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clodronate-liposome during ex vivo lung perfusion

attenuates ischemia-reperfusion injury

Keiji Yamanashi, MD, Akihiro Ohsumi, MD, PhD, Hiromi Oda, MD, PhD, Satona Tanaka, MD, PhD,
Yoshito Yamada, MD, PhD, Daisuke Nakajima, MD, PhD, and Hiroshi Date, MD, PhD

ABSTRACT

After EVLP

Objectives: Clodronate-liposome is used for depleting mononuclear phagocytes
associated with ischemia-reperfusion injury. We hypothesized that administration
of clodronate-liposome into the perfusate during ex vivo lung perfusion could
reduce mononuclear phagocytes and attenuate ischemia-reperfusion injury.

Methods: First, the number of mononuclear phagocytes in flushed grafts (minimum
cold ischemic time, 6-hour cold ischemic time, 15-hour cold ischemic time, and
18-hour cold ischemic time; n = 6 each) was determined using flow cytometry. Sec-
ond, grafts (15-hour cold ischemic time) were allocated to control or clodronate
(n = 5 each). In the clodronate group, clodronate-liposome is administered into
the perfusate. After 4 hours of ex vivo lung perfusion, the number of mononuclear
phagocytes in the perfusate and lung tissues was measured. Third, grafts (15-hour
cold ischemic time) were allocated to control or clodronate (n = 6 each). After
4 hours of ex vivo lung perfusion, the left lungs were transplanted and reperfused
for 2 hours. Lung function was evaluated, and samples were analyzed.

Results: First, mononuclear phagocytes remain in flushed grafts after prolonged
cold ischemia. Second, the number of mononuclear phagocytes in lung tissues after
ex vivo lung perfusion was significantly reduced in the clodronate group (P = .008).
Third, lung compliance and vascular resistance during ex vivo lung perfusion were
significantly improved in the clodronate group (P < .oo1 for both). Blood oxygen-
ation and pulmonary edema were significantly improved in the clodronate group
after 2 hours of reperfusion (P = .015 and P = .026, respectively). Histological find-
ings showed reduced lung injury in the clodronate group (P = .013).

Conclusions: Administration of clodronate-liposome into the perfusate during
ex vivo lung perfusion resulted in a significant reduction of mononuclear phago-
cytes in donor lungs, leading to attenuation of ischemia-reperfusion injury. (J
Thorac Cardiovasc Surg 2023;165:€181-203)
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Reduction of MPs during EVLP attenuated IRI.

CENTRAL MESSAGE

Administration of clodronate-
liposome into the perfusate
during EVLP significantly
reduced MPs in donor lungs and
attenuated IRI.

PERSPECTIVE

The true potential of EVLP lies in reconditioning
donor lungs. Administration of clodronate-
liposome into the perfusate during EVLP resulted
in the graft function improvement and attenua-
tion of graft injury post-transplantation. These
findings suggest the protective effects of
clodronate-liposome against IRl and support
further investigation into its role in clinical
practice.
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Lung transplantation (LTx) is recognized as an effective
treatment for patients with end-stage lung diseases world-
wide.' Primary graft dysfunction (PGD) represents the pre-
dominant cause of short-term mortality after LTx and
chronic lung allograft dysfunction.”” Because a major
cause of PGD is pulmonary ischemia-reperfusion injury
(IRD), its attenuation might reduce PGD incidence and
severity.”

Despite flushing with preservation solution during donor
procurement, donor lungs still contain leukocytes.”®
Among leukocyte subtypes, mononuclear phagocytes
(MPs) are considered the main cause of IRI through the
release of cytokines and chemokines, leading some studies
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Abbreviations and Acronyms

CIT = cold ischemic time

EVLP = ex vivo lung perfusion

IL = interleukin

IRI = ischemia-reperfusion injury
LTx = lung transplantation

MP = mononuclear phagocyte

PGD = primary graft dysfunction

to suggest that the reduction of donor MPs might attenuate
IRI.>"” Notably, MPs comprise monocytes, macrophages,
and dendritic cells.'” Some drugs such as clodronate-lipo-
some,” anti-CCR2 antibody,” and diphtheria toxin'' have
been used to deplete MPs (except for dendritic cells). The
use of clodronate-liposome is one of the most promising ap-
proaches for depleting monocytes and macrophages in ani-
mal models,”'? because anti-CCR2 antibody depletes a
limited subset of MPs’ and diphtheria toxin could exert
adverse effects such as local inflammation."’

Previous studies have described direct injection of
clodronate-liposome into animals 1 day before experi-
ments™'?; however, this administration also affects other or-
gans. Ex vivo lung perfusion (EVLP) has been applied in
patients worldwide for the pretransplant assessment of
lung quality.'* The true potential of EVLP lies not only in
evaluating the quality of donor grafts but also in recondi-
tioning them before LTx without affecting other organs.'”'®

This study examined the hypothesis that administering
clodronate-liposome into the perfusate during EVLP can
reduce the number of MPs in donor lungs and attenuate IRI.

