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Abstract

Background: Ex vivo lung perfusion (EVLP) is used to assess and preserve lungs prior to
transplantation. However, its inherent immunomodulatory effects are not completely
understood. We examine perfusate and tissue compartments to determine the change
inimmune cell composition in human lungs maintained on EVLP.

Methods: Six human lungs unsuitable for transplantation underwent EVLP. Tissue and
perfusate samples were obtained during cold storage and at 1-, 3- and 6-h during per-
fusion. Flow cytometry, immunohistochemistry, and bead-based immunoassays were
used to measure leukocyte composition and cytokines. Mean values between baseline
and time points were compared by Student’s t test.

Results: During the 1st hour of perfusion, perfusate neutrophils increased
(+22.2 + 13.5%, p < 0.05), monocytes decreased (—77.5 + 8.6%, p < 0.01) and
NK cells decreased (—61.5 + 22.6%, p < 0.01) compared to cold storage. In contrast,
tissue neutrophils decreased (—22.1 + 12.2%, p < 0.05) with no change in monocytes
and NK cells. By 6 h, perfusate neutrophils, NK cells, and tissue neutrophils were
similar to baseline. Perfusate monocytes remained decreased, while tissue monocytes
remained unchanged. There was no significant change in B cells or T cell subsets.
Pro-inflammatory cytokines (IL-1b, G-CSF, IFN-gamma, CXCL2, CXCL1 granzyme A,
and granzyme B) and lymphocyte activating cytokines (IL-2, IL-4, IL-6, IL-8) increased
during perfusion.

Conclusions: Early mobilization of innate immune cells occurs in both perfusate and
tissue compartments during EVLP, with neutrophils and NK cells returning to baseline
and monocytes remaining depleted after 6 h. The immunomodulatory effect of EVLP
may provide a therapeutic window to decrease the immunogenicity of lungs prior to

transplantation.
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1 | INTRODUCTION

Lung transplantation is an established treatment for patients with
end-stage lung disease, but long-term survival is limited by allograft
dysfunction.!~3 Normothermic ex vivo lung perfusion (EVLP) is used
to assess and maintain donor lungs at normothermic and physiologic
conditions and offers the potential for conditioning donor lungs prior
to transplantation.*~8 Various therapeutic interventions such as gene
therapy, thrombolysis, photodynamic therapy, steroids and antibiotics
have been proposed to optimize donor lungs while they are on EVLP to
improve transplant outcomes.”~13

One potential EVLP application is to alter lung allograft immuno-
genicity. During transplantation, leukocytes from the interstitium of
the donor organs (passenger leukocytes) are mobilized and migrate to
the recipient after transplantation while circulating recipient leuko-
cytes repopulate the allograft.'* This bidirectional exchange of donor
and recipient leukocytes potentially contributes to donor-specific
tolerance* or graft-versus-host stimulation.?>1¢ However, the effect
of EVLP on leukocyte migration is not completely understood. Previous
research has shown that nonclassical monocytes rapidly mobilize into
the perfusate during EVLP in humans,’” while T cells and B cells were
enriched in the perfusate in a rat model.’® It is unclear if EVLP affects
lung tissue-resident (parenchymal) leukocytes.

In this study, we aimed to characterize the movement of passen-
ger and parenchymal leukocytes between perfusate and tissue com-
partments in donor lungs during EVLP. We hypothesize that leuko-
cytes migrate between the perfusate and tissue compartments during
EVLP, thus altering the immune cell composition of lung tissue. This
would suggest that EVLP itself may have an intrinsic immune modulat-
ing effect on donor lung grafts that may prove advantageous for trans-

plant allograft function.

2 | MATERIAL AND METHODS

2.1 | Human donor lung procurement

Six non-transplantable human donor lungs available for research were
included in our study (Supplemental Table 1). Inclusion criteria were
brain dead donors located within 1 h driving distance from our medical
center. Exclusion criteria were donors who had history of prior ster-
notomy, P/F ratio less than 100 at the time of donor lung offer, and trau-
maticinjuries to intrathoracic organs. Three donors were rejected from
clinical transplant due to pneumonia, two for asthma, and one for lym-
phadenopathy. Donor age ranged from 36 to 60, with median age 51.
Following cross clamp, pulmonary arteriotomy and left atriotomy was
performed. The bilateral lung block was removed. On the back table,
the lung grafts were antegrade and retrograde flushed with cold Organ
Care System (OCS) preservative solution (TransMedics, Inc, Andover,

MA). The lung grafts were then transported on ice. The use of human

donor organs for research purposes was approved by Gift of Hope
Tissue and Organ Network, Itasca, lllinois. The study was exempt by the
Institutional Review Board at the University of Chicago (IRB19-1942).

