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Detrimental inflammatory responses after solid organ transplantation are initiated when
immune cells sense pathogen-associated molecular patterns (PAMPs) and certain
damage-associated molecular patterns (DAMPs) released or exposed during
transplant-associated processes, such as ischemia/reperfusion injury (IRI), surgical
trauma, and recipient conditioning. These inflammatory responses initiate and
propagate anti-alloantigen (AlloAg) responses and targeting DAMPs and PAMPs, or the
signaling cascades they activate, reduce alloimmunity, and contribute to improved
outcomes after allogeneic solid organ transplantation in experimental studies. However,
DAMPs have also been implicated in initiating essential anti-inflammatory and reparative
functions of specific immune cells, particularly Treg and macrophages. Interestingly,
DAMP signaling is also involved in local and systemic homeostasis. Herein, we describe
the emerging literature defining how poor outcomes after transplantation may result, not
from just an over-abundance of DAMP-driven inflammation, but instead an inadequate
presence of a subset of DAMPs or related molecules needed to repair tissue successfully
or re-establish tissue homeostasis. Adverse outcomes may also arise when these
homeostatic or reparative signals become dysregulated or hijacked by alloreactive
immune cells in transplant niches. A complete understanding of the critical pathways
controlling tissue repair and homeostasis, and how alloimmune responses or transplant-
related processes disrupt these will lead to new immunotherapeutics that can prevent or
reverse the tissue pathology leading to lost grafts due to chronic rejection.
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INTRODUCTION

Tissue injury negatively impacts outcomes after the
transplantation (Tx) of cells, tissues, or organs. In solid organ
transplantation (SOTx) and vascularized composite allograft
(VCA) transplantation ischemia reperfusion injury (IRI),
surgical manipulations, donor trauma, and brain death
initiate the release of self-derived molecules containing
damage-associated molecular patterns (DAMPs) that alert
immune cells to the damage (1, 2). Released DAMPs will act
on resident donor and graft-infiltrating immune cells to shape
local and systemic immune functions that determine SOTx
short and long-term outcomes. Some DAMPs are not released
from necrotic cells, but instead are exposed on stressed or dying
cell membranes (3). This review briefly discusses recent
advances in understanding how DAMPs contribute to
inflammation that stimulates alloimmunity, but highly
detailed information can be found in numerous excellent
reviews (1, 2, 4–6). In this review, we also elaborate on
emerging concepts in Tx that are developing from an
evolving understanding of the potential beneficial function of
DAMPs in tissue repair and systemic homeostasis. We will also
discuss examples of how these reparative or homeostatic
DAMP pathways may become dysregulated or re-
appropriated throughout the graft by anti-donor immune
responses to also contribute to chronic rejection (CR).
Frontiers in Immunology | www.frontiersin.org 2
CURRENT UNDERSTANDING OF DAMPS
AS DRIVERS OF ALLOIMMUNE
RESPONSES AND POOR OUTCOMES
AFTER SOTX

Numerous DAMPs released during cellular stress, tissue injury,
or via inflammatory cell death pathways such as ferroptosis,
necroptosis, pyroptosis, have been identified (6, 7). How these
DAMPs initiate sterile inflammation and contribute to anti-
AlloAg immune responses has been reviewed recently (1, 2, 4,
5). Well-characterized pro-inflammatory DAMPs active in Tx
include nuclear materials, such as high-mobility group box 1
(HMGB1), interleukin (IL)-1a, cytoplasmic components,
including ATP, heat shock proteins (HSPs), and s100 proteins,
mitochondrial (mt) contents like mtDNA or mt transcriptional
factor A, as well as extracellular matrix (ECM) components,
including hyaluronan, fibronectin, and heparan sulfate have been
assessed in Tx models (Table 1). Oxidative injury-induced neo-
antigens and typically sequestered cytoplasmic proteins such as
HSPs and the ER chaperone calreticulin can be exposed on or
incorporated in the cell membrane.

Many defined DAMPs are recognized by conserved pattern
recognition receptors (PRRs) that also recognize non-self
materials containing pathogen-associated molecular patterns
(PAMPs) to generate protective immune responses (Table 1).
TABLE 1 | Inflammatory DAMPs and their impact on SOTx outcomes.

Family Molecule Receptors Role in Tx- related inflammation/immunity/outcomes References

Inflammatory
DAMPs

Histones TLR2, TLR4, and TLR9 Causes TLR- and inflammasome-dependent generation of inflammatory response by
innate cells

(6, 8, 9)

HMGB1 TLR2, TLR4, RAGE,
and TIM3

Promotes the production of pro-inflammatory cytokines and chemokines by innate
immune cells
Induces metabolic reprogramming supporting the pro-inflammatory functions of
myeloid APC
Promotion of AR and CR in experimental models
Implicated in poor outcomes after clinical transplantation

(2, 10–15)

IL1a IL-1R Promotes the production of pro-inflammatory cytokines and chemokines by innate
immune cells

(16)

ATP P2Y2 and P2X7 Attraction and activation of innate cells
Promotes inflammasome activity
Causes the release pro-inflammatory cytokines supporting rejection
Promotes IL-1b and IL18 secretion and initiates inflammatory cell death
Stimulates alloimmunity

(6, 17–20)

Vimentin Dectin-1 Induces metabolic reprogramming supporting the pro-inflammatory functions of
myeloid APC
Induces macrophage TNF a and IL-6 production

(6, 10)

Hyaluronan (HA) TLR2 and TLR4 Low molecular weight breakdown products stimulate macrophages pro-
inflammatory cytokine production
Supports of alloimmunity

(21–23)

S100s TLR2, TLR4, RAGE Potent immunostimulatory activity, monocytes and neutrophils recruitment (6, 24)
Mitochondrial DNA
(mDNA)

