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Abstract

Introduction. The number of lung transplants performed worldwide is not
enough because of a shortage of suitable (ideal) donors, missed chances
to use lungs from donors who died of cardiac arrest, the lack of resources
to perform this technically complex operation in poor, developing
countries and due to a number of other reasons.) The world literature
sources contain information about an increase in the number of lung
transplantations by using organs from non-ideal (suboptimal and
marginal) donors. This became possible thanks to the technology of ex
vivo normothermic perfusion of donor lungs.

Aim. To demonstrate the possibilities in the assessment, therapy and
restoration of the function of non-ideal (suboptimal and marginal) donor

lungs by using the technique of ex vivo lung perfusion.
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Material and methods. We reviewed scientific articles published in the
period from 2003 to 2023 in the PubMed and Google Scholar databases
for the key query "ex vivo lung perfusion™.

Conclusion. The ex vivo lung perfusion technique is a promising and
effective procedure for lung evaluation, recondition and regeneration for
transplantation. A rapid development of technologies for this treatment
modality makes it possible to increase the number of lungs suitable for
transplantation, reduce the number of post-transplant complications and
mortality rates on the waiting list, and improve the outcomes of lung
transplantations.
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ARDS, acute respiratory distress syndrome

BAL, bronchoalveolar lavage

cAMP, cyclic adenosine monophosphate

CFTR, cystic fibrosis transmembrane conductance regulator
CO, cardiac output

CSP, cold static preservation

ECMO, extracorporeal membrane oxygenation

EVLP, ex vivo lung perfusion - extracorporeal normothermic perfusion of
the lungs

FBS, fibrobronchoscopy

FiO,, fraction of inspired oxygen (in the inhaled gas mixture)
HBD, heart-beating donor

Hct, hematocrit

hMSC, human mesenchymal stem cells

LA, left atrium

LLL, left lower lobe



MAPC, multipotent adult progenitor cell

MAP-kinase, mitogen-activated protein kinase

MLV, mechanical lung ventilation

NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells
NHBD, non-heart-beating donor

OCS, organ care system

PEEP, positive end-expiratory pressure

RBCS, red blood cell suspension

RLL, right lower lobe

Introduction

Unfavorable environmental conditions, the spread of smoking,
infections, and the inaccessibility of timely medical care in some regions
are the causes for the constant increase in chronic diseases of the
respiratory system [1]. In far from all cases, modern medicine can provide
effective methods of treatment or prevention of incurable lung diseases in
the terminal stage. Despite the development of new drug and non-drug
therapies, lung transplantation for such patients is the only possible
treatment option [2] that can prolong life and improve its quality. At the
same time, limited donor resources lead to an insufficient number of such
operations [3], and therefore survival during the waiting period is no
more than 50% within 2 years if the operation was not performed during
this period [4].

An increase in the number of lung transplants is possible through
the use of organs from non-ideal — suboptimal — donors [5-7]. This, in
turn, increases the risks of postoperative complications and deaths [7, 8].
One of the possible ways to reduce risks when using organs from
suboptimal donors is normothermic ex vivo lung perfusion (EVLP) [9].

This review presents data on the technique of normothermic donor
lung perfusion ex vivo to improve the quantity and quality of lung
transplants from non-ideal donors. This is mainly possible by assessing

the functional qualities of the donor organ [10, 11].



The objective was to acquaint the reader with new opportunities in
the assessment, conditioning and functional regeneration of non-ideal
(suboptimal) donor lungs through the use of ex vivo lung perfusion

techniques.

Method of normothermic ex vivo lung perfusion

Many transplant teams began using EVLP in clinical practice by
employing a proprietary perfusion system assembled from individual
components. The technique was based on two main processes: ventilation
and perfusion, so the main components were a mechanical lung
ventilation (MLV) device and the elements of an extracorporeal support
device.

The basic components of the system are a ventilator, a modified
endotracheal tube, a lung organ chamber, a reservoir containing a
perfusion solution, a perfusion (centrifugal) pump, a heater, an
extracorporeal membrane oxygenation (ECMO) device with a membrane
oxygenator, lines, oxygen and carbon dioxide saturation control sensors,
perfusate pressure sensors with the system, a gas mixture N, 86%; CO,
8%; O, 6%) for deoxygenation, a leukocyte filter, and cannulas for
connecting the EVLP lines to the pulmonary artery and the open left
atrium [12].

The main one of the most important consumable components of the
system is the perfusion solution. Most often, various authors mention in
their studies the Steen's solution (Steen™), which is used in most perfusion
protocols. It has optimal osmolarity, high dextran content, and essential
antioxidant properties, which protects the endothelium of pulmonary vessels
from macrophages and activation of leukocytes [13, 14].

Regardless of the perfusion protocol, the solution goes through a

certain cycle. First, it is removed from the lungs, enriched with oxygen,



then from the left atrium it enters the reservoir when the left atrium is
open or into the cannula when it is closed. Then, through the lines by
means of a centrifugal pump, it enters a membrane oxygenator, which, by
deoxygenating the gas mixture, performs the function of body tissues. In
a membrane oxygenator, the solution is deoxygenated and enriched with
carbon dioxide, after which it is returned to the ventilated lungs through a
cannula inserted into the pulmonary trunk. During the perfusion process,
the heat exchanger gradually heats the perfusate up to 37°C from the very
beginning of the procedure, then a constant temperature of the circulating
solution and organ is maintained [15] (Fig. 1). Thus, unlike classical cold
storage (4° C ), which is still the gold standard for graft preservation, the
ex vivo allows the lungs to function and maintains them at physiological
temperature, this reduces ischemia and extends the period of lung
preservation, during which the lung regeneration and assessment of their

functions takes place [16].
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Fig. 1. Normothermic lung perfusion circuit.

The diagram shows a system for normothermic isolated lung perfusion, consisting of the
following components: (1) open-type organ chamber; (2) arterial line; (3) perfusate reservoir;
(4) centrifugal pump; (5) membrane desoxygenator with an integrated arterial filter; (6) heat
exchanger; (7) reservoir with a gas mixture; (8) venous line; (9) perfusate temperature probe;

(10) leukocyte filter; (11) venous line pressure sensor; (12) mechanical lung ventilation
device; (13) arterial line pressure sensor; (14) heat exchanger line; (15) cannulated pulmonary

trunk; (16) cannulated left atrium; (17) MLV device circuit; (18) gas mixture line

Commercial lung perfusion machines
Currently there are commercially available EVLP devices: OCS™

Lung (Transmedics), Vivoline® LS1 (Vivoline Medical, Lund, Sweden),



Lung Assist® (Organ Assist, Groningen, Netherlands), XPS™ (XVIVO
Perfusion) (Fig. 2).

There are differences between all these devices in terms of
technology and design, as well as in terms of clinical use; but the circuit
lines of these systems are identical. The circuit includes: a ventilator,
endotracheal tube, lung chamber perfusate reservoir, perfusate circulation
pump, heat exchanger, membrane oxygenator, leukocyte filter, and cannula

for connecting EVLP, circuit to the pulmonary artery and atrium [3].

