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Ischemia reperfusion injury represents a common pathological con-
dition that is triggered by the release of endogenous ligands. While
neutrophils are known to play a critical role in its pathogenesis, the
tissue-specific spatiotemporal regulation of ischemia-reperfusion
injury is not understood. Here, using oxidative lipidomics and intra-
vital imaging of transplanted mouse lungs that are subjected to
severe ischemia reperfusion injury, we discovered that necroptosis,
a nonapoptotic form of cell death, triggers the recruitment of neu-
trophils. During the initial stages of inflammation, neutrophils traf-
fic predominantly to subpleural vessels, where their aggregation is
directed by chemoattractants produced by nonclassical monocytes
that are spatially restricted in this vascular compartment. Subse-
quent neutrophilic disruption of capillaries resulting in vascular
leakage is associated with impaired graft function. We found that
TLR4 signaling in vascular endothelial cells and downstream
NADPH oxidase 4 expression mediate the arrest of neutrophils, a
step upstream of their extravasation. Neutrophil extracellular traps
formed in injured lungs and their disruption with DNase prevented
vascular leakage and ameliorated primary graft dysfunction. Thus,
we have uncovered mechanisms that regulate the initial recruit-
ment of neutrophils to injured lungs, which result in selective
damage to subpleural pulmonary vessels and primary graft dys-
function. Our findings could lead to the development of new
therapeutics that protect lungs from ischemia reperfusion injury.
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Ischemia reperfusion injury–mediated primary graft dysfunc-
tion remains a dreaded complication after lung transplantation

that contributes to early and late morbidity and mortality (1).
We and others have demonstrated that neutrophils, innate
immune cells that are recruited from the recipient to the graft
immediately after reperfusion, play a critical role in mediating
this condition (2, 3). Importantly, in addition to directly causing
tissue damage, neutrophils can interact with other immune cells
in the graft, which can result in enhancement of adaptive alloim-
mune responses and trigger graft rejection (4). Depleting neu-
trophils in lung transplant recipients is not practical due to the
established role of these cells in host defense. Notably, recent
work has demonstrated that the large pool of neutrophils that is
sequestered in the pulmonary circulation at baseline may con-
tribute to the defense against intravascular pathogens (5). There-
fore, approaches that target specific steps in their recruitment
from the host immediately after reperfusion and their local acti-
vation may hold promise to prevent or ameliorate primary graft
dysfunction after pulmonary transplantation.

It is well established that cellular and molecular require-
ments that regulate the multiple steps within the leukocyte

recruitment cascade during inflammation differ between organs
(6). For example, interactions between CD44 and hyaluronan
rather than selectins mediate the adhesion of neutrophils in
inflamed liver sinusoids (7, 8). Several reports have indicated
that neutrophil-trafficking requirements in pulmonary capillar-
ies are distinct, which may at least in part be due to unique ana-
tomical characteristics of lungs (9–11). Our understanding of
cellular and molecular cues that regulate the recruitment of
neutrophils to inflamed pulmonary tissue has been advanced by
the development of intravital imaging techniques that allow for
visualization of leukocyte trafficking in lungs in real time (12,
13). Such studies have uncovered that both donor and recipient
monocytic cells play important and complementary roles in
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mediating neutrophil recruitment and extravasation within reper-
fused pulmonary grafts (14–16). A recent study employing
intravital microscopy identified a role for the expression of
dipeptidase-1 on pulmonary vascular endothelium in mediating
adhesion of neutrophils during acute inflammation (17). Despite
these recent advances, substantial gaps exist in our knowledge of
how neutrophil behavior is regulated in inflamed lungs.

In this study, the use of intravital imaging enabled us to
uncover spatial and temporal dynamics of neutrophilic infiltra-
tion into injured lungs. A period of warm preservation was
added to the cold ischemic storage, a scenario encountered in
the clinical setting when procuring lungs from non–heart-
beating donors and known to exacerbate ischemia reperfusion
injury (18). Oxidative lipidomics revealed that levels of phos-
phatidylcholine oxidation products were elevated in injured
grafts, a pattern that has been observed in necroptosis, a lytic
form of regulated cell death that, unlike apoptosis, results in
cell membrane rupture and release of cellular contents (19).
We discovered that necroptotic death of graft cells regulates
the recruitment of neutrophils to transplanted lungs where
CXCL1 production by a population of spatially restricted graft-
resident donor intravascular nonclassical monocytes mediates
their aggregation in subpleural vessels. TLR4 signaling in graft
endothelial cells and downstream NADPH oxidase 4 (NOX4)
expression mediate adhesion of neutrophils to vessel walls.
Their subsequent extravasation, formation of clusters, and neu-
trophil extracellular traps (NETosis) result in disruption of the
capillary network, vascular leakage, and impaired graft func-
tion. These findings shed light on the evolution and pathogenic
mechanisms of lung ischemia reperfusion injury, which may aid
with the development of new therapeutics.

Results
Neutrophils Preferentially Accumulate in Subpleural Vessels at Baseline
and after Ischemia Reperfusion Injury. Left lungs of naıve ventilated
LysM-GFP (green fluorescent protein) mice were exposed and
imaged with intravital two-photon microscopy for up to 3
h (Fig. 1A). The subpleural capillary network is situated above
subpleural alveoli and, based on experimental condition, exists
at depths up to 40 μm, while interior perialveolar capillaries
can be seen below the subpleural alveoli (Fig. 1B). We observed
that LysM-GFP+ cells traveled through subpleural vessels and
interacted with the vessel walls. Neutrophils in LysM-GFP
reporter mice express high levels of GFP, but monocytes and
macrophages may also appear green. Therefore, we injected a
phycoerythrin (PE)-labeled neutrophil-specific antibody (anti-
Ly6G; 1A8) to stain intravascular neutrophils. Consistent with
previous reports, the majority of intravascular GFP+ cells were
stained by the intravascularly delivered anti-Ly6G antibody
confirming that they were neutrophils (Fig. 1C and Movie S1)
(12, 20). Prior to entering either subpleural or interior perial-
veolar capillary networks, neutrophils occasionally stop and
undergo deformation to adjust to the diameter of the capillar-
ies. While we observed some variability between experiments, a
portion of the neutrophils was arrested within the capillaries
for prolonged periods of time (Movie S1). Some neutrophils
displayed a stop and go motion while moving through the capil-
lary networks. When neutrophils entered the postcapillary ven-
ules, they deformed back to their original shape. Next, we used
a lung transplant model to examine neutrophil behavior during
ischemia reperfusion injury, a clinically relevant form of sterile
inflammation. Following 60 min of cold ischemic storage (4 °C)
in low potassium dextran glucose solution, B6 pulmonary grafts
were transplanted orthotopically into syngeneic B6 LysM-GFP
recipients. This model allowed us to evaluate recruitment of
neutrophils from the periphery in response to inflammation as
the neutrophils in the donor lung did not express GFP. Shortly