TLR9 Macrophages and neutrophils activation
Promotes inflammasome activity
Causes the release pro-inflammatory cytokines supporting rejection
Promotes IL-1b and IL18 secretion and initiates inflammatory cell death

(6, 25, 26)
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This overlap has made it difficult to clearly define the role of
specific DAMPs versus bacterial product contamination in early
studies (6). Nevertheless, studies with antibodies targeting
specific DAMPs, as well as the generation and use of DAMP
KO mice, have established that self-derived materials influence
SOTx outcomes in experimental transplant models (5). Other
PRR-type receptors able to detect DAMPs include NOD-like
receptors (NLRs), retinoic acid-inducible gene I (RIG-I)-like
receptor (RLRs), C-type lectin receptors, and intracellular
DNA sensors, such as cyclic GMP-AMP synthase (cGAS), and
absent in melanoma 2 (AIM2) (6). Non-PRR receptors such as
the receptor for advanced glycation end products (RAGE) as well
as G-protein-coupled receptors like formyl peptide receptors
(FPRs) and P2Y receptors, detecting extracellular nucleotides
like ATP have been revealed to be important in sterile
inflammation and supporting alloimmune responses leading to
acute rejection (AR) and CR (1, 2). Exposed HSPs and
calreticulin displayed on the cell surface can be recognized by
CD91 and aid engulfment and presentation of alloAg by antigen
presenting cells APC (27, 28). Natural antibody responses to
displayed oxidative-induced neo-antigens can also trigger APC
activation via the complement cascade (3, 4). DAMPs
stimulation of pro-inflammatory immune response leading to
increased alloimmunity is well appreciated to contribute
significantly to both AR and CR in experimental models (10–
12) and this important subject has been the focus of several
recent and thorough reviews (1, 2, 4, 5). Clinically, DAMPs are
implicated in AR of liver grafts (13) as well as CR of cardiac
transplants (14). HMGB1 is induced by IRI in cadaveric kidney
transplants, but absent from living donor grafts that have better
outcomes (15). Similarly, recipients with a mutation in TLR4 that
decreases the affinity for HMGB1 exhibit better early graft
function (15).

The concept that the presence of DAMPs leads to poor early
and late Tx outcomes is supported by the clinical observation
that shorter IRI times result in reduced risk of AR and CR after
SOTx. The finding that HLA mismatch, recipients of living,
unrelated donor kidneys have significantly better long-term
outcomes relative to those receiving HLA-matched cadaveric
kidney grafts subjected to longer periods of ischemia support this
premise (29). Furthermore, each hour of cold ischemia increases
the odds of AR (30), early graft failure, and mortality after kidney
Tx (31). Similar negative associations with outcomes with
increased ischemia times have been made for cardiac (32, 33)
and liver Tx (34, 35).
DIRECTLY TARGETING DAMP SIGNALING
TO IMPROVE OUTCOMES

Clinical observations supporting DAMPs as a dominant initiator
of IRI and contributor to alloimmunity and rejection have
compelled efforts to antagonize them after SOTx. As outlined
in Table 1, many DAMPs initiate function by activating TLRs
and the downstream adapter MyD88. Pre-clinical studies using
Frontiers in Immunology | www.frontiersin.org 3
MyD88 or TLR deficient mice have identified both as effective
targets to limit IRI, inflammation, and improve transplant
outcomes (36). These early rodent studies utilizing TLR and
MyD88 deficient mice have led to the development of numerous
biologics targeting TLRs andMyD88, which have shown promise
in promoting tolerance or limiting rejection (37–42). For
example, newer agents like Eritoran, which is a synthetic
analog of the lipid A portion of lipopolysaccharide (LPS) that
can antagonize LPS binding (43, 44), or the 2-aminothiazole-
derived MyD88 inhibitor TJ-M2010-5, are potent inhibitors of
DC activation and promoted long-term heart and skin graft
survival in rodents (37).

Nevertheless, successful translation of agents targeting these
pathways remains to be realized. NI-0101 is a humanized, anti-
TLR4 antibody that interferes with TLR4 dimerization and
provides sustained blocking of LPS‐induced cytokine
production in healthy volunteers (45, 46). It, however, failed
recently to alter disease in a Phase II, randomized, placebo-
controlled, double-blind, international, multicenter study of
individuals with moderate to severe rheumatoid arthritis (47).
OPN-305 (Tomaralimab, Opsona Therapeutics) is a humanized,
IgG4 monoclonal antibody against TLR2 under recent phase II
investigation to prevent delayed graft function after kidney Tx
(48). Both OPN-305 and OPN-201, its murine monoclonal
parent antibody, have shown a potent ability to antagonize
TLR2 signaling that is activated by HMGB1 and several HSPs,
and limit IRI in rodents and swine (49, 50). An earlier Phase I
study established that OPN-305 infusions were well tolerated
and consistently inhibited heat-killed listeria monocytogenes-
mediated IL-6 secretion by patients’ peripheral blood cells for
periods up to 90 days (51). While these studies would suggest
promise, the future of OPN-305 is unclear. There have not been
any published reports from the Phase II trial, and as of 2019,
Opsona was liquidated after the search for a development
partner or buyer for its leading drug therapy was fruitless (52).
Given the importance of TLRs and MyD88 to the initiation of
detrimental pro-inflammatory response to after IRI and
demonstrated in pre-clinical Tx studies, it can be expected that
efforts to identify clinical candidates that effectively target this
pathway and limit early inflammation after Tx will persist. As
trials of these agents move forward, it will be very interesting to
observe if the benefits that potent TLR signaling pathway
inhibitors have against DAMP-driven IRI and tissue damage
and the generation of alloimmune responses can outweigh the
expected blunting of effective anti-pathogen immunity (53). If
this c lass of drugs only produces the general ized
immunosuppression similar to that observed with non-specific
TCR signaling inhibition with drugs like Tacrolimus, their
impact will be limited. However, if potent drugs blocking TLR
signaling can be delivered for only for a short window in or
around Tx surgery for highly effective prevention of the general
innate inflammation initiating AlloAg-specific T cell responses
DAMP-activated antigen presenting cells (APC), this class of
drugs blocking tissue damage-mediated inflammation could
be transformative.
February 2021 | Volume 12 | Article 611910
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TARGETING IMMUNOMETABOLISM TO
LIMIT THE PRO-INFLAMMATORY
ACTIVITY OF DAMPS