2.2 | Exvivo lung perfusion

Our lung perfusion platform was adapted from protocols by two well-
established ex vivo lung perfusion groups in an attempt to maximize
both clinical applicability and research data.?2° The EVLP circuit con-
sisted of a Sarns disposable centrifugal pump (Terumo, Ann Arbor,
MlI), CAPIOX FX Advance oxygenator with integrated hardshell venous
reservoir (Terumo, Ann Arbor, Ml), a collection sink coated with poly-
tetrafluoroethylene, and a combination of 1/4 in. and 3/8-in. perfusion
tubing (Medtronic, Minneapolis, MN) (Supplemental Figure 1). There
was no leukocyte filter in the system. The circuit was primed with 3 L
of DME-H21 high glucose (4500 mg/L) media (Thermo Fisher Scien-
tific, Waltham, MA) containing 5% bovine serum albumin.2® The main
pulmonary artery was cannulated with 3/8-in. perfusion tubing via a
3/8 x 3/8 in. intersept tubing connector (Medtronic, Minneapolis, MN).
The left atrium was left open to facilitate open unobstructed drainage.
Perfusion was initiated immediately after the lungs were removed from
ice storage. The perfusate temperature was incrementally increased to
goal temperature of 36.7-37°C over 20 min. Oxygenation and ventila-
tion were initiated when the temperature reached 33°C.1? The pump
flow rate was adjusted to maintain a pulmonary arterial pressure less
than 20 mmHg.2° We delivered continuous positive airway pressure
(CPAP) at 15-20 cmH,0 at FiO, 21%.2° Gas mixture of 8% CO,, 3%
0,, and 89% N, was used to de-oxygenate the perfusate.'? Through-
out EVLP, no additional perfusate was added.

We adjusted the pump flow rate to maintain a pulmonary arterial
pressure less than 20 mmHg, which allowed us to perfuse bilateral lung
blocks at rates between 1 and 1.5 L/min. This approach was required
due to the marginal quality of lungs used in our study and lies between
previously published protocols (flow rate about 0.2 L/min to maintain a
pulmonary arterial pressure of 10-12 mmHg2° versus flow rate at 40%
of donor predicted cardiac output.?

2.3 | Physiological measurements during EVLP

Pulmonary arterial pressure was measured hourly via a pressure
valve placed at approximately the level of the left atrium. Measuring
lung compliance was not feasible since the lungs were maintained
on CPAP.20 Tissue wedges (about 100 mg) were serially collected to
determine pulmonary edema by calculating the tissue wet-dry ratio
(ratio of gross weight of the tissue wedge immediately after tissue
biopsy to gross weight of the same tissue wedge 5 days after dehydra-
tion at room temperature in a negative pressure hood). At each hour of

perfusion, FIO, was increased to 100% for 5 min and 3 ml of perfusate
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was collected upstream and downstream of the organ for blood gas
analysis using an iSTAT blood gas analyzer (Abbott Labs, Chicago, IL).

2.4 | Sample processing

Before initiation of perfusion (Oth hour), perfusate samples from ret-
rograde flush with cold phosphate-buffered saline and tissue samples
via wedge biopsies were obtained. During perfusion, perfusate sam-
ples (about 300 ml) and tissue samples from periphery of lobes (about
500 mg-1500 mg) were obtained at the 1st, 3rd, and 6th hour of
perfusion. Perfusate samples were spun down at 400 G and treated
with ammonium-chloride-potassium buffer (Gibco|Thermo Fisher Sci-
entific, Waltham, MA) to lyse remaining red blood cells. Lung tissue
was mechanically disrupted and enzymatically digested at 37°C for 90
min using 100 U/ml Type | collagenase (Gibco|Thermo Fisher Scientific,
Waltham MA) in Hank’s Balanced Salt Solution (HBSS) prior to filtra-
tion through 100-micron filters (Fisher Scientific, Waltham, MA). Sam-

ples were then washed and resuspended in phosphate-buffered saline.