Fig. 2. Commercially available devices for ex vivo lung perfusion.
(A) OCSTM Lung (Transmedics), www.transmedics. com; (B) Vivoline LS1
(Vivoline Medical), www.vivoline.se; (C) Organ Assist, www.organ-assist.nl; (D)
XPSTM (XVIVO Perfusion AB), www.xvivoperfusion.com [17]



Basic lung perfusion protocols used in clinical practice

In world clinical practice, three main EVLP protocols are used
(Table 1). Toronto protocol, which is usually applied using ready-made
components: ECMO, protective dome over the lungs, vascular cannulas
(XVIVO Perfusion AB, Gothenburg, Sweden), cell-free perfusate STEEN
SOLUTION (XVIVO Perfusion AB, Gothenburg, Sweden) [18-21]. The
Lund protocol is used with the Vivoline system LS1 (Vivoline Medical
AB, Lund, Sweden) [19]. Protocol OCSTM (Transmedics, Andover,
Massachusetts, USA) is currently the only fully autonomous system. It is
used immediately after explantation of the graft, without a period of cold
preservation. It is used during transportation of the lungs to the recipient
from the moment of organ explantation [20].

In both the Toronto and Lund protocols, the graft undergoes a
period of cold preservation at 4° C before EVLP during the transportation
to the recipient clinic, where in turn, in preparation for explantation,
extracorporeal organ perfusion is performed.

The protocols differ in a number of respects: the left atrium is open
in the Lund protocol as opposed to the Toronto protocol. The composition
of the perfusate also differs: acellular solution Steen™ in the Toronto
protocol and a cellular solution with a hematocrit of 15% in the Lund
protocol. In the Lund protocol, the pressure in the pulmonary trunk is
maintained at no more than 20 mm Hg, the perfusion begins at 15° C, the
ventilation volume gradually increases to 100 mL/kg/min, and the
respiratory rate reaches 15-20 per minute. In the Toronto protocol, the
respiratory rate is 7 breaths per minute, positive end-expiratory pressure
IS 5 cm H,0, the fraction of inspired oxygen (FiO,) is 21%, pressure in
the pulmonary trunk is 10-15 mm Hg, the pressure in the left atrium is 3—

5 mm Hg, the perfusion begins at 25° C, and the flow rate of the perfusate



into the pulmonary artery is 7 mL/kg. The OCSTM protocol uses a

cellular perfusion medium and an open left atrium [21].

During the first 30 minutes of perfusion, the perfusate flow was

slowly increased to the target values of 2.0-2.5 L/min. The lungs are

heated to 37° C, after which the ventilation begins with an inspiratory

volume of 6 mL/kg/min, a positive end-expiratory pressure of 7 cm H-0,

and a respiratory rate of 10 breaths/min [20].

Table 1. Comparison of normothermic ex vivo lung perfusion

protocols
Evaluated Protocol Lund Protocol
parameters Toronto (Vivoline LS1) OLE Pl
i Transport time
Machl_ne : 4-6 hours 2 hours from donor to
perfusion time -
recipient
Perfusion SS;I;EE(')\:] STEEN Solution + ?CI;SBSCOSIu(tI'_IOCr;
i 0
solution RBCS (Hct 14%) 15-259%)
At Sl ekl Roller pum Pulse pum
characteristic pump pump pump
Target flow 40% CO 100% CO 2-2.5 L/ min
Atrium is .
I(_nﬁmplfles)s ure closed, 3-5 Atrium is open, 0 A;trleunmc;s
g mm H,0 pen,
Ventilation MLV device MLV device Bellows pump
Start temperature
o 25 15 32
(°C)
Tidal volume
(mL/kg) 7 5-7 6
Br_eaths per v 20 10
minute
FiO, 0.21 0.50 0.21
PEEP (cm H,0) 5 5 5

Notes: OCS, Organ Care System; RBCS, Red Blood Cells Suspension; Hct, hematocrit; FiO,,

fraction of inspired oxygen; CO, cardiac output; LA, left atrium; PEEP, positive end-

expiratory pressure




Perfusion solution used in normothermic ex vivo lung perfusion

An integral component of the ex vivo lung perfusion technique is
the perfusion solution. Most often, scientists mention the use of Steen's
solution solution™ in clinical practice and experimental studies. It is used
in the Lund and Toronto protocol. This is a balanced, buffered
extracellular environment with optimal osmolarity, high dextran content,
and antioxidant properties [13, 14, 22].

The main component of the solution is human albumin, which
maintains optimal osmotic pressure. Dextran serves to protect the
endothelium from excessive effect of leukocytes, thereby reducing
endothelial damage, since leukocytes serve as the main source of reactive
oxygen species during acute respiratory distress syndrome (ARDS) [23].

The solution also has physiological levels of electrolytes to
stabilize the endothelium: a low level of potassium is required, since its
high content depolarizes the membrane potential and increases the
processes of peroxidation with the formation of reactive oxygen species,
which has a negative effect on graft functioning [24]. In addition, the
solution performs the functions of artificial blood, transporting oxygen,
due to which metabolic processes take place in the transplant cells.

Many nowadays studies are focused on identifying the protective
mechanisms of the solution, which are realized in the endothelium of the
microvascular bed. The results of these studies demonstrate that the
solution significantly reduces the ischemic reperfusion-induced endothelial
inflammation and oxidative stress, as well as endothelial barrier
dysfunction. Thus, data from a number of studies indicate that Steen
Solution preserves pulmonary endothelial barrier function, promoting anti-

inflammatory effects by regulating oxidative processes [14].



Surgical aspects of the process of explantation and connection
of the graft to ex vivo normothermic lung perfusion

From a surgical point of view, the use of the EVLP technique
occurs at the donor stage. The decision to evaluate the lungs by using
EVLP, even if it was previously planned, is made after a diagnostic
fiberoptic bronchoscopy, the analysis of the donor’s arterial blood gas
composition, and the assessment of the oxygenation index after brain
death, thereby excluding pneumonia, the aspiration of gastric contents,
and purulent endobronchitis. Visual inspection of donor lungs at
explantation is also performed, with the exception of lungs from marginal
donors, where evaluation of the graft is only possible using EVLP.

Technically, the removal of lungs from the donor’s body is
performed using the classical method, the only difference is that it is
necessary to preserve a larger section of the trachea for subsequent
convenient cannulation of the ex vivo pulmonary complex with an
endotracheal tube [25]. If possible, at a cardioectomy previously
performed by the cardiac surgical team, it is desirable to maintain the
maximum length of the pulmonary trunk in order to comfortably
cannulate the graft artery for perfusion. If it is not possible to maintain the
sufficient length of the pulmonary trunk, a vascular graft is taken from the
descending thoracic aorta or a section of the pericardium, after which an
end-to-end anastomosis is performed with the pulmonary trunk. However,
it is worth remembering that, guided by the perfusion protocol with a
closed left atrium, the cardiac surgical team during cardioectomy needs to
preserve a sufficient portion of the atrium walls for subsequent cannula
fixation, and if the volume of the atrium walls is insufficient, the thoracic
surgical team, as a rule, uses a pericardial patch [15].

Next, after pneumoplegia, anterograde (through the pulmonary

trunk) and retrograde (through the pulmonary veins) perfusion with the



Perfadex® preservative solution, the lung graft is removed. At the next
stage, the lungs are cooled with ice to +4°C and transported to the
recipient, where the EVLP is ready for launch [26]. The lungs in the
clinic where the recipient is located are connected to a perfusion unit, and
first the pulmonary trunk is cannulated. When using the closed left atrium
technique, an anastomosis is applied to the platform of the left atrium
with the ostia of the pulmonary veins between a special atrial cuff, which
Is the left atrium cannula connected to the chamber of the cardiotomy
reservoir. The trachea is cannulated with a modified (shorter)
endotracheal tube [27].