Ischemia resulting from organ procurement not only causes
cellular stress and cell death that releases DAMPs, but it will
also cause graft hypoxia that will program graft-resident, donor
immune cells and infiltrating recipient immune cells for an
inflammatory response to these DAMPs. Myeloid cells in a
hypoxic environment upregulate hypoxia-induced factor-1
alpha (HIF-1a), which is critical to coordinate a local pro-
inflammatory response (54). HIF-1a dimerizes with HIF-1b
and translocates to the nucleus to modulate transcription of
genes with promoters containing HIF response elements (HREs),
with many of the induced gene products supporting the
recruitment, retention, and function of pro-inflammatory
macrophages. The expression of HIF-1a is essential to myeloid
cell transition to glycolysis during pro-inflammatory immune
responses. Early studies by Cramer et al. demonstrated that HIF-
1a deletion using a lysozyme 2 (Lys2, or LysM)-driven Cre
recombinase resulted in monocytes and macrophages that were
defective in glycolysis and, as a result, impaired their capacity for
motility, invasiveness, and phagocytic ability (55).

The binding of TLR agonists by myeloid APC also shifts the
cellular metabolism of myeloid cells towards glycolysis, which
will supply ATP to support their inflammatory functions in
oxygen sparse environments, but also generate nucleotides,
lipids, and reactive oxygen species (ROS) used for anti-
pathogen effector functions (56–59). Such metabolic changes
originate from TLR ligation-mediated inhibition of
mitochondrial oxidative phosphorylation (OXPHOS) and
associated remodeling of the tricarboxylic acid (TCA) cycle. A
pivotal determinant of myeloid cells’ metabolic reprogramming
during the generation of a pro-inflammatory subset is the de
novo expression of inducible nitric oxide synthase (iNOS).
Expression of iNOS generates large quantities of nitric oxide
(NO) that inhibits mitochondrial respiration through the stable
nitrosation of Complex I of the electron transport chain (ETC),
as well as reversible inhibition Complex IV and isocitrate
dehydrogenase (60). Induced changes in the TCA cycle result
in the generation of metabolic intermediates that are
determinants of the macrophage inflammatory phenotype due
to their enforced reliance on glycolytic metabolism and
preventing macrophages’ repolarization away from a pro-
inflammatory macrophage subset (61). The O’Neill group
established that TLR4 ligation limits glutamine-dependent
anaplerosis, or the replenishment of TCA cycle intermediates,
to cause elevated levels of succinate to reach levels causing HIF-
1a stabilization resulting in augment production of IL-1b (62).
Interestingly, hypoxia alone was a weak inducer of Nos2 mRNA
in myeloid APC but synergized with TLR3, TLR4, and TLR9
agonists to prevent HIF-1a-dependent upregulation of Nos2
mRNA and iNOS protein (63). The stimulation of TLRs by
DAMPs like HMGB1, S100 proteins, mRNA, and mtDNA
released during or after IRI in the hypoxic graft is a dominant
Frontiers in Immunology | www.frontiersin.org 4
driver of the pro-inflammatory responses that lead to early graft
injury and failure, as well as stimulation of alloimmune responses
that cause acute and chronic SOTx rejection.

To date, TLRs and their pathways have proven challenging to
antagonize early post-SOTx to limit early inflammation, but
HIF-1a would seem like an attractive downstream target that
could suppress myeloid cell pro-inflammatory activity by
limiting glycolytic metabolism. However, limited pre-clinical
studies indicated that non-specific targeting of HIF-1a might
be detrimental due to important graft tissue protections provided
by HIF-1a in stromal and parenchymal tissues. In an orthotopic
tracheal Tx model, adenovirus-mediated HIF-1a gene transfer to
the graft promoted repair of mouse airway allograft
microvasculature and attenuated CR (64). This effect was due
to the HIF-1a-dependent recruitment of recipient pro-
angiogenic cells that contributed to repairing damaged airway
microvasculature. HIF-1a delivery before Tx increased graft
perfusion to decreased fibrosis and improve graft survival (64).
Other studies have demonstrated the importance of protective
signaling of HIF-1a in the stroma and parenchyma after heart
and kidney IRI before transplant (65, 66). The deletion of HIF-
1a in macrophages causes the decreased production of vascular
endothelial growth factor (VEGF), which is an important
stimulus for initiating repair and vascularization of tissues
damaged by IRI. While the early activity of the HIF-1a-VEGF
is vital for the initiation of tissue repair, the sustained activation
of the HIF-1a-VEGF pathway may later contribute to CR (67).
HIF-1a is a critical factor that shapes the immune response after
IRI and Tx; effectively targeting it will require both myeloid cell-
specific delivery and understanding whether the graft’s current
conditions will require a HIF-1a antagonist or agonist.

