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ABSTRACT

Lung transplantation is a surgical option to replace a diseased lung
with a healthy lung from a donor. This surgical process causes stop of
blood flow from the point of organ retrieval or procurement followed
by cold and warm storage phase (ischemia), followed by the re-
instatement of blood flow with implantation (reperfusion) that occurs
upon transplant. The injury incurred during ischemia (retrieval and
storage) together with the injury from reperfusion (I/R injury) is
considered as the main driver of onset of primary graft dysfunction
(PGD). PGD is a multifactorial injury that is characterized by cellular
infiltrates and severe oxidative damage; it occurs within 24 h post-
transplant and is a critical factor in determining transplant outcome.
PGD occurs in large part due to inflammation post-transplant when
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polymorphonuclear neutrophils (PMN) are recruited to and adhere to
the endothelium of the lung, transmigrate and release reactive oxygen
species (ROS). Recognizing the role of PMN in poor transplant
outcome, the clinical strategy at present is to block PMN activation
by a non-specific immunosuppression regimen administered to the
transplant recipient. As immunosuppression therapy has severe side
effects, alternate means of blocking and inhibiting inflammation
in the lung are being considered. The binding of PMN to the
endothelium is a prerequisite of inflammation; thus our research
is focused on the endothelium of the donor lung so as to block
endothelial signals that facilitate its binding to PMN. Such a strategy
of inhibiting the moieties on the vascular wall so that as prevent
donor lung endothelial interaction with the recipient’s PMN is an
early intervention and has the potential to prevent injury completely.
In contrast, immunosuppression involves minimizing influx and
recruitment of PMN and immune cells after the initial adherence
and binding that would take place immediately upon transplant.
Our extensive work on lung storage or ischemia shows that the
pulmonary endothelium responds to stop of blood flow by a signaling
cascade that involves Kare channel closure, PI3Kinase activation
and assembly of the enzyme NADPH oxidase 2 (NOX2) leading
to the generation of ROS. We found that the ROS thus produced
triggers the onset of an inflammation cascade during the storage
period itself, ahead of the transplant event. Onset of inflammation
causes damage to the donor lung during storage thus affecting donor
lung availability; additionally it can potentially drive immune cell
recruitment via inflamed lung vessel wall. Thus optimal storage
conditions such as keeping the lung (organ) perfused or inhibiting
ischemia induced signaling by blocking Kare closure, PI3K activation
or NOX2 assembly may potentially preserve lung viability and
minimize inflammation and injury post-transplant.
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INTRODUCTION

Lung transplantation, the last option for patients with end stage
lung diseases consists of a surgical event to replace a diseased
and dysfunctional lung with a healthy donor lung and involves an
episode of warm and cold ischemia or stop of blood flow (associated
with lung retrieval and storage) and reperfusion or reinstatement of
blood flow (transplant). The major challenge with lung transplant
is ischemia-reperfusion (I/R) injury, also known as primary graft
dysfunction (PGD)"™. PGD develops within the first 24 h after
transplant and is associated with chronic rejection also known as
bronchiolitis obliterans syndrome (BOS) which continues to be the
main reason for transplant failure'*
is a critical factor in alleviating onset of BOS and eventual rejection
and loss of the organ.

The hallmark of I/R injury or PGD is the onset of inflammation
that occurs when polymorphonuclear neutrophils (PMN) from the
recipient’s circulation are recruited and adhere to the transplanted
(donor) lung®™. Although PMN recruitment is the first line of host
defense, excessive adherence and infiltration of PMN into tissue

! Thus, minimizing of I/R injury

causes tissue damage via the release of reactive oxygen species
or ROS by PMN. Studies on animal models have shown that
disrupting PMN infiltration and adherence can reduce lung injury
after transplant!™'". Recognizing the role of PMN in I/R injury,
the clinical strategy has been to block PMN activation using a non-
specific immunosuppression regimen administered to the transplant
recipient!>"*. But this has severe side effects besides being only
partially effective.

An alternate strategy would be to target the endothelial cells on the
lung vascular wall as the endothelium-PMN binding is a prerequisite
to PMN infiltration into inflamed tissues'*'”. Thus “treating” the
endothelium so as to reduce or block PMN adherence can potentially
shift the therapy from the transplant recipient to the donor lung (graft).