2.5 | Flow cytometry

Flow cytometry was used to quantify the distribution of different
donor leukocytes in both the graft and perfusate compartments.
Isolated cells were washed and stained with Zombie viability dye
(Biolegend, San Diego, CA) in phosphate-buffered saline, treated with
Human Fc Receptor Blocking Solution (Biolegend), and then stained
with the following markers prior to fixing with 2% formaldehyde
(Fisher Scientific): anti-CD3 (Biolegend), anti-CD4 (Biolegend), anti-
CD8 (Biolegend), anti-CD14 (Biolegend), anti-CD 16 (Biolegend), anti-
CD19 (Biolegend), anti-CD45 (Invitrogen, Waltham, MA), anti-CD56
(Miltenyl Biotec, Bergisch Gladbach, Germany), anti-CD66b (Biole-
gend) (Supplemental Table 2). Data were acquired on an Aurora spec-
tral flow cytometer (Cytek Biosciences, Fremont, CA) and analyzed
using FlowJo Software (Version 10; FlowJo LLC, Ashland, OR) (Supple-

mental Figure 2).

2.6 | Histology and immunohistochemistry

Tissue samples were fixed in 10% neutral buffered formalin (Scigen,
Gardena, CA) for 24-36 h prior to embedding in paraffin. Sections were
then stained with hematoxylin and eosin to evaluate airway and alveoli
structural integrity and anti-CD31 (Abcam, Cambridge, UK) to evalu-
ate vasculature structural integrity.

To quantify T regulatory cells, sections were stained with anti-CD3
(BioCare medical, Pacheco, CA), anti-CD4 (BioCare Medical), DAPI
(Akoya Biosciences, Marlborough, MA) and FOXP3 (BioCare medical)
(Supplemental table 3), and slides were scanned by Vectra Polaris Sys-
tem (Akoya Biosciences) and analyzed with Inform Automated Image
Analysis Software (Akoya Biosciences). A minimum of five region of
interests (ROI) (931 um x 698 um) were selected within each slide, in

which number of tissue regulatory T cells (Treg cells) and CD3+ T cells
were counted. The percentage of Treg cells out of all CD3+ T cells was
calculated for each ROI.

2.7 | Cytokine analysis

Three milliliters of perfusate downstream from the organ were
collected in blood collection tubes without anticoagulant additive
prior to perfusion and at 1st, 3rd, and 6th hour of perfusion. Sam-
ples were spun down at 1200 RPM to obtain sera, which were
immediately frozen on dry ice. The samples were then processed
using a Cytokine & Chemokine 17-Plex Human ProcartaPlex Panel
(Thermo Fisher Scientific, Waltham, MA) to measure G-CSF, GM-
CSF, Granzyme A, Granzyme B, CXCL1, IFN-gamma, IL-1 beta, IL-
2, IL-4, IL-6, IL-8 (CXCL8), IL-10, IL-17A (CTLA-8), MCP-1 (CCL2),
MIP-2 alpha (CXCL2), and TNF alpha. All samples were run in trip-
licates. Analyte fluorescence intensities were measured using the
Luminex 200 instrument system (Thermo Fisher Scientific). Concen-
tration of various cytokines (pg/mL) were calculated based on stan-
dard curves of analyte concentration versus median fluorescence

intensity.

2.8 | Statistical analysis

Using flow cytometry, the frequency of each immune cell type out of
the total number of CD45+ cells was calculated in both perfusate and
lung tissue for each time point. The frequency of each monocyte sub-
set out of the total frequency of monocytes was also calculated in both
tissue compartments for each time point. To illustrate the time depen-
dent, dynamic effect of EVLP on each individual cell type in either com-
partment, percentage change of each cell type frequency at various
time points (1st®t, 3rd, or 6th hour) relative to Oth hour (cold stor-
age) was calculated [percentage change = 100%* (frequency at vari-
ous times points - cell frequency at Oth hour)/(cell frequency at Oth
hour)]. Student’s t test was used to determine if the frequency changes
for each immune cell type relative to Oth hour were statistically signifi-
cant (p < 0.05). ANOVA test was also used to evaluate whether consis-
tent trends exist in changes in immune profile across all lungs included
in the study.