If the “open atrium technique” is used, the perfusate from the left
atrium is collected in the organ chamber and collected by gravity into the
cardiotomy reservoir through an opening at the bottom of the chamber.
The temperature sensor is placed at the ostium of the pulmonary veins or
the cone-shaped cuff of the left atrium cannula up to the Toronto
protocol. After cannulation is completed, EVLP starts. The perfusion
flow gradually increases, starting at 20% of cardiac output and
subsequently reaching 100%. Ventilation starts when the required
temperature of 30° C is reached. During EVLP, numerous biochemical
and cytological tests of the perfusate are performed; even selective
sampling from each pulmonary vein is possible to assess the lung
function and separately the pulmonary lobes [28].

A comprehensive approach to the assessment of the lung graft,
including a bronchoscopic control, the radiological, laboratory
investigations, and histological evaluation allow making a final decision
on the suitability of the lungs for explantation. It is also possible to resect
part of the lungs by resorting to a lobectomy, which can be performed
during the EVLP procedure per se [29]. The decision to reduce the size of
the graft by resection may be made due to an inconsistency between the



size of the lungs and the size of the pleural cavity (if the grafts are too
large compared to the recipient pleural cavity) or due to the presence of
unresolved atelectasis as a result of the lung parenchyma damage[30].

At the end of ex vivo perfusion, it is possible to immediately begin
implantation of the lungs into donor's body or to re-cool the organ ready

for implantation.

Advantages of the normothermic ex vivo lung perfusion over
the classical cold lung preservation

The main difference between the ex vivo lung perfusion technique
from a classical organ storage at low temperatures is to maintain the lungs
in a physiological state until transplantation. With classic cold storage of
the lungs, oxidative processes and cell metabolism slow down, the need
for oxygen and essential nutrients are reduced, which prevents damage to
the organ.

The principle of normothermic lung perfusion is based on the
creation of physiological storage conditions close to the human body.
This allows the cells and tissues of the organ to remain metabolically
active for several hours while waiting for the recipient [31-35]. This
period of time allows for a long-term preservation of the lungs, and the
functioning of the organ ensured by using perfusion and ventilation,
provides for the continuity of metabolic processes. Maintaining
physiological oncotic pressure of the perfusate and an optimal perfusion
rate, recruiting lung tissue using various ventilation modes, as well as
introducing drugs into the circuit altogether make it possible to evaluate
and regenerate the lung grafts of unsatisfactory quality [32].

In interstitial pulmonary edema, the dehydration of the lung tissue
Is achieved by increasing the oncotic pressure of the perfusate. With the

help of filters and membranes in the circuit, the cells and various



pathological structures are removed: microemboli in the vascular bed,
neutrophils, leukocytes and pro-inflammatory cytokines formed as a
result of the ischemia-reperfusion injury leading to a primary graft
dysfunction in the early postoperative period [32, 33]. The possibility of
the organ regeneration is being considered through recruiting various
modes of ventilation, using an inhalation therapy, fibrobronchoscopy,
introducing high doses of antibiotics and fibrinolytics into the circuit for
the of lysis emboli in the branches of the pulmonary artery without a
systemic effect on the body. A number of studies indicate a positive effect
of gene therapy, the introduction of adenosine receptor agonists, and stem
cell therapy on the graft condition [34]. The duration in practice does not
exceed 12 hours [24]. It is likely that longer perfusion times (more than
12-24  hours) will soon become possible, which will allow
comprehensively studying and regenerating damaged grafts with
employing all possible therapeutic agents and methods, which
effectiveness requires a longer time range [35]. Finally, EVLP represents
a model for studying ways to precondition and protect the lung graft from
subsequent inflammatory and immune insults after lung implantation into
the recipient [40].

Possibility of treating isolated lungs using normothermic ex
vivo lung perfusion

During perfusion, the donor lungs can undergo therapy and
recover. A number of therapeutic approaches are currently being
investigated.

I. Ruiz et al. In their study analyzed 210 clinical cases of lung
transplantation with the following results: 197 patients discharged home
and 13 deaths. Among 197 patients, 52% developed a bacterial or fungal
infection. The study demonstrated that fibrobronchoscopy with



bronchoalveolar lavage of donor lungs during EVLP reduces the risk of
developing such post-transplant complications. As a result of this
treatment method, bacterial colonization in donor lungs was detected in
only 25% of cases [36].

One of the studies stated that the incidence of pneumonia in donor
lungs is directly related to the duration of mechanical ventilation in the
donor’s body [38]. The study demonstrated that a high-dose
administration of broad-spectrum antibiotics to infected grafts during
EVLP reduces bacterial load and inflammatory response. This allows
transplantation of non-ideal lungs. The study examined 18 lung grafts
with high bacterial colonization; they were subjected to normothermic
EVLP with the introduction of high doses of broad-spectrum antibiotics,
resulting in observing no bacterial growth in bronchoalveolar lavage
washes of 13 pulmonary complexes, demonstrating a significant
reduction in bacterial load [39, 40].

An integral phenomenon in the process of lung transplantation is
the occurrence of ischemia-reperfusion injury, a pathological process that
occurs when the blood flow is restored in the lung graft. The onset of
perfusion plays a key role in the development of a primary graft
dysfunction. The resumption of blood flow to the lungs in the recipient’s
body leads to endothelial dysfunction with the formation of reactive
oxygen species: the aggregation processes intensify, pro-inflammatory
cytokines and chemokines are produced in large quantities by the immune
system and enter the bloodstream; cell death occurs through necrosis and
apoptosis. M. Boffini et al. conducted a study of the EVLP effect on the
development of graft dysfunction in the control group (ideal lungs) and
the group in which previously rejected (not ideal) grafts were
transplanted. The results revealed no statistical difference in the
functioning of donor lungs, which indicates the protective properties of



the EVLP technique with respect to the graft dysfunction, which
likelihood increases when using lungs from donors who died due to
cardiac arrest, and non-ideal donors [40].

A number of studies have demonstrated the treatment for ischemia-
reperfusion injury by administering steroids or N-acetylcysteine [41-46].
There is an option for direct cytokine removal using an adsorbent
purification membrane or filter. A. Martens et al. studied the effect of
corticosteroids on pulmonary ischemia. Each group included 6 pig lungs
that were subjected to warm ischemia for 90 minutes; 500 mg of
methylprednisolone was previously added in the study group, none of it
in the control group. Lung function was assessed after 6 hours of EVLP:
lung tissue elasticity was better preserved in the control group, but the
study group had better parameters pertinent to lung tissue edema and
density; and a reduced production of pro-inflammatory cytokines was
also demonstrated. However, no significant difference in oxygenation
was observed. The authors concluded that steroids have a positive effect
on ischemic processes in donor lungs, and therefore recommend their use
during EVLP [42]. In their study T. Kakishita et al. used an adsorption
scavenging membrane to remove the excess cytokines from an injured
donor lung. The heart-lung complex was extracted from pigs after
electrically induced cardiac arrest and subjected to a 12-hour EVLP with
an adsorbent membrane (n=5) and without an adsorbent membrane (n=6).
In the control group perfusate (no membrane), tumor necrosis factor-o,
and interleukin-8 levels were increased 2 hours after perfusion. However,
there was no significant difference in oxygenation, pulmonary vascular
resistance, pulmonary edema formation, or myeloperoxidase activity
between the two groups [43]. I. Iskender et al. in their study obtained
favourable results when removing cytokines with filters. Donor pig lungs

(n=5 in both groups) were stored for 24 hours at 4° C followed by 12



hours of EVLP. During perfusion in the experimental group, the solution
was continuously passed through a CytoSorb filter device. The cytokine
removal significantly reduced airway pressure and lung tissue dynamic
compliance over the 12-hour perfusion period. Chest radiographs
obtained at the end of perfusion showed a better pronounced pulmonary
patterns in the control group. An electrolyte imbalance manifested by
increased concentrations of hydrogen, potassium and calcium ions in the
perfusate, was worse in the control group. Cytokine expression profiles,
the tissue myeloperoxidase activity, and microscopic lung damage were
significantly lower in the filtration study group. The authors claim that
continuous filtration of perfusate through sorbent granules is effective and
safe during a long-term EVLP, and a timely removal of cytokines reduces
the development of pulmonary edema and normalizes electrolyte
imbalance by suppressing the anaerobic glycolysis and activation of

neutrophils in such conditions [44].