MATERIALS AND METHODS

Ethical Statement

Male Lewis rats (aged 10-11 weeks; weight, 260-300 g) were purchased
from Japan SLC. The experimental protocol was approved by the Ethics
Committee of the Graduate School of Medicine at Kyoto University
(date: April 1, 2018, reference number: Med Kyo 20294). All animals
received humane care in compliance with the Principles of Laboratory An-
imal Care formulated by the National Society for Medical Research and the
Guide for the Care and Use of Laboratory Animals, as prepared by the Na-
tional Institutes of Health (Publication No. 86-23, revised 1996).

Flow Cytometry

Flow cytometry was used to evaluate the distribution of leukocyte sub-
types in right lung grafts after cold storage and perfusate during EVLP. Iso-
lated cells were washed, and red blood cell lysis was performed using
FACSLyse (BD Biosciences). Thereafter, cells were stained with the
following antibodies: anti-CD45, anti-CD11b, anti-CD3, anti-CD4, anti-
CDS8, anti-CD45RA, and anti-CD1la (BD Biosciences). Cells were
counted (cells/mL) on a cell counter (Countess automated cell counter;
Thermo Fisher Scientific) and analyzed using a multiparameter flow cy-
tometer (LSRFortessa; BD Biosciences). Flow cytometry data were
analyzed using FlowJo software (v10; FlowJo LLC), the gating strategy
of which was designed according to the manufacturer’s manual.'” A
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representative gating strategy to evaluate leukocyte populations in the right
lung is shown in Figure E1.

Experiment I: Retention of Mononuclear Phagocytes
in Flushed Donor Lungs After Prolonged Cold
Ischemia

Only flushed grafts were investigated in this study. The amounts of MPs
and other leukocyte subtypes in flushed grafts at each cold ischemic time
(CIT) were measured using flow cytometry.
Donor procurement and study groups. Details of the donor
procurement procedure have been reported previously'® and are provided
in the Appendix El. Lung grafts were allocated to 4 groups: Min-CIT,
6h-CIT, 15h-CIT, and 18h-CIT. In the Min-CIT group, CIT was approxi-
mately 20 minutes in almost all cases.

Experiment II: Reduction of Mononuclear
Phagocytes by Clodronate-Liposome During Ex Vivo

Lung Perfusion

The reduction in the number of MPs by clodronate-liposome during
EVLP was assessed.
Ex vivo lung perfusion procedure and study groups. De-
tails of the EVLP procedure have been reported previously'” and are pro-
vided in the Appendix El. The circuit was primed with 120 mL Steen
solution (XVIVO Perfusion AB) supplemented with 800 USP units of so-
dium heparin and 40 mg methylprednisolone (Pfizer Ltd). Because rat
donor grafts have been shown to maintain a stable lung function during
4 hours of EVLP up to 12h-CIT,'” CIT for the comparison was set to
15 hours in this study. Lung grafts were allocated to 3 groups: Min-CIT,
control (15h-CIT), and clodronate (15h-CIT with clodronate-liposome).
Three milliliters clodronate-liposome (FormuMax Scientific, Inc, Sunny-
vale, Calif) was administered into the perfusate immediately before perfu-
sion in the clodronate group, whereas nothing was administered in the
control group.
Wet-to-dry weight ratio, vascular endothelial cadherin
staining, zonula Occludens-1 staining, and inflamma-
tory markers. To evaluate endothelial and epithelial cell integrity,
lung tissues were stained using anti—vascular endothelial-cadherin and anti—
zonula occludens-1 tight junction protein antibodies. Details of these proced-
ures have been reported previously'® and are provided in the Appendix El.

Experiment III: Attenuation of Ischemia-
Reperfusion Injury in a Rat Lung Transplantation
Model

The attenuation of IRI by administration of clodronate-liposome during
EVLP was evaluated.
Lung transplantation procedure after ex vivo lung
perfusion and study groups. Donor lungs after EVLP were
stored at 4°C in Perfadex (XVIVO Perfusion) until implantation. Left
LTx was performed, as previously described,'® with the details of the pro-
cedure provided in the Appendix E1. Lung grafts were allocated to the con-
trol (15h-CIT) and clodronate (15h-CIT with clodronate-liposome) groups.
Histologic examination and lung injury scoring. The
formalin-fixed, paraffin-embedded lower part of left lung tissues was
sectioned and stained using standard hematoxylin-eosin staining. Lung
injury was semiquantitatively scored under the supervision of a pulmonary
pathologist. Each collected section was scored by assessing air space hem-
orrhage (ie, presence of red blood cells in alveoli), vascular congestion
(>75% of alveolar septum occupied by red blood cells), edema/fibrin in al-
veoli, and the presence of infiltrating white blood cells as previously
described.'® These criteria were graded on a scale ranging from normal
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appearance (0%), mild (<10%), moderate (10%-50%), or severe (>50%)
abnormalities and scored from 0 to 3, respectively.