Mean and standard deviation of concentration (pg/ml) of each
cytokine at each time point were calculated for all organs. Student’s
t test was used to determine if concentration changes between time
points were significant. ANOVA test was also used to evaluate whether
consistent trends exist in changes in cytokine profile across all lungs
included in the study.

Using immunohistochemistry, the frequency of regulatory T cells
out of total number of CD3+ T cells were calculated for all ROI's from
each tissue slide taken from time point Oth and 6th hour. A mean regu-
latory T cell frequency was assigned to each organ for each time point
by averaging all ROl values. Student’s t test was used to compare regu-
latory T cell percentages of all organs between time points Oth and 6th

hour.
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FIGURE 1

Physiologic data of ex vivo lung perfusion of six human lungs. (A) Pulmonary artery pressure. (B) Post organ perfusate pH. (C) P/F

ratio - ratio of partial pressure of oxygen (PaO,) of perfusate downstream of organ to fraction of inspired oxygen (FiO,). (D) Ratio wet:dry. * - Lung
11 (red) demonstrated persistently elevated pulmonary artery perfusion pressure in addition to histology suggestive of chronic intra-alveolar

hemorrhage
3 | RESULTS
3.1 | Lung physiological characteristics are

preserved

EVLP was maintained for 6 h. One lung (lung 11) had pulmonary
artery pressure persistently > 40 mm Hg with histology consistent with
chronicintra-alveolar hemorrhage (likely secondary to donor history of
chronic left heart failure) (Supplemental Figure 3), thus was excluded
from statistical analysis. The remaining lungs (n = 5) had stable PA pres-
sure (mean PA pressure at 6 h 13.6 + 6.1 mmHg), perfusion flow rate
(mean perfusion flow rate at 6 h 1.2 + 0.1 L/min), perfusate pH (mean
perfusate pH at 6 h 7.42 + 0.1) and P/F ratio (mean P/F ratio at 6 h 247
+ 18) (Figure 1). There was no significant increase in pulmonary edema
with similar wet:dry ratio throughout 6 h of EVLP (n = 5) (0 h: 5.85
+0.90, 1 h: 549 + 0.30, 3 h: 5.88 + 0.35, 6 h: 6.45 + 1.28, p = 0.58)
(Figure 1). Histology showed that the structural integrity of vascula-
ture, alveoli, pulmonary interstitial, and airway was maintained after
6 hof EVLP (Figure 2).

3.2 | EVLP alters the cellular composition of
perfusate and lung parenchyma

EVLP altered the cellular composition of perfusates and tissue over
time. Neutrophils were the most abundant immune cell in perfusate
and lung tissue prior to initiation of perfusion (63.3 + 5.9% and 40.6

+ 13.6%, respectively). Despite decrease in cell frequency, neutrophils
remained the most abundant immune cell types in perfusate and lung
tissue at 6th hour of perfusion (60.0 + 14.2 % and 25.39+16.7%,
respectively) (Table 1). To serially determine the changes in frequency
of each immune cell type in both perfusate and tissue compartments
during EVLP, %A of each cell type at various time points relative to Oth
hour was calculated.

At the first hour of perfusion, perfusate neutrophil increased (+22.2
+ 13.5%) while tissue neutrophils decreased (—22.1 + 12.2%). The
change in neutrophils were no longer apparent by the 3rd hour of per-
fusion, and by the 6th hour of perfusion the neutrophil frequencies
in both tissue compartments were comparable to Oth hour. Perfusate
total monocytes frequency decreased significantly (—77.5 + 8.6%) at
the 1st hour of perfusion and remained decreased throughout perfu-
sion, with no significant change in tissue total monocyte frequency. No
significant trends were observed in tissue and perfusate eosinophil fre-
quencies (Figure 3).