after graft reperfusion, we observed a markedly increased num-
ber of neutrophils arriving in pulmonary arterioles and subse-
quently traveling through the pulmonary microcirculation when
compared to steady-state conditions (Fig. 1D). We observed a
small but significant increase in neutrophil extravasation partic-
ularly from subpleural vessels after transplantation compared
to baseline (Fig. 1E and SI Appendix, Fig. S1). Occasional neu-
trophilic cluster formation was seen in the extravascular space.
Similar to our observations during steady state, (Fig. 1F) most
neutrophils that were located in capillaries were situated in the
subpleural network, with many of them arrested for prolonged
periods of time after transplantation (Fig. 1G and Movie S2).
To exclude the theoretical possibility that neutrophilic accumu-
lation in the subpleural capillary network was due to tissue
damage related to our intravital imaging preparation, we con-
firmed our findings by imaging lung slices by two-photon
microscopy or immunofluorescence ex vivo (Fig. 1H). We cor-
roborated the preferential accumulation of neutrophils in sub-
pleural vessels of human lung grafts that were examined before
and approximately 2 h after reperfusion (Fig. 1I).

Exacerbation of Ischemia Reperfusion Injury Results in Increased
Neutrophil Recruitment and Disruption of the Microvasculature. To
examine how the severity of sterile inflammation affects neutro-
phil recruitment to the lung, we added a period of warm ischemia
to the graft preservation, a process that is known to exacerbate
ischemia reperfusion injury in both experimental and clinical set-
tings (18). For this purpose, B6 lungs were stored for an addi-
tional 45 min in low potassium dextran glucose solution at 28 °C
after 60 min of cold storage and prior to implantation into synge-
neic B6 LysM-GFP hosts. Graft function was significantly worse
compared to lungs that were subjected to cold ischemic storage
only (Fig. 2A). The rate of neutrophil recruitment to the pulmo-
nary grafts was comparable to lungs that had undergone cold
storage only (SI Appendix, Fig. S2). The vast majority of neutro-
phils that infiltrated capillaries were located in the subpleural
network (Fig. 2B). Strikingly, however, unlike the case at steady
state or after cold ischemic storage, most neutrophils were
arrested in the capillary network under conditions of severe
ischemia reperfusion injury where they were plugging the vessels,
impeding intravascular cellular trafficking, and expanding the
thickness of the subpleural space (Fig. 2 C and D and Movie S3).
The density of neutrophils per surface area was significantly
greater after warm ischemic storage (SI Appendix, Fig. S3). Imag-
ing of whole and sliced lung explants corroborated the preferen-
tial recruitment of neutrophils to the subpleural capillaries at 2
h after severe ischemia reperfusion injury (Fig. 2E). However, at
24 h after reperfusion, we observed substantial neutrophil accu-
mulation within deeper areas of the lung (Fig. 2E and SI
Appendix, Fig. S4). At 2 h after reperfusion, we observed mark-
edly enhanced extravasation of neutrophils from subpleural ves-
sels (Fig. 2F). After exiting the vessels, neutrophils formed large
clusters with up to 60 neutrophils aggregating within imaging
periods of 30 min. This neutrophilic extravasation was associated
with disruption of primarily the subpleural microcirculation,
which was evidenced by progressive leakage of quantum dots
(Fig. 2 D and G). By contrast, only few of the interior perialveo-
lar vessels showed evidence of disruption (SI Appendix, Fig. S5).
Of note, we did not observe structural disruption of these vessels
after cold ischemic storage of lung grafts (Fig. 2 C and G).
Finally, after warm ischemic storage, we observed an increase in
the colocalization of neutrophil elastase, histones, and DNA in
the subpleural space, suggestive of neutrophil extracellular trap
(NET) formation (Fig. 2H).

Neutrophilic Infiltration Mediates the Disruption of Subpleural Vessels
after Severe Ischemia Reperfusion Injury. Having observed that the
subpleural microcirculation undergoes structural damage after
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severe ischemia reperfusion injury, we next set out to examine
whether neutrophils contribute to this process. We treated
recipient mice with a neutrophil-depleting antibody prior to
lung transplantation. Lung grafts underwent 60 min of cold and
additionally 45 min of warm ischemia prior to reperfusion.
Compared to mice that were treated with isotype control anti-
bodies, administration of neutrophil-depleting antibodies
resulted in a significant improvement in oxygenation (Fig. 2I).
Only few neutrophils were present in the reperfused lung graft,
and importantly, we detected virtually no leakage of quantum
dots from either subpleural or interior perialveolar capillaries
over our imaging period (Fig. 2 J and K and Movie S4).

Necroptosis of Graft Cells Regulates Neutrophil Recruitment after
Lung Transplantation. We and others have reported that nona-
poptotic forms of programmed cell death, such as necroptosis
or ferroptosis, that result in disruption of cellular integrity and
the release of damage-associated molecular patterns trigger

inflammatory responses after organ transplantation (21, 22). To
investigate mechanisms that mediate the initial recruitment of
neutrophils to reperfused lungs, we first measured lipid peroxi-
dation products that we have recently demonstrated to be
associated with various forms of regulated cell death (19). In
contrast to our recent report for reperfused hearts, we did not
observe elevations in oxidized phosphatidylethanolamine spe-
cies that are characteristic markers of ferroptosis (Fig. 3A).
However, we detected the presence of oxidized phosphatidyl-
choline species in lungs shortly after reperfusion, a signal that
we have identified in cells that undergo necroptotic cell death
(Fig. 3B) (19). To evaluate whether necroptosis contributes to
ischemia reperfusion injury, we next pharmacologically inhib-
ited RIPK1, a key regulator of this death pathway through
administration of necrostatin-1 (Nec-1) to our transplant recipi-
ents. This treatment resulted in significant improvements in
graft function (Fig. 3C). A lower percentage of neutrophils
extravasated, neutrophils did not aggregate into large clusters,