Myeloperoxidase staining. To evaluate neutrophil infiltration,
lung tissues were stained using anti-myeloperoxidase antibodies. Details
of this procedure are provided in the Appendix E1.

Statistical Analysis

Continuous values are expressed as the median (interquartile range) or
mean =+ standard deviation. The Mann—Whitney U test was used to
compare differences between 2 groups, whereas the Kruskal-Wallis test
was used to compare differences among more than 2 groups. As repeated
measures analysis of variance was used to compare the mean scores of sub-
jects during 3 or more time points between 2 groups,””" the data obtained
during EVLP were analyzed using this analysis. All data were processed
and analyzed using the statistical software R version 3.3.2 (R Foundation
for Statistical Computing). All P values were 2-tailed.

RESULTS
Experiment I

Twenty-four rats were allocated to 4 groups, and their
weights were similar (n = 6 each; P = .55; Table E1).
Distribution of live leukocyte subtypes in donor grafts
after cold ischemia. The number of live leukocytes in
the right lungs after donor procurement tended to decrease
in the 15h-CIT and 18h-CIT groups compared with that in
the Min-CIT group (P = .18 and .24, respectively;
Figure E2). The number of live MPs remained unchanged
in the 6h-CIT, 15h-CIT, and 18h-CIT groups compared
with that in the Min-CIT group (P = .13, 1.00, and .94,
respectively; Figure 1, A), whereas that of other leukocyte
subtypes tended to decrease (Figure E3, A-D). Additionally,
the percentage of live MPs increased significantly in the 6h-
CIT, 15h-CIT, and 18h-CIT groups compared with that in
the Min-CIT group (P = .002, .002, and .002, respectively;
Figure 1, B), whereas that of other leukocyte subtypes
decreased significantly (Figure E4, A-D).
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Experiment II

The weights of animals were similar among the 3 groups
(P = .92; Table E2).

Fourteen rats were randomly allocated to 3 groups: Min-

CIT (n = 3), control (15h-CIT; n = 6), and clodronate (15h-
CIT with clodronate-liposome; n = 5). One of 6 grafts in the
control group was lost due to severe pulmonary edema after
150 minutes of perfusion (excluded from analyses),
whereas all 5 grafts in the clodronate group were perfused
for 4 hours. Data on physiological parameters during
EVLP are shown in Figure E5, A-J.
Distribution of live leukocyte subtypes in the perfusate
during ex vivo lung perfusion and donor grafts after
ex vivo lung perfusion. The number of live leukocytes in
the right lungs after EVLP decreased significantly in the
clodronate group compared with that in the control group
(P = .008; Table E2). Specifically, the number of live
MPs in the perfusate was low throughout the process of
EVLP, and both the number and percentage were signifi-
cantly lower in the clodronate group relative to those in
the control group (P = .023 and .034; Figure 2, A and B,
respectively). Furthermore, no marked differences were de-
tected in the number and percentage of other leukocyte sub-
types between the 2 groups (Figure E6, A-H).

Likewise, the number and percentage of MPs in the right
lungs after EVLP were significantly lower in the clodronate
group compared with those in the control group (P = .008
and .016; Figure 2, C and D, respectively). However, no
marked differences were detected in the number and per-
centage of other leukocyte subtypes between the 2 groups
(Figure E7, A-H).

Assessment of endothelial and epithelial cell integrity.
The expression of vascular endothelial-cadherin after
4 hours of EVLP remained stable in the clodronate group,

Min vs. 18 h; P =.002
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Min vs. 6 h; P=.002
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FIGURE 1. The isolated cells in the right lungs were counted using a cell counter and the number (A) of MPs at each CIT was calculated according to the

ratio (MPs/leukocytes; B) measured using a multiparameter flow cytometer. Box-and-whisker plots are displayed with the middle line representing median,
lower, and upper borders representing 25th and 75th percentiles, and the lower and upper whiskers representing the minimum and maximum, respectively. P

values were calculated using the Mann—Whitney U test.
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FIGURE 2. The isolated cells in the perfusate and right lungs were counted using a cell counter and the number of MPs was calculated according to the ratio
(MPs/leukocytes) measured using a multiparameter flow cytometer. Both the number (A) and percentage (B) of MPs in the perfusate were significantly lower
in the clodronate group relative to those in the control group (P = .023 and P = .034, respectively). Both the number (C) and percentage (D) of MPs in the
right lungs were significantly lower in the clodronate group compared with those in the control group (P = .008 and P = .016, respectively). Box-and-
whisker plots are displayed with the middle line representing median, lower, and upper borders representing 25th and 75th percentiles, and the lower

and upper whiskers representing the minimum and maximum, respectively. P values were calculated using repeated-measures analysis of variance (AN-
OVA) or the Mann—Whitney U test. CIT, Cold ischemic time; EVLP, ex vivo lung perfusion.