Recently, Ochando and colleagues completed exciting studies
where they used myeloid cell-targeting nanoparticles to deliver an
inhibitor of mammalian target of rapamycin (mTOR), which
blocked HMGB1-induced glycolytic reprogramming (10). When
mTOR-targeting nanoparticles were combined with antagonism
of the CD40-TRAF6 axis, the result was long-term, fully MHC-
mismatch cardiac allograft acceptance (10). The power of mTOR
in stimulating macrophage pro-inflammatory functions was also
demonstrated when the Medzhitov group established that IL-10
regulates macrophage pro-inflammatory responses by limiting
glycolysis through the induction of a potent mTOR inhibitor,
DDIT4 (68). IL-10 has long been understood to generate
reparative and regulatory myeloid cells that support transplant
tolerance, yet the mechanism(s) by which IL-10 mediates such
potent impacts on myeloid cells has remained poorly understood.
These studies established that myeloid cells stimulated with IL-10
resists the typical metabolic reprogramming induced by TLR4
ligation and, instead, maintained mitochondrial integrity and
function to support OXPHOS. IL-10 also limits activation of the
inflammasome by ATP in TLR4-stimulated macrophages. These
recent investigations provide compelling evidence that myeloid
cell-specific inhibition of mTOR and glycolysis will be an effective
way to antagonist multiple DAMP pro-inflammatory pathways
early after Tx.
February 2021 | Volume 12 | Article 611910
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ATP, while the energy currency of immunometabolism, has
also emerged as a highly influential TLR-independent DAMP
released by damaged, dying, and activated cells (6), particularly
after Tx. Recent basic discovery and clinical studies have
elucidated how immune cells release ATP as an inflammatory
signal in response to allogeneic Tx and signal in a feedback
mechanism via P2X7 to promote the release pro-inflammatory
cytokines supporting rejection (17). The pro-inflammatory
cytokine IL-1b plays a crucial role in early immune responses
to tissue injury and pathogens, but even when induced by pro-
inflammatory stimuli it is generated in an inactive pro-form that
requires processing by caspase-1 to an active form. Activation of
caspase-1 relies on the inflammasome, a multi-protein complex
containing members of the nucleotide-binding domain- and
leucine-rich repeat-containing receptor (NLR) family. The
best-characterized inflammasome is NLRP3, whose activity is
induced by a wide range of diverse stimuli, including PAMPs,
numerous DAMPs, such as ATP and mtDNA, ROS, and even
particulate matter (69). Activating the NLRP3 inflammasome and
subsequent secretion of IL-1b requires two signals (69). First, a
NFkb activating signal, often a TLR-agonist, that induces and
increases the expression of pro-IL-1b and NLRP3. A second
signal, like the activation of the P2X7 receptor by extracellular
ATP, or TLR detection of released mtROS or mtDNA, will cause
inflammasome formation. The inflammasome activates associated
caspase-1 that mediates the processing of pro-IL-1b or the closely
related IL-1 family member, IL-18, into their mature and active
cytokine form. Targeting P2X7 with an irreversible antagonist for
14 days after fully mismatched murine heart transplant promoted
long-term cardiac transplant survival (18). Additional recent
studies convincingly revealed that extracellular ATP is an early
DAMP released by the transplant. ATP acts in a feed-forward loop
to sustain high extracellular ATP levels in the graft by causing
infiltrating recipient myeloid cells to release ATP locally. These
high levels of ATP are crucial for augmented Nlrp2, Casp1, and
Il1b expression in the graft, as well as, the secretion of IL-18 that
contributes to type 1 alloimmune responses (17). While the
survival benefits provided by inhibiting P2X7 in a rigorous skin
transplant model was modest (17), the emerging importance of
ATP and P2X7 after Tx suggest that targeting this pathway may be
highly effective when combined with low doses of
immunosuppression, or act synergistically with TLR antagonists
to limit the activating signals feeding inflammasome/caspase-
1 activation.
NATURAL PRO-INFLAMMATORY DAMP
REGULATORS

As discussed above, the bulk of past Tx-related studies have
sought to identify how to blunt DAMP pathways that initiate
early inflammation after IRI responses with the prediction that
this would lead to reduced alloimmune response or even aid
tolerance induction. This approach has shown promise,
particularly in experimental animal studies, where DAMP
targeting with antibodies to DAMPs or their receptors reduces
Frontiers in Immunology | www.frontiersin.org 5
alloimmunity and limits AR. DAMP targeting also limited later
development of CR-associated graft vasculopathy and fibrosis.
Recently, another promising approach has been the
identification of natural/endogenous pro-inflammatory DAMP
regulators (Table 2) that the body utilizes to regulate pro-
inflammatory DAMPs and harness them to limit alloimmunity
or improve transplant outcomes. Past studies by Liu and
colleagues demonstrated that the sialic-acid–binding
immunoglobulin-like lectins (Siglecs)-CD24 signaling pathway
suppresses inflammation triggered by DAMPs to protect against
pathological inflammatory responses arising from cell death and
necrosis (70). Importantly, they revealed that the Siglec-CD24
pathway only regulated DAMP signaling, while leaving the
protective immune response to pathogen-derived PAMPs
unabated (70). CD24 associates with DAMPs, particularly
HMGB1, to negatively regulate their stimulatory activity by
binding and presenting them to Siglecs that then downregulate
immune responses via intracellular immunoreceptor tyrosine-
based inhibitory motifs (ITIMs) domains (71). Active CD24-
DAMPs-Siglec axis limits the inflammatory signaling in myeloid
antigen, especially DC, to blunt their pro-inflammatory
functions, particularly the secretion of TNF-a, IL-1b, and IL-6
(71). Harnessing this pathway has been particularly promising as
a means to limit alloimmunity (72, 110) and assessment of the
CD24-DAMPs-Siglec axis as a way to limit AR and CR after
SOTx may also be worthy of further focused investigation.
IMMUNE CELLS INVOLVED IN A
REGULATED, IMMUNE-MEDIATED
TISSUE REPAIR PROCESS

