blood gas measurements were taken imme-
diately before the start of the procedure (labeled “Before Pneumonectomy” in
Table 3). The pulmonary hilum was dissected through a mid-sternotomy, and a
right pneumonectomy (including the accessory lobe) was performed to assess
isolated function of the transplanted left lung. The recipient was followed for
additional 4 hours following the right pneumonectomy before the experiment was
terminated. During the 4 hours, the recipient was additionally monitored using a
Swan-Ganz catheter as described in the Animal Preparation section. While the
recipient was under one lung ventilation, the tidal volume and respiratory rate were
adjusted to maintain a peak pressure less than 30 cmH2O.

Measurements of cytokine levels in plasma and bronchoalveolar lavage fluid
(BALF). Measurements of cytokine levels in the plasma were taken at baseline,
every 60 min in the donor animals, every hour during EVLP, and every 4th hour in
the recipient animal. These levels were analyzed with the multiplex kit Cytokine &
Chemokine 9-Plex Porcine ProcartaPlex™ Panel 1 (Thermo Fisher Cat. No.
EPX090-60829-901, Thermo Fisher Scientific, Waltham, Massachusetts, US)
according to the manufacturer’s instructions. The kit was run using a Bioplex-200
system (BioRad, Hercules, CA, USA). Nine cytokines were evaluated: IL-1β, IL-4,
IL-6, IL-8, IL-10, IL-12p40, IFN-α, IFN-γ and TNF-α. Bronchoalveolar lavage fluid
(BALF) was taken at baseline in donor animals, before lung harvest in donor
animals, at the end of the EVLP, and at the end of the experiment.

Blood cell counts. Leukocyte, neutrophils, and total white blood cell counts were
measured using a Sysmex KX-21N automated haematology analyser (Sysmex,
Milton Keynes, UK) every 30 min in the donor animals, every hour during EVLP,
and every 1–6th hour after LTx. Blood samples anti-coagulated with EDTA were
kept at 4 °C until analysis.

Histopathological Analyses. Baseline lung biopsies were taken from the right lobe
before LPS administration through a right thoracotomy. Biopsies were also taken
from the right lower lobe just before lung harvest after confirmed ARDS. When the
lung was connected to EVLP, biopsies were taken from the right lower lobe at its
initiation and then every hour throughout EVLP. Biopsies were also taken from the
transplanted left lung after completion of the experiment. Biopsies were fixed in
10% neutral buffered formalin solution (Sigma Aldrich, Germany) at 4 °C over-
night. Formalin-fixed tissues were subjected to a graded ethanol series and iso-
propanol (both Fisher Scientific) prior to paraffin embedding (Histolab Products
AB, Gothenburg, Sweden). 4 μm sections were cut and after de-paraffinization, the
sections were stained with hematoxylin and eosin (Merck Millipore, Germany)
followed by dehydration in consecutively graded ethanol and xylene solutions.
Dried sections were mounted with Pertex (Histolab). Brightfield images were
acquired with a Nikon Eclipse Ts2R microscope (Nikon, Tokyo, Japan). Histology
of all donor lungs across time points are presented in the following figures: Sup-
plementary Fig. 8 for non-treated, Supplementary Fig. 9 for one-step treated and
Supplementary Fig. 10 for two-step treated lungs, respectively.

Images from each animal were scored independently for lung injury by three
blinded scorers with experience in porcine lung injury models on the basis of
number of inflammatory cells, presence of hyaline membranes, level of
proteinaceous debris, thickening of the alveolar wall, enhanced injury, hemorrhage
and atelectasis using a modification of previously described scoring methodology53.
Scores were given on a scale of 0 to 8 for each feature and reported as average of the
sum of the characteristic scores.