whereas it was reduced in the control group (Figure 3, A).
Likewise, zonula occludens-1 staining was preserved in
the clodronate group, whereas loss of epithelial tight junc-
tions was detected in the control group (Figure 3, B).
Inflammatory markers. Levels of interleukin (IL)-16 in
lung tissues tended to be lower in the clodronate group
than in the control group; however, the difference was not
statistically significant (P = .22; Table 1). Moreover, there
was no significant difference in levels of CXCL2 in lung tis-
sues between the 2 groups (P = .69; Table E3).

Experiment II1

The weights of animals, second CIT (from the end of
EVLP to implantation), and warm ischemic time (implanta-
tion time) were similar between the 2 groups (Table E4).
Lung function during EVLP. Fourteen rats were
randomly allocated to 2 groups: control (15h-CIT; n = 8)
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and clodronate (15h-CIT with clodronate-liposome;
n = 6). Two of 8 grafts in the control group were lost due
to severe pulmonary edema after 135 minutes and 180 mi-
nutes of perfusion (excluded from analyses), whereas all 6
grafts in the clodronate group were perfused for 4 hours.
Additionally, lung compliance was significantly higher
and vascular resistance was significantly lower in the clodr-
onate group than in the control group (P <.001 and .001;
Figure 4, A and B, respectively). Moreover, the PaO,/FiO,
ratio was significantly higher in the clodronate group than
in the control group (P = .004; Figure 4, C), whereas no sig-
nificant difference in PaCO, was observed between the 2
groups (P = .31; Figure 4, D). Data on other physiological
parameters during EVLP are shown in Figure ES8,
A-E. Additionally, the appearance of the left lungs after
EVLP tended to be better in the clodronate group (Video
1) than in the control group (Video 2).
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FIGURE 3. A, Staining with vascular endothelial-cadherin, a marker of endothelial cell integrity (blue, cells stained with 4’,6-diamidino-2-phenylindole;

and red, cells stained with vascular endothelial-cadherin). B, Staining with zonula occludens-1, a marker of tight junction integrity.

Lung function after lung transplantation. All donor
lungs were transplanted successfully. Notably, the PaO,/
FiO, ratio of the blood from the left pulmonary vein was
significantly higher in the clodronate group than in the con-
trol group (362.0 [223.3-425.3] mm Hg vs 141.5 [75.5-
205.5] mm Hg, P = .015; Figure 5, A), whereas the
PaCO, level was significantly lower in the clodronate group
than in the control group (22.4 [18.4-25.9] mm Hg vs 28.7
[25.6-34.9] mm Hg, P = .041; Figure 5, B). Additionally,
the wet-to-dry weight ratio after 2 hours of reperfusion
was significantly lower in the clodronate group than in the
control group (6.7 [5.6-7.2] vs 7.5 [7.1-7.8], P = .026;
Figure 5, C). Moreover, graft appearance after 2 hours of re-
perfusion tended to be better in the clodronate group (Video
3) relative to that in the control group (Video 4).

TABLE 1. Levels of interleukin-1(3 in each experiment

Histologic examination and neutrophil infiltration in
lung tissues. Representative histological images of the
lungs are shown in Figure 6, A. The histological scores of
acute lung injury were significantly lower in the clodronate
group than in the control group (4.5 [4.0-5.5] vs 8.0 [6.5-
8.0], P = .013; Figure 6, B). Representative images of
immunohistochemical staining of myeloperoxidase are
shown in Figure 6, C. The number of neutrophils in each
high-power field was significantly lower in the clodronate
group than in the control group (27.8 [26.0-40.8] vs 51.6
[43.7-57.5], P = .015; Figure 6, D).

Inflammatory markers. Levels of IL-18 in lung tissues
tended to be lower in the clodronate group than in the con-
trol group; however, the difference was not statistically sig-
nificant (P = .18; Table 1). Moreover, there were no

Experiment IT Min-CIT (n = 3) Control (n = 5) Clodronate (n = 5) P value
Left lung tissue after 4 h of EVLP, pg/mg protein 507.5 (407.2-547.8) 1021.2 (1014.2-1088.2) 848.4 (771.1-959.8) 22
Experiment I1T Control (n = 6) Clodronate (n = 6) P value
Perfusate after 4 h of EVLP, pg/mL NA NA NA
Plasma after 2 h of reperfusion, pg/mL 53.8 (22.2-86.4) 50.2 (27.4-100.1) 94
Left lung tissue after 2 h of reperfusion, pg/mg protein 2406.4 (2016.5-2700.9) 2028.8 (1720.5-2366.7) 18