Tissue-Resident and Type 2 Cytokine-
Activated Monocyte-Derived Macrophages
Tissues and organs of the body have resident populations of
macrophages seeded during the embryonic or early postnatal
period from early hematopoietic progenitors from the yolk sac
and fetal liver, as well as a small subset originating later from
circulating monocytes (111). In homeostatic mouse and human
hearts, myeloid cells can be fractionated by their expression of
the C-C chemokine receptor 2 (CCR2). At homeostasis, both
rodent and human heart contain predominantly fetal-derived
CCR2- MHCIIlo macrophages, and small subsets of monocyte-
derived CCR2+ MHCIIhi macrophages, as well as CCR2+

MHCIIlo monocytes (112). However, after the ischemic injury
of organs and tissues, infiltrating monocytes and monocyte-
derived CCR2+ macrophages rapidly dominate damaged tissues
where they initiate the pro-inflammatory response discussed
above. Studies of the CCR2- population have demonstrated the
importance of this subset to limit adverse remodeling, but the
propensity to be lost at sites of IRI (90). Studies of IRI in
commonly transplanted organs, such as the heart, lung, liver,
and kidney, have provided evidence for the existence of certain
DAMPs that not only initiate inflammation but also, or instead,
initiate and sustain tissue injury resolution responses and repair
February 2021 | Volume 12 | Article 611910
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by infiltrating immune cells. The study of mucosal injury and
repair suggests a similar evolution where homeostatic resident
myeloid cells are rapidly outnumbered by infiltrating monocytes
and monocyte-derived macrophages (113). Through these
models (114, 115), we now have a framework paradigm of an
effective inflammation resolution and repair processes after
tissue insult due to ischemic stimuli, and we are beginning to
understand the DAMP-influenced processes and pathways
directing immune cell-mediated response after injury (Figure
1). Findings in these injury models will not be confounded by the
unique immunological situation found in SOTx where adaptive
and innate immune cells will respond to non-self, allogeneic graft
components. In injury models, a highly regulated, immune-
mediated tissue repair process that is shaped by DAMPs after
injury has emerged. This process consists of a pro-inflammatory
phase, a resolution phase, and a repair phase (Figure 1B). How
anti-AlloAg responses impact the typical signaling induced by
DAMPs during the cellular responses leading to the early
inflammatory phase and resolution and reparative phase after
ischemic injury remains poorly understood. These questions are
beginning to be addressed in recent rodent Tx studies described
below, as well as speculated on in the later sections of our review.

As discussed above, myeloid cells are primary sensors of early
damage. Yet, how infiltrating monocytes and tissue-resident
Frontiers in Immunology | www.frontiersin.org 6
macrophages respond to early hypoxia and DAMPs released
due to ischemia is quite distinct. Infiltrating monocytes will
differentiate into macrophages activated by pro-inflammatory
cytokines (TNFa, IL-1b, IFNg, IL-6) and DAMPs (HMGBI,
ATP, Genomic DNA/Histones, IL-1a) into highly pro-
inflammatory cells that, with neutrophils, dominate the pro-
inflammatory phase after IRI. After ischemic injury due to
myocardial infarction (MI), however, the resident CCR2-

macrophage subset, while able to proliferate in non-damaged
tissues, is lost due to anoxia and nutrient depletion (90). Thus,
the ischemic areas are rapidly dominated by responding
neutrophils and infiltrating Ly6Chi CCR2+ monocytes, and F4-
80+ Ly6Chi CCR2+ MHCII pro-inflammatory macrophages. The
pro-inflammatory state of differentiation and functional activity
of these macrophages will be enhanced by DAMPs like HMGB1
and Vimentin and local type-1 cytokines, particularly IL-1b,
IFNg, and TNFa. As described by Braza et al., HMGB1 and
Vimentin promoted a pro-inflammatory training of cardiac
graft-infiltrating macrophages that secreted increased TNFa
and IL-6 (10). These type-1 cytokine-activated macrophages
approximate the well-characterized “M1” macrophages
generated in vitro by exposing macrophages to LPS and IFNg.
They use their high phagocytic capacity, robust production of
NO, and pro-inflammatory cytokines to mediate the removal of
TABLE 2 | Regulatory or reparative DAMPs and related molecules in Tx.

Family Molecule Receptors Role in Tx- related inflammation/immunity/outcomes References

Regulatory or reparative DAMPs
CD24 Siglec Associates with DAMPS to negatively regulate their stimulatory activity

Protect against pathological inflammatory responses arising from cell death
and necrosis
Limits T cell alloimmunity

(70–73)

IL-33 ST2 Promotes the systemic expansion of ST2+ Treg able to limit alloimmunity
Promotes the secretion of Areg and other growth factors act on tissues and
stem cells to support repair
Induces TCR-independent Treg secretion of IL-13 and Areg that to control
local inflammation and the generation of reparative type macrophages
Directly promotes the generation of reparative macrophage phenotype
through a metabolic reprogramming that augments OXHPOS and FA uptake

(74–82)

Heat Shock
Proteins (HSPs)

CD91, TLR2, TLR4,
SREC1, and FEEL1

Supports debris clearance and wound repair
Protect organs from IRI
Extend graft survival
Induce IL-10 secretion by T cells
Support polarization of macrophages towards regulatory and reparative
subsets

(24, 83–89)

Hyaluronan Lyve1 High weight forms support the survival and localization of macrophage
subsets that productively remodel ECM to support vasculature function after
injury
Contribute to tissue integrity and functional immunological niches