Fig. 1. Neutrophils accumulate in subpleural capillaries at baseline and after ischemia reperfusion injury. (A) Diagram depicting setup of mouse for intra-
vital two-photon imaging. (B) Representative two-photon images of vessels above (Left) (10 μm) and below (Right) (80 μm) subpleural alveoli (Middle)
(25 μm) in lungs of naïve B6 LysM-GFP mice. The Top panel depicts vessels after injection of quantum dots (red), and the Bottom panel shows vessels (red)
and LysM-GFP+ cells (green) (Scale bars: 20 μm). (C) Two-photon images of neutrophils in subpleural capillaries of (Left) lungs of naïve B6 LysM-GFP mice
and (Right) reperfused B6 lung grafts that were subjected to 60 min of cold storage 2 h after transplantation into syngeneic B6 LysM-GFP hosts. In naïve
lungs, neutrophils are green with a red ring after labeling with intravenous anti-Ly6G antibody (PE). Pulmonary vessels are labeled after intravenous
injection of quantum dots (Left: purple; Right: red) (Scale bars: 30 μm). (D) No. of neutrophils arriving in pulmonary arterioles per minute and (E) percent-
age of extravasated neutrophils in naïve B6 lungs versus B6 lung grafts 2 h after transplantation into syngeneic recipients. Percentage of neutrophils in
subpleural versus interior perialveolar capillaries in (F) lungs of naïve B6 LysM-GFP mice and (G) reperfused B6 lung grafts that were subjected to 60 min
of cold storage 2 h after transplantation into syngeneic B6 LysM-GFP hosts. (H) Two-photon imaging (Left) and immunofluorescent staining (Right) of
neutrophils (green) of tissue slices of B6 lung grafts that were subjected to 60 min of cold storage 2 h after transplantation into syngeneic B6 LysM-GFP
hosts. The arrow points to pleural surface (Scale bars: Left 30 μm, Right 100 μm). (I) Neutrophil staining (antineutrophil elastase) in human lung grafts
before (Left) and 2 h after reperfusion (Right). The arrow points to pleural surface (Scale bars: 100 μm). The data in (D–G) represent the mean ± SEM (n = 4).
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Fig. 2. Severe ischemia reperfusion injury results in neutrophil-mediated vascular leakage from subpleural capillaries. (A) Arterial blood oxygenation 2 h
after transplantation of B6 lungs that were subjected to 60 min of cold ischemia (CIS) or 60 min of cold and 45 min of warm ischemia (WIS) into syngeneic
recipients. (B) Percentage of neutrophils in subpleural versus interior perialveolar capillaries of WIS grafts. Time lapse intravital two-photon imaging of
neutrophils (green) (Top), quantum dots (red) that were injected intravenously (Middle), quantification of disruption of vascular integrity as evidenced by
extravascular quantum dot signal (boxed region and kymographs), and side projections of z stacks of (C) CIS and (D) WIS grafts. The x-axis in the kymo-
graphs refers to pixels in the x dimension along the boxed region (Scale bars: 20 μm). (E) Two-photon imaging of neutrophils (green) in lung explants,
whole (Top [Scale bars: 30 μm]) or sliced (Middle, [Scale bars: 30 μm]) of B6 lung grafts that were subjected to WIS 2 h after transplantation into syngeneic
B6 LysM-GFP hosts. The Bottom image depicts LysM-GFP+ cells in sliced lung explants 24 h after reperfusion. The arrow points to pleural surface (Scale
bars: 20 μm). (F) Percentage of extravasated neutrophils in CIS versus WIS grafts 2 h after transplantation into syngeneic recipients. (G) Comparison of
extravascular quantum dot intensity in subpleural space of CIS versus WIS grafts over time. (H) Neutrophil elastase and histone immunostaining (Top) and
neutrophil elastase, histone, and DAPI colocalization by immunofluorescence (Bottom) in CIS and WIS grafts (Scale bars: 100 μm). The arrow points to
pleural surface. (I) Arterial blood oxygenation 2 h after transplantation of B6 lungs that were subjected to WIS into syngeneic recipients that were treated
with isotype control (control Ig) or neutrophil-depleting (anti-Ly6G) antibodies. (J) Time lapse intravital two-photon imaging of neutrophils (green) (Top
[Scale bars: 30 μm]) and quantum dots (red) that were injected intravenously (Middle [Scale bars: 30 μm]), quantification of disruption of vascular integrity
as evidenced by extravascular quantum dot signal (boxed region and kymographs), and side projections of z stacks (Scale bar: 20 μm) after transplantation
of WIS grafts into neutrophil-depleted recipients. (K) Comparison of extravascular quantum dot intensity in subpleural space of WIS grafts over time after
transplantation into recipients that were treated with isotype control (control Ig) versus neutrophil-depleting (anti-Ly6G) antibodies. The data in (A–B),
(F), (G), (I), and (K) represent the mean ± SEM (n = 4). Statistical analysis for (G) and (K) is for last time point. The Left side of z stacks in (C), (D), and (J)
denotes pleural surface.

4 of 12 j PNAS Li et al.
https://doi.org/10.1073/pnas.2111537119 Necroptosis triggers spatially restricted neutrophil-mediated vascular damage

during lung ischemia reperfusion injury



and the integrity of the subpleural vessels was preserved after
administration of Nec-1 compared to control conditions (Fig. 3
D, F, and G and Movie S5). In addition to its well-established
role in blocking necroptosis, Nec-1 is known to have off-target
effects (21, 23). Therefore, we next used donor lungs that are
deficient in RIPK3, a kinase that is essential in mediating nec-
roptotic cell death. Transplantation of RIPK3-deficient grafts
yielded results comparable to those observed after treatment
with Nec-1 (Fig. 3 C–G and Movie S6). Graft levels of oxidized
phosphatidylcholine species were not elevated after transplan-
tation of RIPK3-deficient lungs (SI Appendix, Fig. S6 A and B).
Notably, however, these products were significantly elevated in
transplanted lungs when neutrophils were depleted in recipient
mice (SI Appendix, Fig. S6 C and D). Thus, necroptosis of graft

cells plays a critical role in mediating initial neutrophil recruit-
ment, neutrophil extravasation, and subsequent disruption of
vascular integrity and graft dysfunction in the setting of severe
ischemia reperfusion injury after lung transplantation.