Tissue sections were then also assessed for late apoptosis via TdT-mediated
dUTP nick end-labelling (TUNEL) assay, which was performed according to the
manufacturer’s instructions (Abcam catalog #ab206386, Abcam, Cambridge, UK).
Samples were randomly selected from each group, with five slides each from the
baseline and confirmed ARDS groups, as well as 6 slides from the EVLP groups. All
slides from the end of observation of transplanted recipients were stained. Slide
images were then acquired using brightfield with a 40 × objective with two lung
pieces scanned per slide with an Olympus VS-120-S6 virtual slide scanner
(Olympus, Hamburg, Germany). TUNEL positive cell counts per piece were
determined and normalized to the lung tissue area represented in the TUNEL score
using Fiji ImageJ 1.53 M software54.

Wet dry-weight ratio. Pulmonary edema was examined by measuring the wet
weight to dry weight ratio in lung tissue from the lower lobe after EVLP in the left
lung and after 48 hours of transplantation in the left (transplanted) lung. Proximal
lung tissue pieces harvested were weighed, lyophilized for 24 hours, and then
weighed again. The ratio between the wet and dry weight was then calculated.

Primary graft dysfunction staging. The primary graft dysfunction (PGD) was
staged according to the Pa02/FiO2 ratio using the ISHLT guidelines55. Presence of
lung infiltrate to fulfill the criteria of PGD was assessed through imaging conducted
with a mobile C-arm x-ray machine (Siemens, Munich, Germany).

Calculations and statistics. Data collection was conducted with Microsoft Excel
Version 16.46 and GraphPad Software Version 9. Image analysis for TUNEL
staining was also conducted with Fiji ImageJ 1.53M. Continuous variables were
reported as mean and standard deviation (SD). Statistically significant differences
between groups were tested with the Student’s T-test when comparing two groups
and within groups with ANOVA when data were normally distributed. Most
analyses were conducted with the Mann–Whitney test and the Kruskal–Wallis tests
as data were not normally distributed. A Chi-Squared test was performed to
analyze observed frequencies of categorical variables. All statistical analysis was
performed using GraphPad Prism 9.1. Significance was defined as: p < 0.001 (***),
p < 0.01 (**), p < 0.05 (*), and p > 0.05 (not significant).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings are available within in the paper
and Supplementary Information and from the corresponding author upon reasonable
request. The source data underlying Fig. 2a-d, n; 3a–f, l; Fig. 4a–d; 5a, b are provided in
the Source Data file. Source data are provided with this paper.

Received: 7 February 2021; Accepted: 5 July 2022;

References
1. Keeping kidneys. Bull. World Health Organ 90, 718–719 (2012).
2. Snell, G. I., Griffiths, A., Levvey, B. J. & Oto, T. Availability of lungs for

transplantation: exploring the real potential of the donor pool. J. Heart Lung
Transpl. 27, 662–667 (2008).

3. Orens, J. B. et al. A review of lung transplant donor acceptability criteria. J.
Heart Lung Transpl. 22, 1183–1200 (2003).

4. Royer, P. J. et al. Chronic lung allograft dysfunction: a systematic review of
mechanisms. Transplantation 100, 1803–1814 (2016).

5. Verleden, G. M., Raghu, G., Meyer, K. C., Glanville, A. R. & Corris, P. A new
classification system for chronic lung allograft dysfunction. J. Heart Lung
Transpl. 33, 127–133 (2014).

6. Verleden, G. M. et al. Chronic lung allograft dysfunction: definition,
diagnostic criteria, and approaches to treatment-A consensus report from the
Pulmonary Council of the ISHLT. J. Heart Lung Transpl. 38, 493–503 (2019).

7. Pierre, A. F., Sekine, Y., Hutcheon, M. A., Waddell, T. K. & Keshavjee, S. H.
Marginal donor lungs: a reassessment. J. Thorac. Cardiovasc Surg. 123,
421–427 (2002).

8. Yeung, J. C. & Keshavjee, S. Overview of clinical lung transplantation. Cold
Spring Harb. Perspect. Med. 4, a015628 (2014).

9. Avlonitis, V. S., Fisher, A. J., Kirby, J. A. & Dark, J. H. Pulmonary
transplantation: the role of brain death in donor lung injury. Transplantation
75, 1928–1933 (2003).