Regenerating lungs by gene therapy using an adenoviral vector
encoding interleukin 10

In their study M. Cypel et al. described the effect of IL-10 therapy.
The study was first conducted on pig lungs and then on human lungs,
which were imperfect and not initially suitable for donation. During the
study, IL -10 was administered regularly throughout the extended 12-hour
EVLP. According to the study results in control grafts, the lung tissue
after EVLP with IL-10 restored the alveolar structure and increased
production of anti-inflammatory cytokines compared to those of the

control group where gene therapy was not used [45].



Efficacy of treatment with fibrinolytics in a model of isolated
lungs from donors who died as a result of cardiac arrest

I. Inci et al. tested the use of urokinase in the lung vessels of
domestic pigs. Animals were distributed into three groups (n=5 in each
group). The control group used heart-beating donors (HBDs). The lungs
were washed, explanted, and stored in cold (4°C), low potassium dextran
solution for 4 hours. Pigs in the other two study groups were non-heart-
beating donors (NHBDs); their lungs were locally cooled for 1 hour in a
closed chest after 3 hours of warm ischemia. Urokinase (100,000 1U) was
added to the perfusate during reperfusion in one of the NHBD groups,
forming the NHBD-UROK group. There was a statistically significant
difference between the NHBD-UROK and NHBD groups. In the group
with urokinase, a decrease in a pulmonary vascular resistance, an increase
in the oxygenation index, and a decrease in pulmonary tissue edema were
seen. Pulmonary vascular resistance did not differ between the HBD and
NHBD-UROK groups. Thus, the authors indicate that urokinase
administration during EVLP reduces pulmonary vascular resistance and
improves oxygenation in a preclinical model of lungs from marginal
donors [46]. I. Inci et al. by adding 100,000 IU of urokinase to the
perfusate were also able to improve the performance of the donor lungs
affected by acute pulmonary embolism. Such organs are usually
discarded and are considered an absolute contraindication for
transplantation. The result was a decrease in pulmonary vascular
resistance and an increase in the elasticity of lung tissue in the
experimental group [47].

However, in the study by A. Liersch-Nordqvist et al., alteplase
infusion in a marginal donor lung model showed no statistically
significant improvements in gas exchange, pulmonary vascular resistance,

or lung compliance [48]. Twelve pigs were randomized into two groups



and all animals underwent electrical ventricular fibrillation and were then
left intact for 1 hour postmortem. The removed lungs were washed with
Perfadex solution, after which the organs were stored at 8°C for 4 hours.
In the experimental group, alteplase was added to the Perfadex solution,
but no alteplase in the control group. As a result, there were no significant
differences between the groups in oxygenation index, compliance, or
pulmonary vascular resistance at any stage of the study at different
oxygen contents in the FiO; respiratory mixture.

Many studies mentioned the positive effect of the use of inhaled
drugs containing B2-adrenergic receptors and adenosine A2A receptors
during ventilation, before and during EVLP. T. Kondo et al. in their study
demonstrated the administration of 2-adrenergic receptor and adenosine
A2A receptor agonists into dog lungs. The hypothesis was that this
inhalation therapy reduces the ischemia-reperfusion injury. Beagles that
died from a cardiac arrest were left at room temperature for 210 minutes,
then the lungs were removed and subjected to EVLP for 240 minutes.
The animals were divided into two groups: an experimental group
(received an aerosol 2-adrenergic receptor agonist, 350 ug of procaterol,
20 minutes after the start of EVLP; n=7) and a control group (received an
aerosol 0.9% saline solution; n=6). Physiological parameters were
assessed during EVLP. As a result, the experimental group had
significantly lower peak airway pressure and pulmonary artery pressure
than the control group. The dynamic lung compliance was higher,
pulmonary vascular resistance was lower, and pulmonary edema was
lower in the experimental group than in the control group. Focusing on
the levels of cyclic adenosine monophosphate (CAMP) and total
adenosine nucleotide in lung tissue after EVLP, the values were higher in
the experimental group than in the control group. The expression of the
cystic fibrosis transmembrane conductance regulator (CFTR) gene was



also increased in the procaterol group. The conclusion of the study was
that inhalation of a f2-adrenergic receptor agonist during EVLP reduced
an acute lung injury and improved the lung function [49].

D.P. Mulloy et al. reported an improvement in the oxygenation
index (PO2:FiO2) and oxygen saturation of donor blood in an animal
model of porcine lungs as a result of adding ATL-1223 adenosine A2A
receptor agonist to the perfusate [50]. The pigs had been subjected to
hypoxic cardiac arrest followed by 60 minutes of warm ischemia. The
lungs were removed and washed with Perfadex® solution at 4°C. Three
groups (n=5 in each group) were stratified according to the preservation
method: a gold standard of cold static preservation (CSP: 4 hours at 4°C),
immediate EVLP (I-EVLP: 4 hours of EVLP at 37°C) and delayed EVLP
(D-EVLP: 4 hours cold storage and 4 hours EVLP). The EVLP groups
received Steen solution during perfusion with the addition of heparin,
methylprednisolone, cefazolin, and adenosine A2A receptor agonist.
Then the lungs underwent implantation and 4 hours of reperfusion in the
recipient before assessing the graft for the ischemia-reperfusion injury.
As a result, the reported oxygenation index before euthanasia did not
differ between groups. Oxygen saturation after transplantation was
significantly higher in the D-EVLP group compared to the I-EVLP or
CSP groups. The values of airway pressure, pulmonary artery pressure,
IL-8, IL-1B, and TNF-a expression were significantly lower in the D-
EVLP group than in two other groups. It is important to note that
oxygenation after transplantation was below acceptable clinical levels

only in the D-EVLP lung groups.



Efficacy of hygiene fiberoptic bronchoscopy for the clearance
of aspirated gastric contents

T. Khalifé- Hocquemiller et al. conducted a study on the effect of
hygiene fiberoptic bronchoscopy during EVLP to improve donor lung
function. Twenty pigs were randomly assigned to four groups. In the first
and second groups, an aspiration injury to the lungs was induced by
injecting 1 ml/kg of gastric juice into the left lower lobe (LLL) under
bronchoscopic guidance. After 24 hours, the lungs of the first group (LI
group) were examined, the lungs of the second group were reconditioned
for 4 hours using the EVLP technique (LI-EVVLP group), after which they
were also examined. The lungs of the third and fourth groups were not
subjected to gastric aspiration, but the lungs of the fourth group
underwent EVLP for 4 hours followed by their evaluation. The following
parameters were recorded: the changes in anatomy, hemodynamics, gas
exchange, the airway ventilation capacity. The numbers of bacteria in
bronchoalveolar lavage, in animal blood and perfusate were determined.
The LLL condition was assessed considering the pulmonary tissue
edema; histological changes (using a blinded semi-quantitative
assessment of severity); myeloperoxidase activity; apoptotic cell death;
levels of IL-1, IL-6, IL-8, IL-10, and TNF-a. Animals from the aspiration
groups, compared with the non-exposed groups, had irreversible
atelectasis, a high level of infection, a higher percentage of neutrophils in
the BAL fluid, a low oxygenation index, high IL-1 and levels of S135 and
IL-8, a high percentage of apoptotic cells, and worse parameter of
histology examination severity. In the LI-EVLP group, these altered
values did not improve when compared with the non-aspiration groups.
Therefore, at present, the lungs affected by the aspiration of gastric

contents are not considered for transplantation; and the classical EVLP



technique with hygiene fiberoptic bronchoscopy is ineffective in this
situation [51].