Our past research on the lung endothelium showed that with stop
of blood flow, the endothelium lining the vessel wall “senses” loss
of flow; this “sensing” initiates a signaling cascade, that causes
membrane depolarization via the closure of a Kare channel”®'".
Depolarization causes the activation of membrane potential sensitive
domains of Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)
that in turn leads to the assembly of all the subunits (the cytosolic
subunits p40phox, p47phox, p67phox, Rac and the membrane
subunits gp91phox and p22phox) leading to the reduction of
molecular oxygen into superoxide anion (02.) (Figure 1)!'".
Superoxide dismutates to produce hydrogen peroxide (H20:); all
these moieties produced are collectively termed as ROS. ROS is
a term that encompasses various free radicals, ions and reactive
species that are generated by enzymatic and non-enzymatic sources
in various cell types. The ROS produced with lung storage or
ischemia activates an inflammation cascade that besides damaging
the stored lungs could potentially affect the graft post-transplant"”.
Thus blocking ischemia induced signaling in the donor lung would
increase viability of lungs during storage and would by minimizing
inflammation signals reduce the influx of PMN from the recipient
post-transplant. Overall, it would shift the focus from the recipient’s
immune system to the donor lung’s vasculature.

In addition to inflammation induced damage, another major
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challenge with transplant is allograft rejection that occurs when T
lymphocytes from the recipient recognize non-self forms of class I
and class II major histocompatibility complex (MHC) molecules on
the cells of the graft. The MHC class I and II expressed on antigen
presenting cells (APC) facilitate the presentation of “donor” antigens
to T-lymphocytes. The APC-T lymphocyte interaction leads to
T-lymphocyte activation, production of cytokines and cell death. The
resultant injury also plays a role in onset of rejection™.

This article will review the signaling associated with lung
storage that leads the onset of inflammation during storage ahead
of transplant. The overarching theme will be to understand the role
of ischemia induced downstream signaling events that are the main
drivers of inflammation, injury and graft rejection.

LUNG ISCHEMIA AND REACTIVE OXYGEN
SPECIES (ROS)

Stop of blood flow to any organ results in two changes 1) hypoxia
or anoxia as oxygen levels are compromised and 2) loss of shear
arising from removal of the mechanical component of blood flow.
The lung is an exception to this because lung tissue does not rely on
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Figure 1 Pulmonary Ischemia induced signaling for reactive oxygen
species (ROS) production lung storage. In the lung (unlike systemic
organs), ischemia compromises the mechanical stimulus associated with
stop of blood flow. Our investigations revealed that loss of shear caused
“shear sensing” by the mechanosome comprised of several moieties
including caveolin-1, PECAM and VEGFR2. “Shear sensing” led to
endothelial membrane depolarization (via a KATP channel induced
closure) that causes activation of PI3Kinase. PI3K drives assembly
of Rac and other cytosolic NOX subunits thus producing superoxide
and H2O: (collectively called ROS). The ROS thus produced has been
observed to facilitate cell proliferation (in an in vitro model of ischemia),
revascularization (in an in vivo model of ischemia) and inflammation (in
anin situ donor lung model of ischemia).
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blood flow for its cellular oxygen requirements. Alveolar ventilation
or inflation can maintain normal alveolar pO: and keeps the lung
cells oxygenated for a reasonably long period of time. Thus stop of
blood flow in the pulmonary system represents the “loss of shear
stress” alone'"™”". In the context of lung storage, it is therefore
important to understand “loss of shear” induced signaling to enable
its inhibition. Loss of shear also occurs in systemic organs with stop
of flow but is overshadowed by hypoxia or anoxia induced signaling.
Various degrees of hypoxia and thus hypoxia-induced signaling
and subsequent damage cannot be avoided in systemic organs with
storage; however, in the lung, hypoxia can be limited or avoided
altogether by keeping lungs inflated or ventilated. Thus knowledge of
“loss of flow” induced signaling and activation of downstream events
can assist in reducing the detrimental effects, if any, of lung storage.

We reported earlier that with loss of flow, the pulmonary
endothelium in situ and endothelial cells in vitro(in flow chambers
that mimic blood vessels) are activated via a Kare channel-NADPH
oxidase 2 signaling pathway that causes the production of ROS
(Figure 1)!'"**). ROS production was evaluated from oxidation of
various ROS-sensitive fluorescence dyes [dihydroethidine (DHE) for
superoxide anion, dichlorofluorescein (DCF) for H202, and Amplex
red (for intravascular H202)]"*"*?".