(23, 90–94)

Specialized pro-resolving
mediators (SPMs) and related
molecules

Annexin A1 FPR2/ALX Polarization of macrophage towards a pro-reparative subset
Prolong allografts survival with sub-therapeutic immunosuppression
Protect organs after IRI

(95–99)

Maresins,
Lipoxins, and
Resolvins

GPR32 and ALX/
FPR2 receptors

Limiting neutrophil infiltration and induction of neutrophil apoptosis
Directly limiting adaptive immune responses
Organ-protective and regenerative actions after IRI
Stimulate macrophage transition toward reparative subsets
Enhance Treg functions
Prolongation of allograft survival

(100–109)
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B

FIGURE 1 | Impact of pro-inflammatory versus reparative and regulatory DAMPs on immune cells during inflammation, resolution, and repair phases after tissue
injury. (A) Recruited CCR2+ monocytes and the macrophages derived from them participate in a highly regulated, immune-mediated tissue repair process shaped by
1. Pro-inflammatory and 2. Reparative and Regulatory DAMPs. These also act on Treg and potentially resident macrophages to support the survival and function of
these immune cells. (B) This process can be divided into three overlapping phases, including a: 1. pro-inflammatory phase (red), 2. resolution phase (blue), and
3. repair phase (green). In the first phase, pro-inflammatory DAMPs act on monocytes and macrophages to generate or support the function of highly phagocytic,
inflammatory macrophages that use robust production of NO and pro-inflammatory cytokines to mediate the removal of any pathogens and damaged necrotic
tissue. The transition to the resolution phase involves efferocytosis, or the phagocytosis of apoptotic cells, by macrophages receiving input from reparative and
regulatory DAMPs and type 2 cytokines. These can both block the impact of pro-inflammatory stimuli on macrophages and contribute to the generation of Treg that
support local immune suppression. The final phase involves little pro-inflammatory DAMP activity. It is dominated by reparative and regulatory DAMPs macrophage
metabolism enabling the function of reparative and regulatory macrophages, such as secretion of cytokines, effector molecules, and growth factors that mediate
responses in stromal, parenchymal cells, and stem cells to facilitate tissue repair. Regulatory and reparative DAMPs also act on Treg, which support the generation
of reparative and regulatory macrophages and contribute growth factors to the repair environment. Reparative and Regulatory DAMP most likely also act on resident
macrophages that are important for injury resolution and re-establishment and maintenance of tissue homeostasis. Abbreviations used: Areg, Amphiregulin; ATP,
Adenosine Triphosphate; CCR2, CC Motif Receptor 2; DAMP, damage-associated molecular pattern; gDNA, Genomic DNA; HSP, Heat Shock Protein; HMGB1,
High-mobility group box 1; IL, Interleukin; Ly6C, Lymphocyte antigen 6 complex, locus C1; mDNA, Mitochondrial DNA; NO, Nitric Oxide; SPM, Specialized pro-
resolving mediators;TGF, Transforming growth factor; Treg, Regulatory T cell.
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any pathogens and any damaged necrotic tissue. These
macrophages will also have high levels of HIF-1a, facilitating
their glycolytic metabolism and the release of pro-inflammatory
cytokines and chemokines that attract and activate additional
infiltrating neutrophils and monocytes. The result is the
collateral damage of healthy tissue from the induction of this
response; thus, the benefit of limiting the pro-inflammatory
response after Tx is apparent.

Nevertheless, this pro-inflammatory process involving
macrophages is essential to address pathogens and dead cells
and crucial to the initiation of the resolution phase and
subsequent repair phase (Figure 1B) of the wound healing
responses (57, 59, 116). Indeed, if macrophages are depleted
early after IRI injury, the overall inflammatory response is greatly
diminished, yet this results in ineffective clearing of necrotic cells
from the damaged site and leads to inefficient repair and
regeneration (117). Thus, one lesson from these studies for the
transplant community is not to seek the total absence of an
inflammatory macrophage response after Tx, but instead
encourage a restrained early response that is brief and limited
in scope to not cause overwhelming tissue damage that leads to
early graft failure or persisting tissue injury. The success of
reagents like co-stimulatory blockade in tolerance induction
may be due, in part, from their ability to limit the antigen-
presentation function of myeloid, but not ablate myeloid cell
injury resolution functions. A vital transition in local
macrophages next occurs in ischemic areas where they assume
a phenotype associated with immune regulation and wound-
healing. This transition is orchestrated by macrophage
efferocytosis, or the phagocytosis of apoptotic cells, especially
neutrophils, in the absence of pro-inflammatory stimuli and the
presence of the type-2 cytokines, IL-4 or IL-13 (118).