However, T. Khalifée-Hocquemiller and colleagues conducted a
repeat study with the introduction of exogenous surfactant through the
bronchoscope channel during EVLP with the aim of possibly improving
the function of the lungs subjected to gastric aspiration [51].

The lungs of pigs of the first group were examined 24 hours after
lung tissue injury induced with the gastric juice. And the lungs of the
second group underwent EVLP (for 4 hours) with the hygiene FBS with a
surfactant performed immediately before the EVLP; the lungs of animals
in the third group were examined after 24 hours of the lung hygiene flush
with sterile 0.9% saline followed by EVLP. The assessment of the lungs
was performed by the authors according to the method described above.
The animals aspirated without surfactant had irreversible atelectasis, high
rates of pulmonary infection, and a high percentage of neutrophils in
BAL fluid, a lower oxygenation index, high levels of IL-1 and IL-8, and a
higher percentage of apoptotic cells. It is worth saying that after EVLP
the results did not improve, but the hygiene bronchoscopy performed
with the introduction of surfactant before perfusion normalized the
oxygenation index, reduced the pulmonary vascular resistance and the
percentage of apoptotic cells. The performance of the experimental group
with aspiration approached the group of animals where the EVLP was
used without the aspiration of gastric contents.

The recent literature reposts describe a number of gas mixtures that
have anti-inflammatory, anti-apoptotic and antioxidant properties [51].
S. Haam et al. investigated the effect of hydrogen on the lung function
during ex vivo perfusion. Ten pigs were randomized into control (n=5)
and experimental groups (n=5). After electrical fibrillation, the lungs
were kept in the donor's body for 1 hour for thermal ischemic injury.



Next, the organs underwent a 4-hour EVLP. Ventilation was carried out
with the atmospheric air in the control group, and the air with the addition
of 2% hydrogen gas in the experimental group. The oxygenation index of
the lung group receiving the experimental gas mixture was higher than
that of the control group, but the difference was not statistically
significant. The pulmonary vascular resistance, peak airway pressure, and
the pulmonary edema severity were recorded shoeing a marked decrease
in the hydrogen group. Compared to the control group, the experimental
group demonstrated a statistically significant decrease in the expression
of IL-1pB, IL-6, IL-8 and TNF-a. S. Haam et al. claimed that the use of
hydrogen gas in the respiratory mixture during ventilation improved the
lung function, and subsequently this could also be used in clinical
practice [52-58].

Other gases — carbon monoxide, nitric oxide, and hydrogen sulfide
— showed favourable results, but xenon and argon did not improve the
lung function. The effect of carbon monoxide was studied by B. Dong et
al. an hour after the death of the rats: the authors ventilated the lungs of
the animals for another hour with 60% oxygen in the control group (n=6)
and 500 ppm CO in 60% oxygen in the experimental group (n=6). The
lung ventilation with carbon monoxide resulted in a decrease in
pulmonary edema after perfusion. The results reported in the study
demonstrated better oxygenation, high levels of tissue cyclic guanosine
monophosphate (cGMP), high expression of heme oxidase-1, p38
phosphorylation, a decreased phosphorylation of N-terminal kinase and a
decreased expression of the messenger RNA, interleukin-6, interleukin-
1B in the experimental group. Therefore, the authors came to the
conclusion that the introduction of carbon monoxide into the breathing
circuit of the donor and the lungs of the marginal donor reduces ischemia-
reperfusion injury to the lungs [53].



The same group of researchers studied the effects of nitric oxide
(NO) on a lung graft. The Lungs of cardiac arrest rats were ventilated with
NO during EVLP after warm ischemia. One hour after the rats died, their
lungs were ventilated for an hour with either 60% O,, or 60% O, with 40
ppm NO. With NO ventilation, the authors noted a decrease in pulmonary
edema, an increase in the oxygenation index, a decrease in the pulmonary
vascular resistance, an increase in the cGMP level in lung tissue, and the
maintenance of endothelial NOS (eNOS), a decreased growth of tumor
necrosis factor-alpha (TNF-a). The ventilation with nitrogen monoxide had
no effect on MAP-kinase or NF-kB activation [54].

T.J. George et al. studied the effect of hydrogen sulfide on the lung
function. Rabbits were ventilated for 2 hours before explantation of the
heart-lung complex. The experimental group (n=5) was ventilated with
atmospheric air (21% 0O,) with the addition of 150 ppm H; S, while the
control group (n=5) was ventilated only with the atmospheric air. After
removal of the pulmonary complexes, they were stored in a refrigerated
low-potassium dextran solution for 18 hours. After the cold storage, the
organ was perfused with donated rabbit blood in an EVLP machine.
During perfusion, the lungs ventilated with hydrogen sulfide showed
better oxygenation, better elasticity, a decrease in the pulmonary artery
pressure, a decrease in reactive oxygen species, which in turn had a
favourable effect on the lung graft functioning. In addition, before the
perfusion, the lungs from the experimental group showed a high
preservation and the activity of mitochondrial cytochrome-c-oxidase.
Thus, it is possible to note an improvement in the functioning of the graft
after perfusion of lungs ventilated with H, S [55].

A. Martens et al. in their study showed ex vivo lung perfusion with
xenon (Xe) and argon (Ar) ventilation to evaluate the effects of gases on

donor lungs. Domestic pigs were divided into four groups (n=5 in each



group). In the negative control group, the lungs were immediately
flushed, whereas in the positive control group (PC) and experimental (Ar,
Xe) groups, the lungs were flushed after a warm ischemic interval of 2
hours in the donor body. All grafts were subjected to normothermic
EVLP for 6 hours. The lungs were ventilated with atmospheric air of
70%N2/30% O in the control groups, and of 70% Ar/30% O, and 70%
Xe/30% O, in the experimental groups. As a result, there was a significant
difference between the negative and positive control groups, which were
compared with regard to the timing of irrigation. In the positive control
group, a decrease in the pulmonary vascular resistance, a decrease in peak
airway pressure, PaO,/FiO,, a decrease in pulmonary tissue edema, and a
more preserved histological structure of the lung tissue were noted. But
the main result of the study implied no significant differences found
between the experimental groups where ventilation with xenon and argon
was carried out, that is, the ventilation with argon or xenon did not
improve the function of lung grafts [56].