Data are presented as the median (interquartile range). P values represent differences between the control and clodronate groups using the Mann—Whitney U test. CIT, Cold

ischemic time; EVLP, ex vivo lung perfusion; NA, not applicable.
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FIGURE 4. Compliance (A), vascular resistance (B), PaO,/FiO; ratio (C), and PaCO, level (D) during EVLP in experiment III. P values were calculated
using repeated-measures ANOVA. EVLP, Ex vivo lung perfusion; PaO,/FiO, partial pressure of arterial oxygen/fraction of inspired oxygen; PaCO, partial
pressure of arterial carbon dioxide.

significant differences in levels of CXCL2 in samples be- the number of other leukocyte subtypes tended to decrease.
tween the 2 groups (Table E3). Moreover, the administration of clodronate-liposome into

the perfusate during EVLP significantly reduced the re-
DISCUSSION maining live MPs. Graft function maintenance (Figure 7)

In this study, we demonstrated that live MPs remain in ~ and decreased lung injury in histologic findings were also
flushed donor lungs after prolonged cold ischemia, although ~ observed after LTx with this treatment, indicating the

VIDEO 1. Appearance of the left lung after EVLP in the clodronate group. VIDEO 2. Appearance of the left lung after EVLP in the control group.
EVLP, Ex vivo lung perfusion. Video available at: https://www.jtcvs.org/ EVLP, Ex vivo lung perfusion. Video available at: https://www.jtcvs.org/
article/S0022-5223(22)01141-2/fulltext. article/S0022-5223(22)01141-2/fulltext.
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FIGURE 5. The PaO,/FiO, ratio (A) and PaCO, level (B) from the left pulmonary vein after 2 hours of reperfusion. C, The wet-to-dry weight ratio after
2 hours of reperfusion. Box-and-whisker plots are displayed with the middle line representing median, lower, and upper borders representing 25th and 75th

percentiles, and the lower and upper whiskers representing the minimum and maximum, respectively. P values were calculated using the Mann—Whitney U

test. PaO,/FiO,, Partial pressure of arterial oxygen/fraction of inspired oxygen; PaCO,, partial pressure of arterial carbon dioxide.

protective effects of clodronate-liposome against IRI after
prolonged CIT (Figure 8).

After flushing with preservation solution, most granulo-
cytes are removed from human donor lungs, and the remain-
ing major leukocyte subtypes include lymphocytes and
MPs.”” Because most MPs are distributed throughout the
interstitial spaces and line the alveolar walls,”” their com-
plete removal by flushing might be difficult. Moreover, it re-
mains unclear whether these MPs survive in donor lungs
after prolonged cold ischemia. Generally, the half-lives of
leukocytes differ depending on their subtype.””” MPs
mainly comprise monocytes and macrophages.'’ Mono-
cytes have half-lives of more than 2 days,”® whereas macro-
phages have 3 weeks according to in vivo mouse models.”’
In the present study, the number of live MPs remained un-
changed, whereas their percentages increased significantly
during 18 hours of ex vivo cold storage, suggesting that
MPs survived in donor lungs up to 18 hours of cold
ischemia, even in the preservation solution. Therefore,
MPs, which are associated with the IRI process, may serve
as good targets for attenuating IRT.”""

VIDEO 3. Appearance of the left lung after 2 hours of reperfusion in the
clodronate group (A) and control group. EVLP, Ex vivo lung perfusion.
Video available at: https://www.jtcvs.org/article/S0022-5223(22)01141-2/
fulltext.
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To the best of our knowledge, there have been no reports
on the distribution of MPs during EVLP. In the present
model, the amounts of circulating MPs remained low
throughout EVLP, with many of them remaining in donor
lungs at the end of EVLP. Because small amounts of MPs
come out of donor lungs during EVLP, removing MPs
from the circuit remains difficult, even using a type of
leukocyte filter.”® Therefore, in the present study,
clodronate-liposome was administered during EVLP, which
resulted in a significant reduction of MPs in donor lungs.

Clodronate-liposome is a formulation of liposomes encap-
sulating clodronate molecules. MPs ingest clodronate-
liposome via endocytosis, resulting in their clodronate-
induced apoptosis.””* Notably, adverse effects of
clodronate-liposome were not observed in a clinical study.”’
Administration of clodronate-liposome in some animal
models has demonstrated promising results for the depletion
of MPs™'*"*; however, the present study is the first to specif-
ically administer clodronate-liposome only to the target organ
during EVLP and reduce the number of MPs before trans-
plantation. In a previous in vivo study,” clodronate-
liposome was injected into mice and approximately one-