Graft-Resident Nonclassical Monocytes Promote Neutrophil Accumulation
in Subpleural Vessels. We have previously reported that donor-
derived nonclassical monocytes that reside in the intravascular
compartment of lungs play an important role in mediating the
accumulation of neutrophils in pulmonary grafts after reperfu-
sion (15). We set out to examine whether nonclassical mono-
cytes play a role in the recruitment of neutrophils and vascular
disruption in our model of severe ischemia reperfusion injury.
We imaged mice that express GFP under a Nr4a1 promoter, a

Fig. 3. Graft necroptosis mediates neutro-
phil infiltration and loss of vascular integrity.
Graft levels of (A) oxidized phosphatidyleth-
anolamine and (B) oxidized phosphatidyl-
choline species in B6 naïve lungs and B6
lungs 2 h after transplantation into B6 mice
(WIS). (C) Arterial blood oxygenation 2
h after transplantation of B6 lungs into con-
trol syngeneic recipients or recipients
treated with Nec-1 as well as RIPK3-deficient
B6 lungs into syngeneic hosts (WIS for all
conditions). Time lapse intravital two-
photon imaging of neutrophils (green [Scale
bar: 30 μm]) (Top), quantum dots (red) that
were injected intravenously (Middle [Scale
bar: 30 μm]), quantification of disruption of
vascular integrity as evidenced by extravas-
cular quantum dot signal (boxed region and
kymographs), and side projections of z
stacks (Scale bar: 20 μm) of (D) WIS wild-
type lungs transplanted into Nec-1–treated
syngeneic hosts or (E) WIS RIPK3-deficient
grafts after transplantation into syngeneic
recipients. (F) Percentage of extravasated
neutrophils and (G) comparison of extravas-
cular quantum dot intensity in subpleural
space of B6 lungs (WIS) over time after
transplantation into control syngeneic recip-
ients or recipients treated with Nec-1 (WIS)
as well as in RIPK3-deficient B6 lungs (WIS)
after transplantation into syngeneic hosts.
The data in (A), (B), (C), (F), and (G) repre-
sent the mean ± SEM (n = 5 for A and B; n
= 4 for C, F, and G). ns: not significant. Left
side of z stacks in (D and E) denotes pleural
surface. Statistical analysis for (G) is for last
time point.

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

Li et al.
Necroptosis triggers spatially restricted neutrophil-mediated vascular damage
during lung ischemia reperfusion injury

PNAS j 5 of 12
https://doi.org/10.1073/pnas.2111537119

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111537119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111537119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111537119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2111537119/-/DCSupplemental


transcription factor that is necessary for the development of
nonclassical monocytes (24). In stark contrast to the spleen,
where nonclassical monocytes were distributed throughout the
organ, they were predominantly located underneath the pleura
with only few cells present deeper within the lung (Fig. 4A).
Compared to nonclassical monocytes in resting lungs, donor
nonclassical monocytes significantly up-regulated the expres-
sion of the neutrophil chemokine CXCL1 shortly after trans-
plantation of wild-type but not RIPK3-deficient lungs into
wild-type recipients (Fig. 4B). We next transplanted B6 Nr4a1-
GFP lungs into B6 wild-type mice to image the dynamic behav-
ior of donor nonclassical monocytes and neutrophils in real
time. Early following reperfusion, neutrophils formed clusters
around nonclassical monocytes within the lumina of the sub-
pleural vessels (Fig. 4C). Approximately 70% of intravascular
neutrophil clusters were associated with at least one donor-
derived Nr4a1-GFP+ cell (SI Appendix, Fig. S7A). Neutrophils
also aggregate around recipient nonclassical monocytes that infil-
trate subpleural vessels shortly after reperfusion (SI Appendix,
Fig. S7B). We observed prolonged interactions between nonclass-
ical monocytes and neutrophils, many of which exceeded 20 min
(Fig. 4D). In contrast, after neutralization of CXCL1, interactions
between nonclassical monocytes and neutrophils in subpleural
vessels were short-lived (Fig. 4 C and D). To functionally evaluate
the role of donor nonclassical monocytes in our model of severe
ischemia reperfusion injury, we transplanted lungs that are defi-
cient in Nr4a1 into syngeneic B6 or B6 LysM-GFP mice. Graft
function was significantly improved when lung grafts were devoid
of nonclassical monocytes (Fig. 4E). While neutrophils were pref-
erentially recruited to the subpleural vessels when donor lungs
lacked nonclassical monocytes, their density in the subpleural
space was significantly decreased compared to control conditions
(SI Appendix, Fig. S8). After transplantation of Nr4a1-deficient
grafts, we did not observe large neutrophil aggregates, a lower
percentage of neutrophils extravasated, and there was virtually
no leakage of quantum dots from the subpleural vessels (Fig. 4
F–H and Movie S7). Thus, chemokine production by graft-
resident intravascular nonclassical monocytes plays a critical role
in mediating the accumulation of neutrophils in subpleural ves-
sels after lung transplantation.

TLR4 Expression on Vascular Endothelial Cells Regulates Neutrophil
Trafficking in Subpleural Vessels after Severe Ischemia Reperfusion
Injury. Many damage-associated molecular patterns that are
released from dying cells (i.e., HMGB-1) are known to signal
through TLR4. Also, we and others have previously shown that
TLR4 expression regulates the dynamic behavior of leukocytes
in a variety of vascular beds during inflammation (21, 25). We
found that serum levels of HMGB-1 are significantly elevated
early after reperfusion of lung grafts (Fig. 5A). To examine
whether TLR4 expression in the pulmonary graft impacts neu-
trophil trafficking in our model, we subjected TLR4-deficient
lungs to 60 min of cold and 45 min of warm ischemia and then
transplanted these grafts into syngeneic B6 LysM-GFP mice.
We observed that graft function was significantly improved
when lung grafts lacked expression of TLR4 (Fig. 5B). Also, a
lower percentage of neutrophils extravasated, we did not
observe the formation of large neutrophil aggregates, and there
was very little leakage of quantum dots from the subpleural
capillaries when grafts did not express TLR4 (Fig. 5 C–E and
Movie S8). Next, we wanted to examine whether graft endothe-
lial TLR4 expression regulates neutrophil trafficking in lungs
after reperfusion. For this purpose, we transplanted lungs from
TLR4-floxed (TLR4fl/fl) donor mice that were crossed with ani-
mals in which expression of Cre is driven by an endothelium-
specific receptor tyrosine kinase (Tie2) (Tie2-Cre;TLR4fl/fl)
(21). Elimination of TLR4 expression on graft endothelial cells
resembled our observations with grafts that lack TLR4 globally.