Stem cell therapy is the latest and most promising method in lung
transplantation. Mesenchymal stem cells and multipotent adult progenitor
cells can regenerate damaged lung tissue and secrete paracrine factors
that regulate epithelial and endothelial permeability, thereby enhancing
alveolar fluid clearance and attenuating the immune response in damaged
lungs. S. Gennai with the working group studied the effect of human
mesenchymal stem cells (hMSCs) on restoring the function of the lungs
unsuitable for transplantation. Using EVLP and microvesicles derived
from hMSCs, scientists were able to increase alveolar fluid clearance in a
dose-dependent manner, as well as improve airway conductivity and
pulmonary hemodynamics. Microvesicles derived from normal human
lung fibroblasts as a control had no effect. Co-administration of
microvesicles with anti-CD44 antibody attenuated these effects,



suggesting a key role for the CD44 receptor in mediating the microvesicle
effect in damaged cells. Thus, microvesicles obtained from hMSCs were as
effective in the rehabilitation of marginal donor lungs as the mesenchymal
stem cells of the donor [57]. S. La Francesca et al. studied the effect of
multipotent adult progenitor cells (MAPCs) on the graft dysfunction. Four
donor lungs not used for transplantation were subjected to 8 hours of cold
storage at 4°C. After warming for 30 minutes, allogeneic MAPCs (1x10’
MAPCs/lung) were introduced into the LLL using a bronchoscope, and in
the control group, 0.9% sterile saline solution was injected into the right
lower lobe (RLL). LND consistently demonstrated a significant reduction
in the lung tissue inflammation histologically, and also demonstrated a
reduction in the signs of inflammation at cytological examination of
bronchoalveolar lavage washes when compared with RLL lung tissue
treated with saline. The authors suggested that the use of MAPCs during
the processing of donor lungs may reduce the markers of lung injury

caused by cold ischemia [58].

Conclusion

Lung perfusion technique ex vivo is a promising and effective
procedure for the assessment, reconditioning, and regeneration of the
lungs during transplantation. Constantly improving technical aspects of
extracorporeal normothermic lung perfusion and rapidly developing
promising therapeutic options make it possible to increase the number of
lungs suitable for transplantation, thereby significantly reducing the
number of post-transplant complications. Together, this makes it possible
to reduce mortality on the waiting list and improve the results of

transplantation of such a complex and important organ as the lungs.



References

1. Brandsma CA, Van den Berge M, Hackett TL, Brusselle G,
Timens W. Recent advances in chronic obstructive pulmonary disease
pathogenesis: from disease mechanisms to precision medicine. J Pathol.
2020;250(5):624-635. PMID: 31691283 https://doi.org/10.1002/path.5364

2. Watanabe T, Cypel M, Keshavjee S. Ex vivo lung perfusion. J
Thorac Dis. 2021;13(11):6602—-6617. PMID: 34992839
https://doi.org/10.21037/jtd-2021-23

3. Reeb J, Cypel M. Ex vivo lung perfusion. Clin Transplant.
2016;30(3):183-194. PMID: 26700566 https://doi.org/10.1111/ctr.12680

4. Tarabrin EA. Transplantatsiya legkikh: organizatsionnye i
tekhnicheskie printsipy: Dr. med. sci. diss. Moscow; 2019. Available at:
https://sklif.mos.ru/upload/iblock/28d/28d5d86ee58d33de5¢1841a8f1c92
2fc.pdf [Accessed September 15, 2023]. (In Russ.).

5. Kallagov TE. Ispol'zovanie suboptimal'nykh donorov dlya
transplantatsii legkikh: Cand. med. sci. diss. Moscow; 2022. Available at:
https://sklif.mos.ru/upload/iblock/9e4/Ik9etwd2988f9208f1ggol4q7xpwk
dyu.pdf [Accessed September 15, 2023]. (In Russ.).

6. Healey A, Watanabe Y, MillsC, Stoncius M, Lavery S,
Johnson K, et al. Initial lung transplantation experience with uncontrolled
donation after cardiac death in North America. Am J Transplant.
2020;20(6):1574-1581. PMID: 31995660
https://doi.org/10.1111/ajt.15795

7. Luc JG, Bozso SJ, Freed DH, Nagendran J. Successful repair of
donation after circulatory death lungs with large pulmonary embolus
using the lung organ care system for ex vivo thrombolysis and subsequent
clinical transplantation. Transplantation. 2015;99(1).el-e2. PMID:
25525922 https://doi.org/10.1097/TP.0000000000000485



8. Chakos A, Ferret P, Muston B, Yan TD, Tian DH. Ex-vivo lung
perfusion versus standard protocol lung transplantation-mid-term survival
and meta-analysis. Ann Cardiothorac Surg. 2020;9(1):1-9. PMID:
32175234 https://doi.org/10.21037/acs.2020.01.02

9. Cypel M, Keshavjee S. Strategies for safe donor expansion:
donor management, donations after cardiac death, ex-vivo lung perfusion.
Curr Opin Organ Transplant. 2013;18(5):513-517. PMID: 23995370
https://doi.org/10.1097/MOT.0b013e328365191b

10. Makdisi G, Makdisi T, Jarmi T, Caldeira CC. Ex vivo lung
perfusion review of a revolutionary technology. Ann Transl Med.
2017;5(17):343. PMID: 28936437 https://doi.org/10.21037/atm.2017.07.17

11. Abdalla LG, Oliveira-Braga KA, Fernandes LM, Samano MN,
Camerini PR, Pégo-Fernandes PM. Evaluation and reconditioning of
donor organs for transplantation through ex vivo lung perfusion. Einstein
(Sao Paulo). 2019;17(4):eA04288. PMID: 31314859
https://doi.org/10.31744/einstein_journal/2019A04288

12. Ganesan R, Kajal K, Singh H, Das A, Kaur R, Saini N, et al.
Development of a cost-effective ex vivo lung perfusion system for lung
transplantation in India. Indian J Med Res. 2022;155(2):293-300. PMID:
35946207 https://doi.org/10.4103/ijmr.1IJMR_27 19

13. Carnevale R, Biondi-Zoccai G, Peruzzi M, De Falco E,
Chimenti I, VenutaF, et al. New insights into the steen solution
properties:  breakthrough in  antioxidant effects via NOX2
downregulation. Oxid Med Cell Longev. 2014;2014:242180. PMID:
24829620 https://doi.org/10.1155/2014/242180

14. Ta HQ, Teman NR, Kron IL, Roeser ME, Laubach VE. Steen
solution protects pulmonary microvascular endothelial cells and preserves

endothelial barrier after lipopolysaccharide-induced injury. J Thorac



Cardiovasc Surg. 2023;165(1):e5-e20. PMID:
35577593https://doi.org/10.1016/j.jtcvs.2022.04.005

15. Murala JS, Whited WM, Banga A, Castillo R Jr, Peltz M,
Huffman LC, et al. Ex vivo lung perfusion: how we do it. Indian J
Thorac Cardiovasc Surg. 2021;37(Suppl 3):433-444. PMID: 34483507
https://doi.org/10.1007/s12055-021-01215-z

16. Steen S, Liao Q, Wierup PN, Bolys R, Pierre L, Sjoberg T.
Transplantation of lungs from non-heart-beating donors after functional
assessment ex vivo. Ann Thorac Surg. 2003;76(1):244-252. PMID:
12842550 https://doi.org/10.1016/s0003-4975(03)00191-7

17. Van Raemdonck D, Neyrinck A, Rega F, Devos T, Pirenne J.
Machine perfusion in organ transplantation: a tool for ex-vivo graft
conditioning with mesen-chymal stem cells? Curr Opin Organ
Transplant. 2013;18(1):24-33. PMID: 23254699
https://doi.org/10.1097/MOT.0b013e32835c494f

18. Cypel M, Keshavjee S. Ex vivo lung perfusion. Oper Tech
Thorac Cardiovasc Surg. 2014;19:433-442.
https://doi.org/10.1053/j.optechstcvs.2015.03.001

19. Andreasson AS, Dark JH, Fisher AJ. Ex vivo lung perfusion in
clinical lung transplantation--state of the art. Eur J Cardiothorac Surg.
2014,;46(5):779-788. PMID: 25061215
https://doi.org/10.1093/ejcts/ezu228

20. Lightle W, Daoud D, Loor G. Breathing lung transplantation
with the Organ Care System (OCS) Lung: lessons learned and future
implications. J Thorac Dis. 2019;11(Suppl 14):5S1755-51760. PMID:
31632752 https://doi.org/10.21037/jtd.2019.03.32

21. Loor G, Howard BT, Spratt JR, Mattison LM,
Panoskaltsis-Mortari A, Brown RZ, et al. Prolonged EVLP using OCS

lung:  cellular and  acellular  perfusates.  Transplantation.