VIDEO 4. Appearance of the left lung after 2 hours of reperfusion in the
control group. EVLP, Ex vivo lung perfusion. Video available at: https://
www.jtcvs.org/article/S0022-5223(22)01141-2/fulltext.
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FIGURE 6. Histologic evaluation using the lung injury score. A, Representative histological findings in the 2 groups. B, The lung injury score in the clodr-
onate group was significantly lower than in the control group (P = .013). C, Neutrophils in lung tissues after reperfusion were stained with myeloperoxidase
(brown; original magnification, X400). D, The average number of neutrophils in each high-power field was significantly lower in the clodronate group than

in the control group (P = .015). Box-and-whisker plots are displayed with the middle line representing median, lower, and upper borders representing 25th
and 75th percentiles, and the lower and upper whiskers representing the minimum and maximum, respectively. P values were calculated using the Mann—

Whitney U test. HPF, High-power field.

third of the targeted MPs in the grafts were depleted, which is
consistent with our ex vivo results, indicating ex vivo admin-
istration of clodronate-liposome might serve as an in vivo
treatment. Moreover, there are some advantages of ex vivo
administration such as reconditioning grafts without affecting
other organs and real-time observation of the graft function
compared with in vivo administration. This treatment pre-
served graft function presumably due to the protective effects
of clodronate-liposome against endothelial and epithelial

Clodronate-liposome
Q
&

Mononuclear
phagocyte

Administration of clodronate into perfusate
during EVLP reduces mononuclear phagocytes

EVLP, ex vivo lung perfusion

injuries after perfusion. Regarding the potential mechanism
of these protective effects, Kurihara and colleagues’ reported
that IL-10 released by MPs induced the opening of tight junc-
tions. Because IL-10 in the lung tissue after EVLP tended to
decrease with this treatment, the cell integrity might be
maintained.

Previous studies demonstrated MPs as key facilitators of
neutrophil migration®” by mediating their extravasation into
pulmonary interstitial spaces after reperfusion by releasing

After EVLP |

Control Clodronate

After 2 h of reperfusion |

Clodronate

Control

FIGURE 7. Administration of clodronate-liposome into the perfusate during EVLP significantly reduced MPs in donor lungs and attenuated IRI. EVLP,

Ex vivo lung perfusion.
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Does reduction of MPs during EVLP attenuate IRl in a rat LTx model?

* Control group (n = 6) | The number of MPs |

| After 2 h of reperfusion

P * Clodronate group (n = 6) 0.6
rocurement (8 mL in perfusate)
y 15h-CIT o, 0.4 é
= e (e >3 S
! EVLP4h 2" CIT X 0.2 »
I / ) P=.008 Control Clodronate
Reperfusion 0.0 T .
I-! LTx 2h Control  Clodronate In the clodronate group
[ — MPs in the lungs after EVLP « PaO,/FiO, ratio from PV 1

were significantly reduced
in the clodronate group

Implications

* Pulmonary edema {
« Lung injury score 4

Administration of clodronate-liposome into the perfusate during EVLP
can reduce MPs in donor lungs and attenuate IRI.

CIT, cold ischemic time; EVLP, ex vivo lung perfusion; IRI, ischemia-reperfusion injury;
LTx, lung transplantation; MP, mononuclear phagocyte; PV: Pulmonary vein

FIGURE 8. Administration of clodronate-liposome into the perfusate during EVLP resulted in effective reduction of MPs and attenuation of IRI. Box-and-

whisker plots are displayed with the middle line representing median, lower, and upper borders representing 25th and 75th percentiles, and the lower and

upper whiskers representing the minimum and maximum, respectively. P values

were calculated using the Mann—Whitney U test. MP, Mononuclear phago-

cyte; EVLP, ex vivo lung perfusion; IRI, ischemia-reperfusion injury; LTx, lung transplantation; CIT, cold ischemic time; PaO,/FiO,, partial pressure

of arterial oxygen/fraction of inspired oxygen.

IL-18.”* Given that neutrophil infiltration into lung tissues
is associated with IRI,*** IL-18 appears to play an impor-
tant role in the IRI process via MPs. In this study, IL-18
levels in lung tissues tended to decrease after reperfusion
in the clodronate group, which might be related to this hy-
pothesis. Application of this procedure might consequently
reduce neutrophil infiltration into lung tissues, thereby lead-
ing to the attenuation of IRL.

Moreover, Stone and colleagues35 indicated that the
removal of donor passenger leukocytes using EVLP leads
to a reduction of graft immunogenicity and allorecognition,
associated with acute rejection. Particularly, because MPs
play a central role in facilitating the immunogenicity of pul-
monary allografts,’ a reduction of MPs might have poten-
tially mitigated alloimmune response leading to the
attenuation of acute rejection in this study.