Among monocyte subsets, perfusate classical and intermediate
monocytes frequency decreased (—77.8 + 9.9% and —94.1 + 5.1%,
respectively) at the 1st hour, and remained decreased throughout
duration of EVLP in the perfusate, with no change in non-classical
monocytes frequency (Figure 3). Meanwhile, while there was no sig-
nificant change in tissue monocytes throughout duration of perfu-
sion, tissue classical monocyte frequency increased at 6th hour of per-
fusion (+58.9 + 39.9%) and tissue nonclassical monocyte frequency
decreased at 6th hour of perfusion (—=51.8 +2 3.6%).
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TABLE 1 Composition of leukocytes in perfusate and tissue over time as percentage of CD45+ cells (mean + standard deviation)

NCM

IM

CD4Tcell CD8Tcell B Cell NK Cell NKT Cell Neutrophil Eosinophil CM

PERFUSATE Hour

0.81+£0.5%
1.0+1.2%

3.71+22%
0.1+0.1%

9.31+2.9%
1.9+0.8%

3.11+22%
2.7 +2.1%

63.31+5.9%
76.8+6.8%

4.81+4.2%
3.0+28%

6.31+17%
241+ 1.6%
40+2.1%

191+ 1.6%

1.61+1.4%

521+77%

341+37%

1.81+0.8%

1.1+0.7%

0
1
3
6

0.6 +0.4%

0.1+0.0%

1.3+0.5%

4.7 +3.6%

57.3+16.7%

9.2+8.3%

23+1.9%

13.4 +18.3%

2.6+ 14%

0.3+0.2%
NCM

0.2+0.2%

27+17%

8.3+6.3%

60.0 + 14.2%

51+4.4%
NKT Cell

57+3.1%
NK Cell

2.3+2.0%
B Cell

7.2+ 10.7%
CD8T cell

34+3.7%
CDA4T cell

Macrophages
14.3+11.1%

Eosinophil CM IM

Neutrophil

Hour
0
1
3
6

TISSUE

11.0+10.7%

0.8+0.7%

0.8 +0.6%

51+4.6%

1.7 +1.6%

10.1 + 8.6%

7.4 +3.5%

13.0+ 16.6%

11.8 + 14.6%

35.7 +13.7%

40.6 + 13.6%

1.2+ 0.6%

1.9+0.8%

0.9 +0.3%

1.3+0.9%

0.3+0.1%

0.3+0.2%

3.9+25%

27 +1.6%

4.8 +3.1%

4.0+23%

15.6 +17.2%

0.3+0.3%

2.9+28%

16.7 + 16.5%

12.1+14.2%

34.6 + 19.0%

1.1+0.3%

0.6 +0.2%

0.3+0.1%

3.3+24%

45+24%

8.9 +8.8%

253+ 16.7%

4.3 +3.8%

22.0+15.3%

£ 0.3+0.1%

11.3+5.9%

9.1+13.9%

2.9+3.3%

1.1+1.1%

0.4+0.2%

3.6 +3.3%

Abbreviations: NK cell, natural killer cell; NK T cell, natural killer T cell; CM, classical monocytes; IM, intermediate monocytes; NCM, nonclassical monocytes.

ll:linicul TRANSPLANTATION WILEY-_L

Among cells of lymphoid lineage, perfusate NK cell frequency
decreased (—61.5 + 22.6%) with no significant change in tissue NK cells
throughout the entire duration of perfusion (Figure 4). The decrease in
perfusate NK cell was no longer significant at the 6th hour of perfusion,
comparable to baseline frequency. There was no significant change in
cell frequencies of perfusate or tissue NK T cells, T cells and B cells
throughout 6 h of EVLP.

CD3+CD4+FoxP3+ regulatory T cells (Treg) were quantified in the
tissue by immunohistochemistry (Figure 5A). There was no significant
Tregcell frequency difference between that of baseline and end of per-
fusion (18.9+17.1% versus 16.4+14.2%,n = 5, Figure 5B).

Percentage changes of all cell lineages in lung 11, which was
excluded from statistical analysis due to pulmonary artery pressure
persistently > 40 mm Hg with histology consistent with chronic intra-
alveolar hemorrhage, can be found in supplemental figures (Supple-

mental Figures 4 and 5).

3.3 | EVLP upregulates inflammatory cytokines

Pro-inflammatory cytokines IL-1b, G-CSF, IFN-gamma, CXCL2, CXCL1
granzyme A and granzyme B significantly increased by 6th hour of per-
fusion compared to their levels in cold storage. Likewise, lymphocyte
activating cytokines (IL-2, IL-4, IL-6, IL-8) significantly increased during
perfusion (Table 2). IL-10, an immunosuppressive cytokine that inhibits

Lincreased by

numerous T-cell and antigen-presenting cell functions,?
ten-thousand-fold at 6th hour of EVLP compared to cold storage base-
line, almost reaching statistical significance. However, IFN-gamma, an
inflammatory cytokine produced by cells of lymphoid lineages includ-
ing as T cells and NK T cells,?? remained less than 1 ng/ml at the 6th

hour of perfusion.