ROS production that follows the ischemia signaling cascade that
as we reported earlier, involves the “sensing” of the loss of flow
stimulus by a complex machinery (for which we coined the term
mechanosome) comprising of several elements namely caveolae and
platelet endothelial cell adhesion molecule -1 (PECAM-1)*" along
with presumably other moieties like vascular endothelial growth
factor receptor 2 (VEGFR-2) as reported by others™.

The ROS thus produced would cause direct oxidative damage as
419230 byt our subsequent investigations revealed that it
also triggered various signaling cascades that facilitated endothelial

cell proliferation, revascularization, inflammation and the activation
[14,23-26]

we observed'

of immunomodulatory moieties

ROS MEDIATED SIGNALING AND
DOWNSTREAM EFFECTORS

Transcription Factors

The major downstream effects of ROS-mediated signaling are the
activation of various transcription factors. In an in vitro model of
ischemia, “flow adapted” or “conditioned” endothelial cells that
were subjected to stop of flow showed activation of NF-kB by
electrophoretic mobility shift assay as reflected by increased nuclear
content ofp65 and p50 subunits; concurrent activation of activator
proteinl (AP-1) was detected by Western blot analysis showing an

771 Activation of these

increase in both c-Jun and c-Fos subunits'
transcription factors was abolished by pretreatment of cells with
inhibitors of ROS generation, indicating that their activation indeed
is linked to ROS®**. We also observed that a ROS dependent
regulation of HIF-1a expression in a model of stopped flow in vivo™™,

There are many additional transcription factors such as Nrf2and
ATF/CREB, that are redox sensitive and might be modulated be ROS
that are generated during lung storage or ischemia. The activation of
HIF-1a by ROS that we observed could presumably be mediated by
NF-kB"". These redox activated transcription factors are reportedly

the trigger for onset of inflammation.

Inflammation
Inflammation is a complex process regulated by numerous pro-
inflammatory mediators such as cellular adhesion molecules (CAMs)
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and danger signals of sterile injury such as damage associated
molecular patterns (DAMPs) and their receptors (pattern recognition
receptors or PRRs). The major CAMs found on the surface of
endothelial cells in injured tissue are the intercellular adhesion
molecule (ICAM or CD54) and the vascular endothelial cell adhesion
molecule (VCAM or CD106)?. We observed that the expression
of CAMs that facilitate PMN—endothelial cell binding, are ischemia-
ROS regulated (Figure 2)!"**". Besides CAMs, there is hypoxia-
inducible factor 1a (HIF-1a), which transcriptionally regulates a host

of inflammatory cytokines™

. HIF-1a is also known to act through
its downstream effector, vascular endothelial growth factor-A
(VEGF-A), to facilitate influx and transmigration of neutrophils
and other immune cells (e.g. macrophages, mast cells) from the
recipient’s circulation post-transplant®®**’. ROS produced with
ischemia regulates both HIF-1o and VEGF and may account for

19,26 . . .
192 or onset of inflammation in

[19]

revascularization in the vasculature
situ as observed in human donor lungs

Increase in the DAMP protein high-mobility group box 1 (HMGB1)
and increased expression of its PRR, receptor for advanced glycation
end products (RAGE), are critical in onset and amplification of
inflammation and have been implicated in numerous inflammation
pathologies including I/R and endotoxemia®*”. Our earlier work
showed that lung storage led to increased induction of both HMGBI1
and RAGE"™. HMGB1-RAGE axis is part of a coordinated response
that cells use to trigger inflammatory cascades by driving assembly
of Nod-like Receptor Protein 3 (NLRP3) inflammasomes”. NLRP3
inflammasome assembly activates caspase-1 and mediates the release
of the cytokine interleukin, 1-beta (IL-1B) that causes cell death by
pyroptosis (inflammation programmed cell death)™*"".

Immune Response

Besides onset of inflammation, ROS is well established to transform
endothelial cells into antigen presenting cells (APC). The accepted
paradigm is with post-transplant rejection that “professional”
APCs such as dendritic cells (DC) present antigens to activate the
recipient’s naive T lymphocytes. The T lymphocytes thus activated
cause production of inflammatory cytokines and other enzymes that
cause cytolysis, injury and onset of graft rejection”*"). However
other cells can also behave as APCs; indeed ROS can cause increase
in major and minor histocompatibility complex I and II (MHC class
I and II) or human leukocyte antigens (HLA-) and co-stimulatory
molecules (CD-40, LFA-3 etc.) on endothelial cells and thus drive
endothelial transformation into APCs™'. As endothelial cell-T
lymphocyte interaction is pivotal in onset of rejection signaling,
blocking ROS in lungs can potentially minimize rejection™.