Study Limitations

This study has limitations. First, the number of animals in
both groups was kept relatively small to avoid additional an-
imal deaths from the viewpoint of animal welfare. Second,
monocytes or macrophages were not distinguished from
other MPs during flow cytometric analysis due to the
lack of well-established methods for distinguishing

The Journal of Thoracic and Cardiovascular Surgery * Volume 165, Number 4

subpopulations of MPs in a rat model.'” Third, the optimal
timing of drug administration during EVLP was not inves-
tigated. As some studies potentially imply time-dependent
effects of clodronate-liposome,”'” clodronate-liposome
was administered before perfusion to achieve the maximum
effect in this study. Although clodronate-liposome was used
safely in a pilot study of 10 patients with rheumatoid
arthritis,”’ large-animal EVLP models are needed to further
demonstrate the present findings before applying these pro-
cedures for human EVLP.

CONCLUSIONS

These data suggested that live MPs remain in flushed
donor lungs after prolonged cold ischemia. Moreover,
administration of clodronate-liposome into the perfusate
during EVLP significantly reduced these MPs in donor
lungs and attenuated IRI.
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APPENDIX E1. SUPPLEMENTARY MATERIALS
AND METHODS
Donor Procurement

All donor rats were intraperitoneally injected with
60 mg/kg ketamine (Daiichi Sankyo Ltd) and 7.5 mg/kg xy-
lazine (Bayer Yakuhin Ltd) to induce anesthesia. After be-
ing fully anesthetized, the animals were orotracheally
intubated with a 14-gauge intravenous catheter, with the
tracheal tube connected to a ventilator (Model SN-480-7;
Shinano Seisakusyo). Rats received volume-controlled
ventilation at a rate of 60 breaths/min with a tidal volume
of 10 mL/kg, an inspired oxygen fraction of 0.5, and a pos-
itive end-expiratory pressure of 2 cm H,O. Subsequently, a
median laparotomy was performed, and 400 USP units of
sodium heparin were injected into the inferior vena cava.
Thereafter, lungs were flushed with 20 mL of a low potas-
sium dextran glucose preservation solution (Perfadex;
XVIVO Perfusion), followed by the clamping of the trachea
at the end of inspiration. Both heart and lung blocks were
procured and stored in Perfadex at 4 °C until further use.

Ex Vivo Lung Perfusion Procedure

EVLP was performed using Isolated Perfused Lung Sys-
tem for Rat and Guinea Pig (IPL-2; Harvard Apparatus;
Hugo Sachs Elektronic). Briefly, the heart-lung block was
applied to the IPL-2 system. During EVLP, pulmonary ar-
tery pressure, peak airway pressure, and airway flow were
continuously monitored, whereas dynamic lung compliance
and vascular resistance were analyzed and recorded in real
time. Physiological data were gathered every 30 minutes. At
5 minutes before these assessments, the lungs were re-
cruited to prevent pulmonary atelectasis. Perfusate samples
were taken every 1 hour and used for the evaluation of pH,
Pa0O,, PaCO,, lactate, and electrolytes. After the final
assessment, the perfusion was stopped, and the trachea
was clamped at an inflated state.

Lung Transplant Procedure

All recipient rats were anesthetized with an intraperito-
neal injection of 60 mg/kg ketamine and 7.5 mg/kg xyla-
zine. After being fully anesthetized, the animals were
orotracheally intubated with a 14-gauge intravenous cath-
eter, with the tracheal tube connected to a ventilator (Model
SN-480-7; Shinano Seisakusyo), and maintained on 2.0%
isoflurane (Pfizer Ltd). Rats were ventilated under the
following conditions: tidal volume, 10 mL/kg; respiratory
rate, 60 breaths/min; positive end-expiratory end pressure, 2
cmH,0; and FiO,, 1.0. Donor lung cuffs were placed into
the corresponding recipient structures through each ventral
incision, and anastomoses were secured using 7-0 polypro-
pylene ties. Recipient rats were ventilated and reperfused
for 2 hours, and 0.3 mL saline was administered via subcu-
taneous injection every 30 minutes for volume supplement.
Blood samples for blood gas analyses were taken from the
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left pulmonary vein using a 27-gauge needle directed to-
ward the transplanted lungs. All rats were euthanized by
exsanguination, and lungs were removed for further
examination.

Wet-to-Dry Weight Ratio

The upper part of the left lung tissue was used to calculate
the wet-to-dry weight ratio. The wet weight was measured
first, after which the tissue was dried for 24 hours at 100 °C
before measuring the dry weight. The wet-to-dry weight ratio
was calculated by dividing the wet by the dry weight.

Vascular Endothelial Cadherin Staining

For vascular endothelial-cadherin immunofluorescence
staining, formalin-fixed paraffin-embedded lung tissue sec-
tions were stained using an anti-vascular endothelial cad-
herin antibody (1:20; Thermo Fisher Scientific), as
previously described.”' After the addition of primary anti-
bodies and fluorescence tagging using secondary anti-

bodies, each slide was imaged under a confocal
fluorescence microscope (BZ-X810 All-in-One;
KEYENCE).