Compared to control TLR4fl/fl pulmonary grafts, oxygenation
was improved, a lower percentage of neutrophils extravasated,
neutrophils did not form large aggregates, and the capillaries
were not disrupted after transplantation of Tie2-Cre;TLR4fl/fl

lungs (Fig. 5 F–I and SI Appendix, Fig. S9 and Movie S9).
While neutrophils were preferentially recruited to subpleural
vessels of Tie2-Cre;TLR4fl/fl grafts early after reperfusion, sig-
nificantly fewer neutrophils accumulated in the subpleural
space compared to TLR4fl/fl lungs (SI Appendix, Fig. S10).
However, the neutrophil density subpleurally was higher in
Tie2-Cre;TLR4fl/fl compared to Nr4a1-deficient lungs (SI
Appendix, Fig. S10). The reduction of neutrophilic infiltration in
the subpleural space of Tie2-Cre;TLR4fl/fl lungs was associated
with a reduction in NETosis, as evidenced by reduced colocaliza-
tion of neutrophil elastase, histones, and DNA (Fig. 5J).

Graft Expression of NOX4 Mediates Neutrophil Recruitment after
Lung Transplantation. Previous studies have shown that TLR4
engagement mediates NF-κB activation and subsequent expres-
sion of adhesion molecules and chemokines through generation
of reactive oxygen species (26, 27). Specifically, production of
reactive oxygen species through NOX4 has been shown to play
an important role in mediating such downstream signals in vas-
cular endothelial cells (27). To evaluate whether this pathway
contributes to ischemia reperfusion injury after lung transplan-
tation, we stained Tie2-Cre;TLR4fl/fl and control TLR4fl/fl lung
grafts 2 h after reperfusion. We observed a substantial reduc-
tion in NOX4 staining in the subpleural space of grafts that
lacked TLR4 expression in vascular endothelial cells (Fig. 6A).
Graft function was improved after transplantation of NOX4-
deficient compared to wild-type lungs (Fig. 6B). Neutrophil
recruitment dynamics and preservation of the vascular integrity
resembled our findings after transplantation of Tie2-Cre;
TLR4fl/fl pulmonary grafts (Fig. 6 C–E and SI Appendix, Fig. S11
and Movie S10).

DNase Treatment Prevents Disruption of Capillary Network. We
and others have reported that perioperative DNase treatment
of lung transplant recipients results in the dissolution of NETs
and attenuation of ischemia reperfusion injury (28, 29). Having
observed an increase in NET generation after subjecting lung
grafts to an additional period of warm ischemia (Fig. 2H), we
next set out to evaluate whether NETosis contributes to the
injury in our model. Treatment with DNase resulted in reduc-
tion of NETs in the subpleural space (Fig. 7A compared to Fig.
2H), which was associated with an improvement in graft func-
tion (Fig. 7B). Additionally, administration of DNase resulted
in less neutrophilic extravasation, inhibited the formation of
large neutrophil clusters, and prevented leakage of quantum
dots from the subpleural vessels (Fig. 7 C–E and Movie S11).

Discussion
The use of intravital imaging has enabled us to make several
observations regarding the spatial and temporal dynamics of
neutrophil recruitment to transplanted lungs and their role in
mediating primary graft dysfunction (Fig. S12). We were sur-
prised that at steady state and during the early stages of an
inflammatory response, neutrophils accumulate in the subpleu-
ral vessels with only few neutrophils present within interior
perialveolar vessels. Several prior studies have revealed ana-
tomical differences between subpleural and interior perialveo-
lar capillaries. For example, subpleural capillary networks are
less dense than interior networks, which could result in an
increased resistance in subpleural capillaries (30). However, the
distance from arterioles to venules is shorter in the subpleural
space, and the diameter of the subpleural capillaries is some-
what larger, which is associated with a decrease in resistance
(31). These changes were thought to offset each other, which
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Fig. 4. Nonclassical monocytes recruit neutrophils to subpleural vessels through production of CXCL1. (A) Two-photon imaging of nonclassical monocytes
(green) in lungs (Top) and spleens (Bottom) of naïve B6 Nr4a1-GFP mice. Quantum dots (red) were injected intravenously prior to imaging. The surface of
the organ is displayed at the Top of the image (Scale bars, 100 μm). (B) CXCL1 expression, determined by RT-PCR in nonclassical monocytes (NCM)
(CD45.2+CD45.1�Ly6G�Siglec-F�CD64�CD11b+Ly6ClowMHC class II�) of naïve B6 CD45.2 wild-type lungs (n = 4), naïve B6 RIPK3–deficient lungs (n = 4),
and B6 CD45.2 (WT TXP) (n = 5) and B6 RIPK3–deficient (RIP3-KO TXP) (n = 6) lung grafts 2 h after transplantation into B6 CD45.1 recipients (WIS).
(C) Intravital two-photon imaging of donor nonclassical monocytes (green), neutrophils (labeled red after intravenous injection of PE-conjugated anti-
Ly6G antibodies), and subpleural vessels (labeled purple after intravenous injection of quantum dots) 2 h after transplantation of B6 Nr4a1-GFP lungs
into B6 recipients (WIS) after injection of control Ig (Left) (n = 3) or anti–CXCL1-neutralizing antibodies (Right) (n = 3) (Scale bars, 20 μm). (D) Neutrophils
have prolonged interaction times around donor nonclassical monocytes after injection of control Ig antibodies (red) compared to injection of anti–CXCL1-
neutralizing antibodies (blue) (16.7 versus 6.4 min, P < 0.001). (E) Arterial blood oxygenation 2 h after transplantation of B6 wildtype and Nr4a1-deficient
lungs (WIS) into syngeneic hosts. (F) Time lapse intravital two-photon imaging of neutrophils (green) (Top [Scale bars: 30 μm]), quantum dots (red) that
were injected intravenously (Middle [Scale bars: 30 μm]), quantification of disruption of vascular integrity as evidenced by extravascular quantum dot sig-
nal (boxed region and kymographs), and side projections of z stacks (Scale bar: 20 μm) of WIS Nr4a1-deficient lungs after transplantation into syngeneic
recipients. (G) Percentage of extravasated neutrophils and (H) comparison of extravascular quantum dot intensity in subpleural space of B6 wildtype
(WIS) and Nr4a1-deficient lungs (WIS) over time after transplantation into syngeneic recipients. Data in (B), (E), (G), and (H) represent the mean ± SEM
(n = 4). The Left side of z stacks in (F) denotes pleural surface. Statistical analysis for (H) is for last time point.
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led several investigators to conclude that observations made
with regard to microcirculatory characteristics and leukocyte
behavior in the subpleural capillary network were largely reflec-
tive of interior perialveolar capillaries as well (32). It has long
been recognized that lungs contain a marginated pool of neu-
trophils at baseline (33). This reservoir is important for host
defense against intravascular pathogens and can also be

released to the periphery (5, 34). Our study determined that
intravascular nonclassical monocytes in the subpleural space
promote intravascular aggregation of neutrophils in this ana-
tomic compartment. It is interesting that the distribution of
nonclassical monocytes in lungs differs from other organs such
as spleens. From an evolutionary point of view, margination of
neutrophils in the subpleural space may prime them to respond