10. Park, W. Y. et al. Cytokine balance in the lungs of patients with acute respiratory
distress syndrome. Am. J. Respir. Crit. Care Med. 164, 1896–1903 (2001).

11. Meduri, G. U. et al. Persistent elevation of inflammatory cytokines predicts a
poor outcome in ARDS. Plasma IL-1 beta and IL-6 levels are consistent and
efficient predictors of outcome over time. Chest 107, 1062–1073 (1995).

12. Bauer, T. T. et al. Comparison of systemic cytokine levels in patients with
acute respiratory distress syndrome, severe pneumonia, and controls. Thorax
55, 46–52 (2000).

13. Schutte, H. et al. Bronchoalveolar and systemic cytokine profiles in patients
with ARDS, severe pneumonia and cardiogenic pulmonary oedema. Eur.
Respir. J. 9, 1858–1867 (1996).

14. Cross, L. J. & Matthay, M. A. Biomarkers in acute lung injury: insights into the
pathogenesis of acute lung injury. Crit. Care Clin. 27, 355–377 (2011).

15. Ferdinand, J.R., et al. Cytokine absorption during human kidney perfusion
reduces delayed graft function-associated inflammatory gene signature. Am J
Transplant 21, 2188-2199 (2020).

16. Nemeth, E. et al. Impact of intraoperative cytokine adsorption on outcome of
patients undergoing orthotopic heart transplantation-an observational study.
Clin. Transpl. 32, e13211 (2018).

17. Brouwer, W. P., Duran, S., Kuijper, M. & Ince, C. Hemoadsorption with
CytoSorb shows a decreased observed versus expected 28-day all-cause
mortality in ICU patients with septic shock: a propensity-score-weighted
retrospective study. Crit. Care 23, 317 (2019).

18. Friesecke, S., Stecher, S. S., Gross, S., Felix, S. B. & Nierhaus, A. Extracorporeal
cytokine elimination as rescue therapy in refractory septic shock: a prospective
single-center study. J. Artif. Organs 20, 252–259 (2017).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-31811-5

14 NATURE COMMUNICATIONS |         (2022) 13:4173 | https://doi.org/10.1038/s41467-022-31811-5 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


19. Butt, Y., Kurdowska, A. & Allen, T. C. Acute lung injury: a clinical and
molecular review. Arch. Pathol. Lab Med. 140, 345–350 (2016).

20. Kakishita, T. et al. Suppression of inflammatory cytokines during ex vivo lung
perfusion with an adsorbent membrane. Ann. Thorac. Surg. 89, 1773–1779
(2010).

21. Schädler, D. et al. The effect of a novel extracorporeal cytokine
hemoadsorption device on IL-6 elimination in septic patients: a randomized
controlled trial. PLoS One 12, e0187015 (2017).

22. Rieder, M., Wengenmayer, T., Staudacher, D., Duerschmied, D. & Supady, A.
Cytokine adsorption in patients with severe COVID-19 pneumonia requiring
extracorporeal membrane oxygenation. Crit. Care 24, 435 (2020).

23. Popescu, M. et al. Standard renal replacement therapy combined with
hemoadsorption in the treatment of critically ill septic patients. Ther Apher
Dial (2020).

24. Schittek, G. A. et al. Adsorption therapy in critically ill with septic shock and
acute kidney injury: a retrospective and prospective cohort study. Ann.
Intensive Care 10, 154 (2020).

25. Rieder, M. et al. Cytokine adsorption in severe acute respiratory failure
requiring veno-venous extracorporeal membrane oxygenation. ASAIO J 67,
332–338 (2020).

26. Iskender, I. et al. Cytokine filtration modulates pulmonary metabolism and
edema formation during ex vivo lung perfusion. J Heart Lung Transplant
S1053-2498, 31802-31808 (2017).

27. Iskender, I. et al. Perfusate adsorption during ex vivo lung perfusion improves
early post-transplant lung function. J Thorac Cardiovasc Surg 161, e109–e121
(2020).