2017;101(10):2303-2311. PMID: 28009782
https://doi.org/10.1097/TP.0000000000001616

22. Pagano F, Nocella C, Sciarretta S, Fianchini L, Siciliano C,
Mangino G, et al. Cytoprotective and antioxidant effects of steen solution
on human lung sphe-roids and human endothelial cells. Am J Transplant.
2017;17(7):1885-1894. PMID: 28322021
https://doi.org/10.1111/ajt.14278

23. Van der Linden P, Ickx BE. The effects of colloid solutions on
hemostasis. Can J Anaesth. 2006;53(6 Suppl):S30-S39. PMID: 16766789
https://doi.org/10.1007/BF03022250

24. Chatterjee S, Levitan |, Wei Z, Fi-sher AB. KATP channels are
an important component of the shear-sensing mechanism in the
pulmonary microvasculature. Microcirculation. 2006;13(8):633—-644.
PMID: 17085424 https://doi.org/10.1080/10739680600930255

25. Slama A, Schillab L, Barta M, Benedek A, Mitterbauer A,
Hoetzenecker K, et al. Standard donor lung procurement with
normothermic ex vivo lung perfusion: a prospective randomized clinical
trial. J Heart Lung Transplant. 2017;36(7):744-753. PMID: 28314503
https://doi.org/10.1016/j.healun.2017.02.011

26. Cypel M, Yeung JC, Liu M, Anraku M, Chen F, Karolak W, et
al. Normothermic ex vivo lung perfusion in clinical lung transplantation.
N Engl J Med 2011;364(15):1431-1440. PMID: 21488765
https://doi.org/10.1056/NEJMo0al014597

27. Van Raemdonck D, Neyrinck A, Cypel M, Keshavjee S.
Ex-vivo lung perfusion. Transpl Int. 2015;28(6):643-656. PMID:
24629039 https://doi.org/10.1111/tri.12317

28. Nosotti M, Rosso L, Mendogni P, Tosi D, Palleschi A, Righi I,

et al. Graft downsizing during ex vivo lung perfusion: case report and



technical notes. Transplant Proc. 2014;46(7):2354-2356. PMID:
25242786 https://doi.org/10.1016/j.transproceed.2014.07.032

29. Mendogni P, Palleschi A, TosiD, Righil, Montoli M,
Damarco F, et al. Lobar lung transplantation from deceased donor:
monocentric experience. Transplant Proc. 2017;49(4):682-685. PMID:
28457371 https://doi.org/10.1016/j.transproceed.2017.02.020

30. Armi S, Maeyashiki T, Citak N, Opitzl, Inci |I.
Subnormothermic ex vivo lung perfusion temperature improves graft
preservation in lung transplantation. Cells. 2021;10(4):748. PMID:
33805274 https://doi.org/10.3390/cells10040748

31. Cypel M, Rubacha M, YeungJ, HirayamaS, Torbicki K,
Madonik M, et al. Normothermic ex vivo perfusion prevents lung injury
compared to extended cold preservation for transplantation. Am J
Transplant. 2009;9(10):2262-2269. PMID: 19663886
https://doi.org/10.1111/j.1600-6143.2009.02775.x

32. Arni S, Maeyashiki T, Opitz I, Inci I. Subnormothermic ex vivo
lung perfusion attenuates ischemia reperfusion injury from donation after
circulatory death donors. PL0oS One. 2021;16(8):e0255155. PMID:
34339443 https://doi.org/10.1371/journal.pone.0255155 eCollection 2021.

33. Sadaria MR, Smith PD, Fullerton DA, Justison GA, Lee JH,
Puskas F, et al. Cytokine expression profile in human lungs undergoing
normothermic ex-vivo lung perfusion. Ann Thorac Surg. 2011;92(2):478—
484. PMID: 21704971 https://doi.org/10.1016/j.athoracsur.2011.04.027

34.Yu J, Zhang N, Zhang Z, Li Y, Gao J, Chen C, et al. Diagnostic
and therapeutic implications of ex vivo lung perfusion in lung
transplantation:  potential ~ benefits and inherent  limitations.
Transplantation. 2023;107(1):105-116. PMID: 36508647
https://doi.org/10.1097/TP.0000000000004414



35. Chen-Yoshikawa TF. Ischemia-reperfusion injury in lung
transplantation. Cells. 2021;10(6):1333. PMID: 34071255
https://doi.org/10.3390/cells10061333

36. Ruiz I, Gavalda J, Monforte V, Len O, Roman A, Bravo C, et
al. Donor-to-host transmission of bacterial and fungal infections in lung
transplantation. Am J Transplant. 2006;6(1):178-182. PMID: 16433772
https://doi.org/10.1111/j.1600-6143.2005.01145.x

37. Avlonitis VS, Krause A, LuzziL, Powell H, Phillips JA,
Corris PA, et al. Bacterial colonization of the donor lower airways is a
predictor of poor outcome in lung transplantation. Eur J Cardiothorac
Surg. 2003;24(4):601-607. PMID: 14500081
https://doi.org/10.1016/s1010-7940(03)00454-8

38. Andreasson A, Karamanou DM, Perry JD, Perry A, Ozalp F,
Butt T, et al. The effect of ex vivo lung perfusion on microbial load in
human donor lungs. J Heart Lung Transplant. 2014;33(9):910-916.
PMID: 24631044 https://doi.org/10.1016/j.healun.2013.12.023

39. Nakajima D, Cypel M, Bonato R, Machuca TN, Iskender I,
Hashimoto K, et al. Ex vivo perfusion treatment of infection in human
donor lungs. Am J Transplant. 2016;16(4):1229-1237. PMID: 26730551
https://doi.org/10.1111/ajt.13562

40. Boffini M, Ricci D, Bonato R, FanelliV, Attisani M,
Ribezzo M, et al. Incidence and severity of primary graft dysfunction
after lung transplantation using rejected grafts reconditioned with ex vivo
lung perfusion. Eur J Cardiothorac Surg. 2014;46(5):789-793. PMID:
25061216 https://doi.org/10.1093/ejcts/ezu239

41. Geudens N, Wuyts WA, RegaFR, Vanaudenaerde BM,
Neyrinck AP, Verleden GM, et al. N-acetyl cysteine attenuates the

inflammatory response in warm ischemic pig lungs. J Surg Res.



2008;146(2):177-183. PMID: 17644109
https://doi.org/10.1016/j.jss.2007.05.018

42. Martens A, Boada M, Vanaudenaerde BM, Verleden SE,
Vos R, Verleden GM, et al. Steroids can reduce warm ischemic
reperfusion injury in a porcine donation after circulatory death model
with ex vivo lung perfusion evaluation. Transpl Int. 2016;29(11):1237-
1246. PMID: 27514498 https://doi.org/10.1111/tri.12823

43. Kakishita T, Oto T, Hori S, Miyoshi K, Otani S, Yamamoto S,
et al. Suppression of inflammatory cytokines during ex vivo lung
perfusion with an adsorbent membrane. Ann Thorac Surg.
2010;89(6):1773-1779. PMID: 20494026
https://doi.org/10.1016/j.athoracsur.2010.02.077

44. Iskender 1, Cosgun T, Arni S, Trinkwitz M, Fehlings S,
Yamada Y, et al. Cytokine filtration modulates pulmonary metabolism
and edema formation during ex vivo lung perfusion. J Heart Lung
Transplant.  2017;S1053-2498(17)31802-8. PMID: 28587802
https://doi.org/10.1016/j.healun.2017.05.021 Online ahead of print.