Zonula Occludens-1 Staining

For zonula occludens-1 immunohistochemical staining,
formalin-fixed paraffin-embedded lung tissue sections
were stained using an anti—zonula occludens-1 tight junc-
tion protein antibody (1:1000; Abcam), as previously
described.”""*?

Myeloperoxidase Staining

For myeloperoxidase immunohistochemical staining to
evaluate neutrophil infiltration in the lungs, formalin-fixed
paraffin-embedded lung tissue sections were stained using
an anti-myeloperoxidase antibody (1:150; Abcam), as pre-
viously described.”” The number of neutrophils was ex-
pressed as the average number of extravascular
neutrophils in 8 randomly selected high-power fields per
section at a magnification of 400X.

Cytokines

Plasma (obtained by centrifugation of blood at 6000 rpm
for 5 minutes), perfusate, and the middle part of left lung tis-
sues were collected and stored at —80 °C until use. The
same quantities of lung tissue (25 mg) were homogenized
with 800 uL radioimmunoprecipitation assay buffer supple-
mented with protease and phosphatase inhibitors and then
centrifuged (10,000 X g for 20 minutes) to obtain lung tissue
lysates for enzyme-linked immunosorbent assay. The con-
centrations of interleukin-18 (R&D Systems) and CXCL2
(R&D Systems) in the plasma, perfusate, and lung tissue ly-
sates were measured using an enzyme-linked immunosor-
bent assay kit according to the manufacturer’s
instructions. Respective concentration levels in tissue
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lysates were measured using a protein assay kit (BIO'Rad) E2. Cypel M, Liu M, Rubacha M, Yeung JC, Hirayama S, Anraku M, et al. Func-
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FIGURE E1. Representative gating strategy for the evaluation of leukocyte populations. After including only CD45% cells and excluding dead cells using
7-aminoactinomycin D, granulocytes were selected on the side scatter plot using the expression of CD11b. CD4™ T cells, CD8" T cells, B cells, and MPs
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TABLE E1. Baseline data in experiment I
Min-CIT (n = 6) 6h-CIT (n = 6) 15h-CIT (n = 6) 18h-CIT (n = 6) P value
Rat weight (g) 286 (280.5-291.5) 286.5 (281.3-289.5) 281 (280-282) 281 (280-288) .55

Data are presented as median (interquartile range). P values are for the differences among groups using the Kruskal-Wallis test. CI7, Cold ischemic time.
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TABLE E2. Baseline data in the experiment 11

Min-CIT (n = 3) Control (n = 5) Clodronate (n = 5) P value
Weight (g) 280 (277-280.5) 274 (270-290) 280 (274-282) 92
Live leukocytes in a right lung after EVLP (X 10° cells) 1.8 (1.6-2.3) 1.7 (1.5-1.7) 1.3 (1.2-1.4) .008*

Data are presented as median (interquartile range). P value is for the difference among groups using the Kruskal-Wallis test. CIT, Cold ischemic time. EVLP, ex vivo lung perfu-
sion. *P value is for the difference between the control and the clodronate groups using the Mann—Whitney U test.

TABLE E3. Levels of CXCL2 in each experiment

Experiment IT Min-CIT (n = 3) Control (n = 5) Clodronate (n = 5) P value
Left lung tissue after 4 h of EVLP, pg/mg protein 464.0 (313.1-556.4) 1866.5 (1786.1-2118.6) 1769.5 (1555.0-2054.5) .69
Experiment I1T Control (n = 6) Clodronate (n = 6) P value
Perfusate after 4 h of EVLP, pg/mL 262.2 (240.5-308.6) 244.3 (226.8-295.8) .70
Plasma after 2 h of reperfusion, pg/mL 2114.5 (1607.7-3321.3) 2609.1 (1586.3-3036.8) 1.00
Left lung tissue after 2 h of reperfusion, pg/mg protein 3164.6 (2402.5-3870.8) 2542.1 (2507.6-3038.1) .70

Data are presented as median (interquartile range). P values are for the differences between the control and the clodronate groups using the Mann—Whitney U test. CIT, Cold
ischemic time; EVLP, ex vivo lung perfusion.
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TABLE E4. Baseline data in experiment I1I
Control (n = 6) Clodronate (n = 6) P value
Donor weight (g) 279 (276.5-281.5) 274 (272.5-277) 42
Recipient weight (g) 292 (288.5-295.5) 294 (291-294.8) 94
Second CIT (min) 65.5 (62-72.8) 65 (64.3-65.8) .81
.87

21 (18-22.5)

Warm ischemic time (min) 21.5 (18-24.3)
Data are presented as median (interquartile range). P values are for the differences between groups using the Mann—Whitney U test. CI7, Cold ischemic time.
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