We thus conclude that blocking ischemia-induced signaling
cascade would be a potential strategy to maintain lung viability
during storage""’. Besides the production of ROS and oxidative
damage, ischemia itself triggers onset of inflammation. Inflammatory
mediators and signals emanating from the donor lungs prime or
predispose these lungs for robust inflammation after transplant.

New Strategies and Emerging Therapies for Lung Preservation

Perfusion of donor lungs is now being increasing employed to “rescue”
donor lungs that have been found to be unsuitable for transplant
(due to high pulmonary vascular resistance and vascular leak). This
technique is called ex vivo lung perfusion (EVLP) and involves
perfusing and ventilating donor lungs in a closed ex vivo circuit
just prior to transplant™*!. The lungs are perfused at a constant
pressure (20 mmHg) with a buffered extracellular normothermic
solution at an optimal colloid osmotic pressure (Steen solution,
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Figure 2 CAM expression is ROS dependent in a model of endotoxin induced inflammation (A) and in a model of ischemia (B). A) VCAM with
inflammation as assessed by immunoblotting of lung lysate 24 h after inflammation has induced by injecting LPS mtratracheally into wild type and
NADPH oxidase 2 (NOX2) null or KO mice. These mice do not have gp91phox subunit on the membrane and thus cells from these mice do not produce
ROS after an inflammatory stimulus. B) ICAM and VCAM as detected by immunofluorescence of cells subjected to ischemia and then to reperfusion in
vitro". Cells are conditioned to flow (flow adaptation for 24 h) followed by stop of flow and re-instatement of flow.
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and other immune cells that influx into it after transplant. ROS also drives the transformation of lung endothelium as an antigen presenting cell (APC).
As an APC, the endothelium can “present” donor antigens to the T-lymphocytes from the recipient that come into the graft after transplant. The APC-T
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observations based on work carried out in our lab. Dotted arrows are conclusions from studies carried out elsewhere.
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Vitrolife, Sweden). Although EVLP lungs experience a period of
storage or ischemia prior to perfusion, yet the perfusion-ventilation
approach has shown several advantages (1) prevention of damage
before implantation; (2) preservation of the graft over long time
interval after harvesting; and (3) repair of potential grafts that may
otherwise not have been considered for transplantation*”. We take
this concept a step further and propose a “perfusion-ventilation”
maneuver from procurement till implantation into recipient. In other
words, we suggest that maintaining close to physiological conditions
during the procurement and storage periods to minimize ROS and
NO production. Studies with animal lungs indicate that a relatively
low perfusate flow rate can prevent activation of the “loss of shear
stress” signaling cascade. A pilot study carried out using a portable
perfusion system (integrated and portable Organ Care System or
OCS) showed that normothermic perfusion (34°C at a flow rate of
2.5 L/min) of the donor lung from procurement till implantation had
a good transplantation outcome (in terms of a 30 day survival period)
in a high-risk recipient population”’. Since this was a small cohort
(12 lungs) more extensive studies need to be performed over large
groups to determine the optimal storage times and perfusion rates that
minimize ROS production in human lungs.

Another alternate approach would be to store lungs in buffer
supplemented with inhibitors of the “loss of shear” signaling
cascade, i.e. inhibitors that prevent the mechanosome activation
(anti-PECAM-1 antibodies, sequestering caveolae)”" or prevent
depolarization via Kare channel (Karr agonist cromakalim), or
inhibit PI3K activation (wortmanin)"* or prevent NADPH oxidase 2
assembly (MJ33)™,

CONCLUSION AND FUTURE DIRECTIONS

Based our work on lung ischemia (using murine, porcine and human
lungs) it is clear that storage conditions are an important factor in the
inflammation status of a donor lung; we thus propose that signaling
initiated during the ischemia event has the potential to be amplified
later (Figure 3), with the caveat that other factors, including those of
the recipient, can play a role in determining the final outcome. Till
date, studies correlating storage times and lung transplant outcome
have been inconsistent. This indicates that the inflammatory signals
in the donor lung may or may not translate into clinical symptoms of
PGD because recipient factors such as antioxidant status or other risk
factors are pivotal in determining outcome. Besides, inconsistency
in the definition of PGD may also account for the contrasting
conclusions (from clinical trials). Nevertheless, in a broader sense,
prevention of ischemia either by maintaining physiological conditions
of flow and ventilation or by blocking or inhibiting ROS production
is critical in preserve lung viability during storage.
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