45. Cypel M, Liu M, Rubacha M, Yeung JC, Hirayama S, Anraku
M, et al. Functional repair of human donor lungs by IL-10 gene therapy.
Sci Transl Med. 2009;1(4):4ra9. PMID: 20368171
https://doi.org/10.1126/scitransImed.3000266

46. Inci I, Zhai W, Arni S, Inci D, Hilliger S, Lardinois D, et al.
Fibrinolytic treatment improves the quality of lungs retrieved from
non-heart-beating donors. J Heart Lung Transplant. 2007;26(10):1054—
1060. PMID: 17919627 https://doi.org/10.1016/j.healun.2007.07.033

47. Inci I, Yamada Y, Hillinger S, Jungraithmayr W, Trinkwitz M,
Weder W. Successful lung transplantation after donor lung reconditioning

with urokinase in ex vivo lung perfusion system. Ann Thorac Surg.



2014;98(5):1837-1838. PMID: 25441801
https://doi.org/10.1016/j.athoracsur.2014.01.076

48. Liersch-Nordgvist A, Fakhro M, Pierre L, Hlebowicz J,
Malmsjo M, Ingemansson R, et al. The impact of alteplase on pulmonary
graft function in donation after circulatory death - an experimental study.
Ann Med Surg (Lond). 2017;22:1-6. PMID: 28839932
https://doi.org/10.1016/j.amsu.2017.08.010 eCollection 2017 Oct.

49. Kondo T, Chen F, Ohsumi A, Hijiya K, Motoyama H, Sowa T,
et al. B2-Adrenoreceptor agonist inhalation during ex vivo lung perfusion
attenuates lung injury. Ann Thorac Surg. 2015;100(2):480-486. PMID:
26141779 https://doi.org/10.1016/j.athoracsur.2015.02.136

50. Mulloy DP, Stone ML, Crosby IK, Lapar DJ, Sharma AK,
Webb DV, et al. Ex vivo rehabilitation of non-heart-beating donor lungs
in preclinical porcine model: delayed perfusion results in superior lung
function. J Thorac Cardiovasc Surg. 2012;144(5):1208-1215. PMID:
22944084 https://doi.org/10.1016/j.jtcvs.2012.07.056

51. Khalifé-Hocquemiller T, Sage E, Dorfmuller P, Mussot S, Le
Houérou D, Eddahibi S, et al. Exogenous surfactant attenuates lung injury
from gastric-acid aspiration during ex vivo reconditioning in pigs.
Transplantation. 2014;97(4):413-418. PMID: 24445923
https://doi.org/10.1097/01.TP.0000441320.10787.c5

52. Haam S, Lee S, Paik HC, Park MS, Song JH, Lim BJ, et al. The
effects of hydrogen gas inhalation during ex vivo lung perfusion on donor
lungs obtained after cardiac death. Eur J Cardiothorac Surg.
2015;48(4):542-547. PMID: 25750008
https://doi.org/10.1093/ejcts/ezv057

53. Dong B, Stewart PW, Egan TM. Postmortem and ex vivo
carbon mono-xide ventilation reduces injury in rat lungs transplanted

from non-heart-beating donors. J Thorac Cardiovasc Surg.



2013;146(2):429-436.e1. PMID: 23260460
https://doi.org/10.1016/j.jtcvs.2012.11.005

54. Dong BM, Abano JB, Egan TM. Nitric oxide ventilation of rat
lungs from non-heart-beating donors improves posttransplant function.
Am J Transplant. 2009;9(12):2707-2715. PMID: 19845592
https://doi.org/10.1111/j.1600-6143.2009.02840.x

55. George TJ, Arnaoutakis GJ, Beaty CA, Jandu SK, Santhanam
L, Berkowitz DE, et al. Inhaled hydrogen sulfide improves graft function
in an experimental model of lung transplantation. J Surg Res.
2012;178(2):593-600. PMID: 22771242
https://doi.org/10.1016/j.js5.2012.06.037

56. Martens A, Montoli M, FaggiG, Katzl, Pype J,
Vanaudenaerde BM, et al. Argon and xenon ventilation during prolonged
ex vivo lung perfusion. J Surg Res. 2016;201(1):44-52. PMID: 26850183
https://doi.org/10.1016/j.jss.2015.10.007

57. Gennai S, Monsel A, Hao Q, Park J, Matthay MA, Lee JW.
Microvesicles derived from human mesenchymal stem cells restore
alveolar fluid clearance in human lungs rejected for transplantation. Am J
Transplant. 2015;15(9):2404-2412. PMID: 25847030
https://doi.org/10.1111/ajt.13271

58. La Francesca S, Ting AE, Sakamoto J, Rhudy J, Bonenfant NR,
Borg ZD, et al. Multipotent adult progenitor cells decrease cold ischemic
injury in ex vivo perfused human lungs: an initial pilot and feasibility
study.  Transplant  Res. 2014;3(1):19. PMID: 25671090
https://doi.org/10.1186/2047-1440-3-19

Information about the authors
Andrey P. Fabrika, Assistant Surgeon of the Department of Hospital
Surgery Neo 2, N.V. Sklifosovsky Institute of Clinical Medicine, 1.M.



Sechenov First Moscow State Medical University (Sechenov University),
https://orcid.org/0000-0001-8177-1170, fabrika_a_ p@staff.sechenov.ru

50%, literature analysis, writing a draft of the article, responsibility
for the integrity of all parts of the article, editing the text of the article

Ekaterina P. Tychina, 6" year student, General Medicine,
I.M. Sechenov First Moscow State Medical University (Sechenov
University), https://orcid.org/0009-0006-9697-672X,
ekaterinn.ty@gmail.com

10%, literature analysis, editing of the article text

Anzor M. Bayramkulov, 6™ year student, General Medicine,
I.M. Sechenov First Moscow State Medical University (Sechenov
University), https://orcid.org/0000-0001-8877-8076,
anzor.bay.00@mail.ru

10%, literature analysis, editing of the article text

Evgeny A. Tarabrin, Dr. Sci. (Med.) Head of the Department of
Hospital Surgery Ne 2, N.V. Sklifosovsky Institute of Clinical Medicine,
I.M. Sechenov First Moscow State Medical University (Sechenov
University); Chief Researcher of the Department of Emergency
Thoracoabdominal Surgery, N.V. Sklifosovsky Research Institute for
Emergency Medicine, https://orcid.org/0000-0002-9616-1161,
tarabrin_e_a@staff.sechenov.ru

30%, editing and approval of the final version of the article,

scientific support at all stages of making the literature review

The article was received on October 5, 2023;
approved after reviewing November 11, 2023;

accepted for publication December 27, 2023


https://orcidorg/
https://orcidorg/
mailto:fabrika_a_p@staff.sechenov.ru
https://orcid.org/0009-0006-9697-672X
mailto:ekaterinn.ty@gmail.com
mailto:anzor.bay.00@mail.ru
https://orcidorg/
https://orcidorg/
mailto:tarabrin_e_a@staff.sechenov.ru