Fig. 5. Graft endothelial expression of TLR4 mediates neutrophil infiltration and loss of vascular integrity. (A) HMGB-1 levels (ng/ml) in serum of naïve
B6 mice and B6 recipients 2 h after receiving B6 lungs (WIS). (B) Arterial blood oxygenation 2 h after transplantation of B6 wildtype and TLR4-deficient
lungs (WIS) into syngeneic hosts. (C) Time lapse intravital two-photon imaging of neutrophils (green) (Top [Scale bars: 30 μm]), quantum dots (red) that
were injected intravenously (Middle [Scale bars: 30 μm)], quantification of disruption of vascular integrity as evidenced by extravascular quantum dot sig-
nal (boxed region and kymographs), and side projections of z stacks (Scale bar: 20 μm) of WIS TLR4-deficient lungs after transplantation into syngeneic
recipients. (D) Percentage of extravasated neutrophils and (E) comparison of extravascular quantum dot intensity in subpleural space of B6 wildtype (WIS)
and TLR4-deficient lungs (WIS) over time after transplantation into syngeneic recipients. (F) Arterial blood oxygenation 2 h after transplantation of B6
TLR4fl/fl (WIS) and Tie2-Cre/TLR4fl/fl (WIS) lungs into syngeneic recipients. (G) Time lapse intravital two-photon imaging of neutrophils (green) (Top [Scale
bars: 30 μm]), quantum dots (red) that were injected intravenously (Middle [Scale bars: 30 μm]), quantification of disruption of vascular integrity as evi-
denced by extravascular quantum dot signal (boxed region and kymographs), and side projections of z stacks (Scale bar: 20 μm) of Tie2-Cre/TLR4fl/fl (WIS)
lungs after transplantation into syngeneic recipients. (H) Percentage of extravasated neutrophils and (I) comparison of extravascular quantum dot inten-
sity in subpleural space of TLR4fl/fl (WIS) and Tie2-Cre/TLR4fl/fl (WIS) grafts over time after transplantation into syngeneic recipients. (J) Colocalization of
neutrophil elastase, histones, and DAPI in TLR4fl/fl (WIS) and Tie2-Cre/TLR4fl/fl (WIS) grafts by immunofluorescent staining. The arrow points to pleural sur-
face (Scale bars: 100 μm). The data in (A), (B), (D), (E), (F), (H), and (I) represent the mean ± SEM (n ≥ 4). The Left side of z stacks in (C) and (G) denotes
pleural surface. Statistical analysis for (E) and (I) is for last time point.
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to infections in the pleural cavities, similar to observations
made for innate B cells that reside in the pleural cavity and can
home to the lungs during infections (35). It is interesting that
the neutrophils were preferentially recruited to the subpleural
space even when donor lungs lack expression of Nr4a1,
although they did not accumulate and form aggregates there
when lung grafts were devoid of nonclassical monocytes. In this
context, it has long been recognized that visceral pleural meso-
thelial cells, in addition to providing a mechanical barrier, are
immunologically active. They constitutively express monocyte
and neutrophil chemokines, and their expression levels can be
further increased under inflammatory conditions (36, 37). Of
note, cytokine production by pleural macrophages, which may
be activated during the surgical procedure of lung transplanta-
tion, can trigger pleural mesothelial cells to secrete chemokines
(38). To this end, a previous study demonstrated that pleural
macrophages promote acute pleural inflammation (39). Thus,
local generation of inflammatory mediators by pleural mesothe-
lial cells may contribute to the observed leukocyte trafficking
patterns. We observed some variability in the dynamic behavior
of neutrophils in the subpleural capillaries. In some experi-
ments, we found a higher percentage of neutrophils to be sta-
tionary within these vessels compared to previous reports (5).
We speculate that behavioral phenotypes of neutrophils at
steady state may be impacted by differences in the lung micro-
biome as well as imaging techniques including stabilization
methods, temperature, or ventilator settings.

Our study extends observations from our group and others
demonstrating that neutrophils are key mediators of ischemia

reperfusion injury after organ transplantation (2, 40, 41). Our
neutrophil depletion studies show that neutrophils mediate the
destruction of subpleural and, to a far lesser extent, interior
perialveolar vessels during severe primary graft dysfunction. It
is also remarkable that neutrophil-mediated lung function is
substantially impaired while the structural vascular damage is
largely confined to the subpleural capillary network. We posit
that this could be, at least in part, due to shunting and a resul-
tant ventilation–perfusion mismatch. The relative preservation
of the interior capillaries while the superficial vessels are dis-
rupted may protect the lung from more substantial structural
damage during the initial stages of reperfusion. While several
previous studies have shown that neutrophil extravasation can
be associated with leakage from the microvasculature, others
have suggested that these events are not necessarily linked (42,
43). Whether neutrophil diapedesis results in endothelial bar-
rier disruption is likely related to their activation status and
secretion of mediators that enhance permeability. To this end,
the formation of NETs, which consist of chromatin with associ-
ated histones and granular enzymes, has been shown to pro-
mote vascular injury (44). Consistent with reports from our
group and others, our current study shows that NETs form dur-
ing lung transplant–mediated ischemia reperfusion injury (28,
29). Treatment with DNase, a regimen that results in dissolu-
tion of NETs, prevented the vascular leakage and resulted in
improvements in lung function. Interestingly, we did not
observe large neutrophil clusters after administration of DNase.
This observation is consistent with previous reports that have
shown that substances released during NETosis promote the