28. Ingemansson, R. et al. Clinical transplantation of initially rejected donor lungs
after reconditioning ex vivo. Ann. Thorac. Surg. 87, 255–260 (2009).

29. Steen, S. et al. First human transplantation of a nonacceptable donor lung after
reconditioning ex vivo. Ann. Thorac. Surg. 83, 2191–2194 (2007).

30. Machuca, T. N. & Cypel, M. Ex vivo lung perfusion. J. Thorac. Dis. 6,
1054–1062 (2014).

31. Yeung, J. C. et al. Outcomes after transplantation of lungs preserved for more
than 12 h: a retrospective study. Lancet Respir. Med. 5, 119–124 (2017).

32. Stenlo, M. et al. Increased particle flow rate from airways precedes clinical
signs of ARDS in a porcine model of LPS-induced acute lung injury. Am J
Physiol Lung Cell Mol Physiol 318, L510-L517 (2020).

33. Nemzek, J. A., Hugunin, K. M. & Opp, M. R. Modeling sepsis in the
laboratory: merging sound science with animal well-being. Comp. Med. 58,
120–128 (2008).

34. Force, A. D. T. et al. Acute respiratory distress syndrome: the Berlin
Definition. Jama 307, 2526–2533 (2012).

35. Hozain, A. E. et al. Xenogeneic cross-circulation for extracorporeal recovery of
injured human lungs. Nat. Med. 26, 1102–1113 (2020).

36. Mehaffey, J. H. et al. Ex vivo lung perfusion rehabilitates sepsis-induced lung
injury. Ann. Thorac. Surg. 103, 1723–1729 (2017).

37. Bannerman, D. D. & Goldblum, S. E. Mechanisms of bacterial
lipopolysaccharide-induced endothelial apoptosis. Am. J. Physiol. Lung Cell
Mol. Physiol. 284, L899–L914 (2003).

38. Ballard-Croft, C., Wang, D., Sumpter, L. R., Zhou, X. & Zwischenberger, J. B.
Large-animal models of acute respiratory distress syndrome. Ann. Thorac.
Surg. 93, 1331–1339 (2012).

39. Huppert, L. A., Matthay, M. A. & Ware, L. B. Pathogenesis of acute respiratory
distress syndrome. Semin Respir. Crit. Care Med. 40, 31–39 (2019).

40. Finsterer, J. Neurological perspectives of neurogenic pulmonary edema. Eur.
Neurol. 81, 94–102 (2019).

41. Kradin, R. L. & Digumarthy, S. The pathology of pulmonary bacterial
infection. Semin Diagn. Pathol. 34, 498–509 (2017).

42. Takeuchi, O. & Akira, S. Pattern recognition receptors and inflammation. Cell
140, 805–820 (2010).

43. Calfee, C. S. et al. Subphenotypes in acute respiratory distress syndrome: latent
class analysis of data from two randomised controlled trials. Lancet Respir.
Med. 2, 611–620 (2014).

44. Major, T. et al. Pro-IL-1beta is an early prognostic indicator of severe donor
lung injury during ex vivo lung perfusion. Transplantation 105, 768–774
(2020).

45. Gruda, M. C. et al. Broad adsorption of sepsis-related PAMP and DAMP
molecules, mycotoxins, and cytokines from whole blood using CytoSorb(R)
sorbent porous polymer beads. PLoS One 13, e0191676 (2018).

46. Schädler D, P. C. et al. A multicenter randomized controlled study of an
extracorporeal cytokine hemoadsorption device in septic patients. Crit. Care
17, P62 (2013).

47. Agrawal, A. et al. Pathogenetic and predictive value of biomarkers in patients
with ALI and lower severity of illness: results from two clinical trials. Am. J.
Physiol. Lung Cell Mol. Physiol. 303, L634–L639 (2012).

48. Yang, C.Y. et al. New insights into the immune molecular regulation of the
pathogenesis of acute respiratory distress syndrome. Int. J Mol. Sci. 19, 588
(2018).