4 | DISCUSSION

EVLP is now being increasingly used in human lung
transplantation.23-2¢ However, little is known about the effects
of EVLP on immune cell composition and migration. During transplan-
tation, the bidirectional migration of donor and recipient leukocytes

may contribute to donor-specific tolerance*

or graft-versus-host
stimulation.'>1¢ Previous studies have suggested that using a leuko-
cyte filter during EVLP may modulate the immune cell profile of an
allograft, leading to a lung graft with less immunogenicity compared
one maintained on cold storage.'” Our study characterized the tempo-
ral change of donor leukocyte composition in both perfusate and lung
parenchyma compartments associated with EVLP itself. This may have
important clinical implications since modulating graft immunogenicity
and altering donor passenger leukocyte composition prior to implant
could improve graft survival by decreasing primary graft dysfunction
and ischemia-reperfusion injury.2’-2?

Activation of the innate immune system within the donor allografts
occurred early during EVLP, with simultaneous increase in perfusate

neutrophils, decrease in tissue neutrophils and 150-300-fold increase
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Alveoli

Interstitium Pulmonary Capillary

0th Hour

6th Hour

FIGURE 2 Representative histology for donor lung demonstrated structural integrity after 6 h of perfusion. H&E staining was used to identify
airway (2.5x), alveoli (2.5x) and interstitial compartment (10x), while CD31 immunohistochemistry was used to identify pulmonary capillaries

(20x). (All slides obtained from lung 8)

of neutrophil activating cytokines (CXCL2 and CXCL1) at 1st hour of
perfusion. This may be due to exposure of circulating blood cells to
the non-endothelialized surfaces of the perfusion circuit3° or ischemia-
reperfusion injury, where reactive oxygen species direct migration of
activated neutrophils into the reperfused tissue.3232 However, these
alterations in neutrophil populations appeared to be short-lived since
neutrophil frequencies in both perfusate and tissue compartments
were no longer different than baseline by the 3rd hour of perfusion.
This early mobilization of innate immune cells during EVLP may provide
a therapeutic window to impact immunogenicity, rejection, or primary
graft dysfunction prior to transplantation.

Our data also suggests that EVLP may modulate donor lung
monocytes. We found that frequencies of total perfusate monocytes
decreased throughout duration of EVLP. These findings contrast with
Stone et al. who demonstrated rapid increase in perfusate monocytes
at EVLP onset with abundant non-classical monocytes attached to the
leukocyte filter at end of EVLP, suggesting EVLP may remove passen-
ger non-classical monocytes.!” These disparate results may be due to
differences in study design. Our perfusion design did not use leukocyte
filters since we wanted to investigate the intrinsic immune-modulating
effect of normothermic ex vivo perfusion without mechanical removal
of leukocytes. In addition, there may be differences due to donor lung
quality since our study utilized lungs from donors declined for trans-
plantation. Despite the decrease in total perfusate monocytes in our
study, the percentage of total tissue monocytes remained unchanged

(tissue monocytes were not measured by Stone et al.l”)

. This sug-
gests that perfusate monocytes did not necessarily reflect tissue mono-
cytes, and more focus should perhaps be placed on the effect of tis-
sue monocytes on graft function, which remain within the graft at
time of transplantation, versus perfusate monocytes, which are dis-
carded. Marginated monocytes adhere to intravascular endothelium of
donor lung due to inflammation within moribund donors, with upreg-

ulated expression of leukocyte adhesion molecules.'é Retained donor

pulmonary intravascular nonclassical monocytes initiate recipient neu-
trophil recruitment to donor graft following transplantation, playing a
central role in development of acute lung injury.3%34 Furthermore, pre-
implantation classical donor monocyte numbers have been correlated
with post-implantation lung dysfunction at 48 and 72 h.> Thus, EVLP
may provide a platform for therapies targeting retained tissue mono-
cytes and tissue sampling in an attempt to mitigate lung ischemia reper-
fusion injury.