Fig. 6. Neutrophil recruitment is impaired and vascular integrity is pre-
served in NOX4-deficient lung grafts. (A) NOX4 immunostaining in TLR4fl/fl

(WIS) and Tie2-Cre/TLR4fl/fl (WIS) lungs 2 h after transplantation into synge-
neic recipients. The arrow points to pleural surface. (B) Arterial blood oxy-
genation 2 h after transplantation of B6 wildtype (WIS) and NOX4-deficient
(WIS) lungs into syngeneic recipients. (C) Time lapse intravital two-photon
imaging of neutrophils (green) (Top [Scale bars: 30 μm]), quantum dots
(red) that were injected intravenously (Middle [Scale bars: 30 μm]), quantifi-
cation of disruption of vascular integrity as evidenced by extravascular
quantum dot signal (boxed region and kymographs), and side projections
of z stacks (Scale bar: 20 μm) of WIS NOX4-deficient lungs after transplanta-
tion into syngeneic recipients. (D) Percentage of extravasated neutrophils
and (E) comparison of extravascular quantum dot intensity in subpleural
space of B6 wildtype (WIS) and NOX4-deficient lungs (WIS) over time after
transplantation into syngeneic recipients. The data in (B), (D), and (E) repre-
sent the mean ± SEM (n = 4). The Left side of z stack in (C) denotes pleural
surface. Statistical analysis for (E) is for last time point.
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adhesion of neutrophils thereby facilitating the formation of
large aggregates (45, 46).

Recent evidence has emerged that a necroinflammatory axis in
which damage-associated molecular patterns that are released
from donor cells that undergo nonapoptotic death trigger graft
inflammation after transplantation (47). We have recently
reported that initial inflammatory events after heart transplanta-
tion are triggered through ferroptosis, a programmed nonapop-
totic form of cell death that is dependent on iron (21). Interest-
ingly, ferroptotic cell death has also been shown to promote early
inflammation after ischemia reperfusion injury of livers, kidneys,
and intestines (48–50). In contrast, we detected phospholipid per-
oxidation products characteristic of necroptosis but not ferropto-
sis in injured lungs, and ischemia reperfusion injury in our
pulmonary transplant model was attenuated by inhibiting necrop-
tosis. Similar to our observations, two recent studies demon-
strated that treatment with necrostatin-1 ameliorates primary
graft dysfunction after lung transplantation (51, 52). However, we
and others have shown that necrostatin-1, a RIPK1 inhibitor, has
off-target effects and can inhibit other pathways of cell death (21,
23). Our findings that graft levels of oxidized phosphatidylcholine
species are not elevated and vascular leakage is prevented after
engraftment of RIPK3-deficient lungs support the notion that
necroptotic cell death triggers ischemia reperfusion injury after
lung transplantation. In a heart transplant model, we demon-
strated that cardiomyocytes and fibroblasts but not endothelial
cells are susceptible to ferroptotic cell death after reperfusion
(21). We speculate that individual cell types may be differentially
susceptible to various forms of cell death. To this end, several

reports exist that airway epithelial cells, a prevalent population in
lungs, are susceptible to necroptotic cell death (53, 54). Collec-
tively, our findings indicate that the release of endogenous sub-
stances following necroptotic death of graft cells mediates
responses that regulate neutrophil recruitment to transplanted
lungs. This notion is also corroborated by our observation that
graft levels of oxidized phosphatidylcholines are elevated after
neutrophil depletion of recipient mice, indicating that necroptosis
occurs upstream of neutrophil infiltration. In this context, it is
important to note that the death of neutrophils within extravascu-
lar clusters that develop at sites of inflammation can amplify their
swarming behavior through a LTB4-dependent mechanism (55).

Our observations extend previous findings in models of kid-
ney inflammation, where intravascular nonclassical monocytes
have been shown to produce chemokines and cytokines that
can recruit and activate neutrophils within the vessel lumen
(56, 57). These neutrophils then mediate focal necrosis of the
endothelial cells, and the nonclassical monocytes phagocytose
the resultant cellular debris (56). Importantly, signaling through
TLR7 was critical for the activation of nonclassical monocytes
and their production of CXCL1, which resulted in the recruit-
ment of neutrophils. We observed in a previous study that neu-
trophil recruitment after lung transplantation was dependent
on the ability of nonclassical monocytes to signal via MyD88/
Trif (15). Consistent with these findings, we now show that
expression of CXCL1 is not increased in nonclassical mono-
cytes in Ripk3-deficient pulmonary grafts, suggesting that the
release of endogenous ligands during necroptosis triggers their
chemokine production. We have also demonstrated that