A wealth of knowledge regarding type-2 cytokine activated
macrophages has been generated through the ex vivo study of
macrophages treatment with IL-4. IL-4 augments fatty acid (FA)
uptake and oxidative phosphorylation (OXPHOS) to supports
macrophage regulatory and reparative functions (57, 61). The
importance of FA uptake and b-oxidation in regulatory and
reparative macrophage polarization has been controversial (119).
Yet, the disruption of FA uptake through inhibitors or loss of the
FA translocase CD36 in mice and humans limits the generation
and function of immunosuppressive and regulatory myeloid cells
(120, 121). Inhibition of this pathway blocks the IL-4-induced
expression of crucial genes, including CD206, CD301, and
RELMa that are functional phenotypic markers of reparative
and regulatory macrophage (61). Macrophages programmed
towards repair through efferocytosis and IL-4 secrete the anti-
inflammatory cytokine IL-10. IL-10 will act in the local
environment to support macrophage OXPHOS and preserve
their respiratory capacity by facilitating the removal of
dysfunctional mitochondria via mitophagy (68). Upregulation
of peroxisome proliferator activated receptor g (PPARg) and
PPARg coactivator 1B is important for FA oxidation and
mitochondrial biogenesis in IL-4-exposed macrophages (122,
123). In addition to IL-10, type 2 activated macrophages
secrete TGF-b and express programmed cell death ligands to
Frontiers in Immunology | www.frontiersin.org 8
suppress local immune responses (116). Arginase 1 (Arg1) is also
induced to generate ornithine from L-arginine to support tissue
repair (124), but also generates metabolites that dampen T cell
responses, including those of alloreactive T cells (125, 126). IL-4-
activated macrophages aid injury resolution through the
production of several growth factors, including platelet-derived
growth factor, transforming growth factorb1 (TGF-b1), insulin-
like growth factor 1 (IGF-1), and VEGFa to promote cellular
proliferation, blood vessel development, and attract and
differentiate tissue fibroblasts into myofibroblasts (116). The
capacity of reparative macrophages to control myofibroblasts
that modulate the local ECM to initiate wound contraction and
closure and direct re-vascularization makes them critical to the
restoration of injured tissues and organs as close to a homeostatic
state as possible (121).

The ability of type 2-activated macrophages to both repair
tissue and suppress local T cell responses has made them an
attractive target population in SOTx to support tolerance
induction, as well as limit or potentially even reverse CR (127).
Further research is necessary to understand what endogenous
local molecules initiate or support monocytes’ transition to
reparative and regulatory macrophages at the end of the
injury’s pro-inflammatory phase. The signals that direct their
reparative response to resolve damage and restore homeostasis
or functionality to damaged tissues and organs will be important
targets to define for the generation of new biologics for use in
SOTx. With a clear picture of the stimuli that control both the
initiation, magnitude, and length of the inflammatory and repair
and resolution phases after injury comes the capacity to control
the process through regulated delivery of agents directing the
appropriate pathways at the correct time. The elucidation of
these macrophage-mediated pathways in innovative transplant
models will be vital. These studies should also explain how the
typical process and pathways leading to effective repair in tissues
and organs are impeded, augmented, or dysregulated by a
persistent local immune response to AlloAg.

Lyve1hi Macrophages
While infiltrating monocyte-derived macrophages are the
prevailing effectors during the immune response to ischemic
injury, other immune cells have been identified that also
contribute significantly to effective healing and remodeling
after tissue damage. A recent paper has described a Lyve1hi

MHCIIlo CX3CR1+ CCR2- interstitial macrophage subset in the
vasculature adventitia of the lung, heart, fat, and dermis (128).
Depletion of this subset before bleomycin-induced lung injury or
isoproterenol-induced cardiac hypertrophy augmented fibrotic
disease in both models (128). Comparison of the arterial Lyve1+

vs. Lyve1- macrophages revealed that the Lyve1+ subset was
enriched for genes involved in homeostasis and ECM
remodeling, and their deletion result in ECM abnormalities
causing lost vascular wall integrity and impeded blood flow
(91). Further mechanistic investigations revealed that Lyve1+

macrophages bind to smooth muscle cells (SMC) via ECM
interactions and shape artery tone and function by regulating
ECM collagen deposition (91). As mentioned briefly above,
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studies by Dick et al. have shown that a similar population of
fetal-derived, TIMD4+ Lyve1+ MHClo CCR2- cardiac resident
cells are lost at sites of IRI. These cells are rapidly replaced by
CCR2+ monocyte-derived cells, some of which can take on a
CCR2- resident phenotype, but lack expression of Lyve1 or
Timd4 (90). The TIMD4+ Lyve1+ resident macrophage subset
also repopulates after loss through proliferation in the peri-
infarct area and their depletion post-MI resulted in poor
cardiac function (90). Data generated using the depletion of
resident CCR2- macrophages before syngeneic cardiac Tx
established that the therapeutic benefit they provide after IRI is
due, in at least part, to their capacity to inhibit CCR2+ monocyte
recruitment (92). It is not entirely clear if monocyte-derived
Lyve1+ CCR2- subsets are as effective as the fetal-derived subset
they replace over time. There is, however, accumulating evidence
that Lyve1+ CCR2- macrophages are essential for the healing
after cardiac IRI and contribute to local homeostasis by directing
the infiltration of other immune cells through modulation of
local ECM.

Tregs in Tissue Repair
CD25hi forkhead box P3 (Foxp3)+ regulatory T cells (Tregs) are
an essential endogenous population of CD4+ T cells that act as
potent immunosuppressive cells to control autoreactive immune
responses and limit tumor immunity. Tregs use multiple
mechanisms for their immunosuppressive functions that limit
the size and quality of other T cell responses. These mechanisms
include the production of anti-inflammatory cytokines, such as
IL-10, IL-35, and TGFb, that act directly on T cells to suppress
their expansion and effector functions, as well as promote their
exhaustion and deletion. Tregs ample expression of CD25 allows
them to sequester IL-2 from immunological microenvironments.
The importance of their suppressive capacity was first made
evident in the study of mice and humans with Foxp3+ mutations
that caused aggressive and lethal systemic autoimmunity (129,
130). Ongoing clinical trials are attempting to harness the potent
immunosuppressive capacity of Tregs as cell therapy and reduce
autoimmune pathology, or ideally, restore lost tolerance in
patients with Crohn’s Disease, Type 1 diabetes, and lupus
(131). Based on rodent pre-clinical Tx studies’ successes where
administered polyclonal or AlloAg-specific Tregs support Tx
tolerance induction, more than 15 clinical studies have been
recently completed or underway in SOTx.