49. Gelman, A. E. et al. Report of the ISHLT working group on primary lung graft
dysfunction part III: mechanisms: a 2016 consensus group statement of the
international society for heart and lung transplantation. J. Heart Lung Transpl.
36, 1114–1120 (2017).

50. Van Raemdonck, D., Neyrinck, A., Cypel, M. & Keshavjee, S. Ex-vivo lung
perfusion. Transpl. Int. 28, 643–656 (2015).

51. Yeung, J.C., Cypel, M., Massad, E. & Keshavjee, S. Ex vivo lung perfusion and
reconditioning. Multimed Man Cardiothorac Surg 2011, mmcts 2009 004242
(2011).

52. Mariscal, A. et al. Pig lung transplant survival model. Nat. Protoc. 13,
1814–1828 (2018).

53. Matute-Bello, G. et al. An official American Thoracic Society workshop report:
features and measurements of experimental acute lung injury in animals. Am.
J. Respir. Cell Mol. Biol. 44, 725–738 (2011).

54. Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis.
Nat. methods 9, 676–682 (2012).

55. Snell, G. I. et al. Report of the ISHLT working group on primary lung graft
dysfunction, part I: definition and grading-A 2016 consensus group statement
of the international society for heart and lung transplantation. J. Heart Lung
Transpl. 36, 1097–1103 (2017).

Acknowledgements
The authors would like to thank Ann-Christin Nilsson and Evamarie Braf for their
contributions during the experiments. The authors also thank the Hedenstierna
Laboratory at Uppsala University for the use of their facilities. The authors gratefully
acknowledge funding received from the Wallenberg Molecular Medicine Foundation and
the Knut and Alice Wallenberg Foundation.

Author contributions
S.L., S.H., and L.P. designed the study. S.L., S.H., L.P., H.G., M.S., D.E., E.B. did the
animal experiments. A.N., F.O., M.M., G.H., N.G., and O.H. collected the samples during
the animal experiments. F.O. performed the cytokine analysis. OH, A.N., and F.O. did
the immune cell analysis and the wet/dry ratio. H.G., A.N., F.O., and S.L. acquired the
data and performed data analysis. N.G., I.A.N.S., A.N., D.E.W., and S.L. performed the
histology and the scoring. M.M., G.H., N.G., F.O., I.A.N.S., D.E.W., and A.N. performed
the TUNEL analysis. H.G., F.O., A.N., and S.L. prepared the manuscript. All authors have
read and approved the final version.

Funding
Open access funding provided by Lund University.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-31811-5.

Correspondence and requests for materials should be addressed to Sandra Lindstedt.

Peer review information Nature Communications thanks Daniel Duerschmied, Claude
Guérin and the other, anonymous, reviewer(s) for their contribution to the peer review of
this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-31811-5 ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:4173 | https://doi.org/10.1038/s41467-022-31811-5 | www.nature.com/naturecommunications 15

https://doi.org/10.1038/s41467-022-31811-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Reduction of primary graft dysfunction using cytokine adsorption during organ preservation and after lung transplantation
	Results
	Overview of different treatment groups versus non-treatment group
	Establishment of ARDS using LPS in the Donor
	Recovery of pulmonary function and inflammation following cytokine adsorption in EVLP
	Restoration of pulmonary function and reduced inflammation after 48 hours of transplantation in treated recipients
	Reduced Primary Graft Dysfunction (PGD) in Treated Recipients

	Discussion
	Methods
	Ethical considerations
	Animal Preparation
	Induction of ARDS using LPS in donor animals
	Arterial blood gases
	Hemodynamics
	Pulmonary harvest after confirmed ARDS - donor
	Ex vivo lung perfusion (EVLP)
	Cytokine adsorption during EVLP
	Left lung transplantation - recipient
	Extracorporeal hemoadsorption after transplantation
	Recipient follow-up
	Right pneumonectomy
	Measurements of cytokine levels in plasma and bronchoalveolar lavage fluid (BALF)
	Blood cell counts
	Histopathological Analyses
	Wet dry-weight ratio
	Primary graft dysfunction staging
	Calculations and statistics

	Reporting summary
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