Fig. 7. DNase treatment prevents disruption of subpleural capillary net-
work. (A) Colocalization of neutrophil elastase, histones, and DAPI in
DNase-treated wild-type (WIS) grafts by immunofluorescent staining. The
arrow points to pleural surface (Scale bars: 100 μm). (B) Arterial blood oxy-
genation 2 h after transplantation of B6 wildtype (WIS) into syngeneic
recipients, without and with DNase treatment. (C) Time lapse intravital
two-photon imaging of neutrophils (green) (Top [Scale bars: 30 μm]), quan-
tum dots (red) that were injected intravenously (Middle [Scale bars: 30
μm]), quantification of disruption of vascular integrity as evidenced by
extravascular quantum dot signal (boxed region and kymographs), and side
projections of z stacks (Scale bar: 20 μm) of wild-type lungs (WIS) after
transplantation into DNase-treated syngeneic recipients. (D) Percentage of
extravasated neutrophils and (E) comparison of extravascular quantum dot
intensity in subpleural space of B6 wild-type lungs (WIS) over time after
transplantation into syngeneic recipients that received no treatment or
were treated with DNase. The data in (B), (D), and (E) represent the mean ±
SEM (n = 4). The Left side of z stack in (C) denotes pleural surface. Statistical
analysis for (E) is for last time point.
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spleen-derived recipient classical monocytes mediate neutrophil
diapedesis in reperfused lung grafts, a step downstream of their
recruitment from the periphery that is triggered by donor
nonclassical monocytes (14). Specifically, we have shown that
recipient monocytes that are recruited to transplanted lungs
promote the down-regulation of endothelial tight junctional
proteins through IL-1β. MyD88 expression in recipient mono-
cytes was critical for their production of IL-1β. These results
suggest that donor nonclassical and recipient classical mono-
cytes are activated by damage-associated molecular patterns
within the intravascular space. Consistent with our previous
finding that recruitment of classical monocytes is impaired
when lungs are devoid of nonclassical monocytes, we observed
a significant reduction in neutrophil extravasation in Nr4a1-
deficient pulmonary grafts (14). Now we show that expression
of TLR4, an innate immune receptor that is known to be trig-
gered by damage-associated molecular patterns that are
released from dying cells including HMGB-1, on pulmonary
vascular endothelial cells is also a critical regulator of neutro-
phil trafficking in reperfused lung grafts. We observed that neu-
trophils remained motile within the subpleural capillaries and
did not adhere efficiently when grafts lacked TLR4 expression
in endothelial cells. Thus, innate immune signaling in endothe-
lial cells mediates a step in the neutrophil recruitment cascade
downstream of donor nonclassical monocytes and upstream of
recipient classical monocytes. In addition to TLR4, signaling
through other innate immune receptors such as TLR9 may con-
tribute to neutrophil-mediated lung injury after transplantation
(58). While we and many other laboratories have used Tie2-
Cre mice to evaluate gene expression in endothelial cells, we
recognize that Tie2 can be expressed in subsets of myeloid cells
including macrophages (21, 59, 60). However, we have recently
reported that tissue-resident alveolar macrophages contribute
to neutrophil recruitment after lung transplantation via TLR4
signaling only when donor grafts contain pathogen-associated
molecular patterns such as endotoxin (61). Furthermore, our
observations are consistent with results of a previous study,
which showed that pulmonary neutrophil accumulation follow-
ing intraperitoneal injection of lipopolysaccharide (LPS) was
dependent on TLR4 expression on nonhematopoietic cells
(62). Our current findings are also reminiscent of our recent
report that TLR4 expression on cardiac endothelial cells medi-
ates adhesion of neutrophils in reperfused heart grafts (21).
Interestingly, TLR4 expression on endothelial cells alone medi-
ates neutrophil adhesion in brain postcapillary venules after
systemic administration of LPS but is insufficient to promote
their extravasation (25).

Our experiments revealed that neutrophil trafficking in
NOX4-deficient grafts phenocopies our findings in lungs that
lack expression of TLR4 on vascular endothelial cells. NOX4 is
a member of the NOX family of enzymes, whose primary func-
tion is the generation of reactive oxygen species. NOX4 is the
most abundant NOX homolog in endothelial cells, and its
expression can be induced during ischemia (63, 64). Consistent
with previous reports, we found that inhibition of TLR4 signal-
ing can decrease the expression of NOX4 (65, 66). In addition,
TLR4 signaling can trigger the production of reactive oxygen
species and activation of NF-κB through direct binding to
NOX4 (26, 66). Thus, it is possible that TLR4 drives both pro-
tein expression and activity of NOX4 in injured lungs. Down-
regulation of NOX4 in human aortic endothelial cells prevents
the generation of reactive oxygen species following activation
with a TLR4 agonist, resulting in decreased expression levels of

ICAM-1 and reduced adhesion of monocytes (27). Thus, our
data suggest that endogenous ligands that are released from
dying graft cells due to necroptosis interact with various lung-
resident and lung-infiltrating cell populations and induce
inflammatory responses. We propose that TLR4/NOX4-depen-
dent activation of endothelial cells promotes neutrophil
adhesion to the vessel wall, thereby mediating a step in their
recruitment cascade downstream of donor nonclassical mono-
cytes and upstream of recipient classical monocytes and donor
macrophages (14, 16, 25).

In conclusion, our work has identified important regulators
of neutrophil recruitment to lungs that are subjected to ische-
mia reperfusion injury. Our observations lend support to the
notion that cues that orchestrate leukocyte trafficking during
inflammation differ between various tissues and organs. As
neutrophils are critical mediators of primary graft dysfunction
after lung transplantation, these findings provide therapeutic
targets for a morbid condition that is currently only amenable
to supportive care. Ex vivo lung perfusion provides an opportu-
nity to target these pathways in the donor graft prior to trans-
plantation (67).

Materials and Methods
Mice. C57BL/6 (B6) wildtype, B6 TLR4-deficient, B6 NOX4-deficient, B6 Tie2-
Cremice, Nr4a1-deficient, and Nr4a1-GFP mice were purchased from The Jack-
son Laboratories (68). B6 LysM-GFP mice were originally obtained from Klaus
Ley (Scripps) and provided byM.Miller (Washington University, St. Louis, MO).
B6 TLR4fl/fl mice were obtained from Timothy Billiar (University of Pittsburgh,
Pittsburgh, PA) and RIPK3-deficient mice from Genentech. B6 TLR4fl/fl mice
were crossed with B6 Tie2-Cre mice to generate animals that lacked TLR4 on
endothelial cells (referred to as Tie2-Cre;TLR4fl/fl), as previously described (21).
In some experiments, animals were treated with anti-mouse Ly6G (clone 1A8)
or rat IgG2a isotype control antibodies (Bio-X-Cell) (500 μg 24 h before and
250 μg immediately before transplantation). Some animals received
necrostatin-1 (Nec-1) (4 mg/kg body weight intravenously 1 h before and 2
h after reperfusion) (Millipore Sigma) or recombinant DNase-1 (10 μg/g body
weight 1 h before and 2 h after reperfusion) (Millipore Sigma). For all experi-
ments, 6- to 8-wk-old male and female mice were used. Donor and recipient
mice were gender-matched for all transplants. All animal procedures were
approved by the Animal Studies Committee at Washington University School
of Medicine. Animals received humane care in compliance with the Guide for
the Care and Use of Laboratory Animals (69) prepared by the National Acad-
emy of Sciences and published by the NIH and the “Principles of laboratory
animal care” formulated by the National Society for Medical Research.

Human Samples. Pulmonary graft samples were obtained during clinical lung
transplants at the conclusion of cold ischemic storage in Perfadex solution and
∼2 h after reperfusion. Tissue was fixed in 4% paraformaldehyde and then
processed for immunostaining. Human protocols were approved by the Insti-
tutional Review Board at Washington University School of Medicine. Study
subjects signed an informed consent.

Lung Transplantation. Orthotopic left vascularized lung transplants were per-
formed as previously described (70). Grafts were stored in low-potassium dex-
tran glucose for either 60 min at 4 °C or 60 min at 4 °C with an additional
45 min at 28 °C prior to transplantation.

Data Availability. All study data are included in the article and/or supporting
information.
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