Our study did not demonstrate significant change of lymphocyte
frequency in both the perfusate and tissue compartments, and there
was no change in tissue T cell subsets (CD4 T cell, CD8 T cell, and reg-
ulatory T cell) following 6 h of EVLP. However, activation and inacti-
vation of various lymphocyte-associated molecular signaling pathways
occurred during EVLP, most notably involving increased in IL-6 and IL-
8. While we were unable to detect changes in the cellular composition
of lymphoid cells throughout EVLP, assessing changes in lymphocyte
functionality may be an important avenue for future work.

In our study, we did not exchange or add any replacement perfusate
throughout EVLP, which mimics current practice with clinical portable
perfusion devices. A prior study by Sadaria et al. established cytokine
expression profile in human lungs undergoing normothermic EVLP;
however, 100 ml of STEEN solution was exchanged every 2 h through-
out perfusion.®¢ Given that our perfusion circuit did not have a clear-
ance mechanism, the increase in cytokine concentrations may repre-
sent cytokine accumulation. Similar to study by Sadaria et al., we identi-
fied incremental increases in pro-inflammatory cytokines including G-
CSF as well as lymphocyte activating cytokines including IL-6 and IL-8
throughout perfusion.3¢

There are limitations to our study. We chose to demonstrate our
data with cell frequency rather than absolute amounts. This allows
comparison between time points and is compatible with flow for
detailed cell phenotype data. Cell frequency also allows better repro-

ducibility of results across experiments.3” All lungs in our study did
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FIGURE 4 Percentage change of each
lymphoid immune cell frequency during
perfusion. A percentage change of 0%
suggests there is no change in the innate
immune cell frequency from time point Oth
hour. Average values of percentage changes
(orange line) as well as standard deviations
were calculated (vertical bar). A two-sided,
paired t test was performed to compare
percentages of each time point to those at
time O h. (*: p <0.05;**:p < 0.01). (A) NK cell
percentage change in perfusate (ANOVA p
value < 0.01) and lung tissue (ANOVA p

value = 0.70). (B) NK T cell percentage change
in perfusate (ANOVA p value = 0.30) and lung
tissue (ANOVA p value = 0.58). (C) CD4 T cell
percentage change in perfusate (ANOVA p
value = 0.47) and lung tissue (ANOVA p

value = 0.63). (D) CD8 T cell percentage
change in perfusate (ANOVA p value = 0.10)
and lung tissue (ANOVA p value = 0.81). (E) B
cell percentage change in perfusate (ANOVA p
value = 0.44) and lung tissue (ANOVA p

value =0.51)
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FIGURE 5

Hour of Perfusion

Identification of Treg cells using immunohistochemistry (ROI: 931 um x 698 um). (A) Representative immunohistochemistry

histology. DAPI- Blue; CD3- Cyan; CD4-Yellow; FoxP3-Red. (Taken from Lung 8). (B) Tissue regulatory T cell percentages prior to (0 h) and
following EVLP (6 h). *Lung 11 was excluded from calculation of average values

not meet standard lung transplant donor criteria prior to perfusion
and are likely to reflect “high risk” donor lungs that may be reha-
bilitated by EVLP in the future.3® Despite varying levels of pre-
perfusion leukocyte composition (e.g., more tissue eosinophils in the
lung affected by asthma and more tissue neutrophils in the lung
affected by lymphadenopathy), we were able to demonstrate consis-
tent trends in changes to perfusate monocytes, NK cells and neu-
trophils and tissue neutrophils among five lungs using serial sampling.
To generalize our findings to the donor population, future work will
characterize perfusate and immune compartments in clinical EVLP.
Future studies will also correlate immune cell composition of the air-
way compartment by analyzing concurrent bronchoalveolar lavage
samples.

In conclusion, our study provides a blueprint for lung immune cell
profile modulation throughout 6 h of EVLP. This is important because
the ability to alter the donor leukocyte profile within lung allografts
may be an avenue to improve clinical outcomes following transplanta-
tion. Future work will focus on assessing the functionality of donor pas-
senger leukocytes, the potential of novel therapeutics to enhance cell
migration and the clinical implications of the altered immune cell pro-
file of donor lung grafts maintained on EVLP.
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