In addition to preventing tissue injury by limiting collateral
damage mediated by an unrestrained immune response, Tregs
also secrete factors that support the proliferation and survival of
stem cells. Tregs secrete amphiregulin (Areg), a bi-functional
growth factor that supports stem cell proliferation and
differentiation through actions on the epidermal growth factor
receptor (EGFR) (132). Related studies have identified Tregs
secretion of keratinocyte growth factor as an import signal for
alveolar epithelial proliferation and regenerative alveologenesis
(133). In addition to the ability of Tregs to shape the function of
monocytes and myeloid APC through secreted molecules like IL-
10 and TGFb, they also express indoleamine 2,3-dioxygenase
that catalyzes the degradation of tryptophan to limit the function
of CD8+ T effector cells (134). Tregs also have the capacity, at
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least in vitro, to direct the polarization of monocytes towards
macrophage populations exhibiting features of those exhibiting
reparative and regulatory functions in vivo. When both mouse or
human monocytes are cultured with Treg, they upregulate their
expression of CD206 and Arginase 1, both functional phenotypic
markers of reparative and regulatory macrophages, due to Tregs
secretion of IL-10 and IL-13 (135). Tregs are also essential to
limit the damage and support function after ischemic injuries to
the heart and brain (136, 137). Thus, in addition to their
canonical role in suppressing detrimental immune responses
and maintaining immune homeostasis, Tregs participate in the
repair of tissue damage.
REGULATORY AND REPARATIVE DAMPS
AND SPECIALIZED PRO-RESOLVING
MEDIATORS (SPMS) IN TISSUE INJURY
RESOLUTION

In the above sections, we outline the importance of several
macrophage subsets, with input from Treg, needed to complete
a highly regulated resolution and repair process that is relatively
universal across organs and tissues. While not the focus of this
review, it should be mentioned that other immune cells,
particularly dendritic cells, various T helper subsets, and innate
lymphocytes, also play essential roles in the repair process
initiated by DAMPs (3, 138). It is also hopefully more clear
how pro-inflammatory DAMPs, like HMGB1, ATP, and mDNA,
are important initiators of, or at a minimum - crucial contributor
to the early pro-inflammatory phase of tissue injury.
Nevertheless, other endogenous signals, like CD24, that quell
local inflammation or initiate the resolution and repair phases
after IRI or other Tx-relevant injuries remain poorly understood.
Previously suggested pro-inflammatory DAMPs, particularly IL-
33, HSPs, and HA, however, support the expansion of reparative
cells. These DAMPs also drive the function of immune cells
during the resolution and reparative programs induced in
various injury models (Table 2). Other biomolecules, such as
Annexin A1 (AnxA1) and specialized pro-resolving mediators
(SPMs), including resolvins and maresins, also act as powerful
endogenous signals that support immune-mediated
inflammation resolution and the return to local homeostasis
(Table 2).

When considered from a more general perspective, there are
several common characteristics of regulatory DAMPs and SPMs
that standout. First, these molecules are typically sequestered or
shielded from recognition by the immune system until they are
released after injury. Second, both groups limit local infiltration
by inflammatory leukocytes and instead orchestrate the
differentiation and function of immune cells that restore local
homeostasis through inflammation resolution and repair. Third,
most contribute to the differentiation of reparative- or
regulatory-type macrophages via induced signaling and
metabolic programming towards OXPHOS and FA uptake.
Fourth, the capacity of regulatory DAMPs and SPMs to
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directly stimulate Treg expansion and function, or support Treg
expansion indirectly through actions on myeloid APC and
macrophages is common. Finally, many of these molecules
may be released at very low concentrations during normal cell
turnover to sustain the immune cells maintaining homeostasis.
The molecules and immune cells, like Treg and macrophages,
restoring local and systemic homeostasis, may overlap
considerably with cells and systems that typically maintain it.
We discuss below the limited, but growing, literature describing a
potential role for regulatory DAMPs and SPMs and their target
cells in influencing alloimmunity and Tx outcomes.

Specialized Pro-Resolving Mediators
(SPMs)
SPMs are a superfamily of lipid molecules that are generated
locally after injury and target G coupled receptors (GPRs) in
order to stop excessive neutrophil infiltration, counter pro-
inflammatory signals, enhance efferocytosis, and the clearance
of dead cells by macrophages (139, 140). SPMs are generated
from essential polyunsaturated FA in enzymatic reactions
completed by both leukocytes, platelets, and parenchymal and
stromal cells into several related groups of immunoresolvins,
including lipoxins, E, and D series resolvins, protectins, and
maresins (100, 139, 140). Lipoxin is secreted by neutrophils and
macrophages after being synthesized from arachidonic acid. It
acts on cells expressing the G protein-coupled lipoxin A4 (ALX)/
formyl peptide receptor (FPR2) or GPR 32, the aryl hydrocarbon
receptor, estrogen receptor, as well as the cysteinyl leukotriene
receptor (141). Important actions of lipoxin on innate immune
cells after injury include limiting neutrophil infiltration and the
induction of neutrophil apoptosis. Lipoxin also supports injury
and inflammation resolution by delaying the apoptosis of
macrophages completing efferocytosis and local debridement
(142). Limited studies suggest that lipoxin may have the ability
to directly regulate B-cell antibody production and proliferation,
as well as limit T cell effector functions (101, 102). While lipoxin
impacts on innate and adaptive immune cells would be expected
to improve Tx outcomes, to date, however, the influence of lipoxin
on alloimmunity and Tx outcomes has been poorly explored. A
limited assessment in clinical lung Tx samples revealed the
presence of lipoxin in these samples, and the delivery of a stable
lipoxin analog provided subtle improvements in mouse heart and
kidney Tx models (103). This initial testing was completed in
MHC-fully mismatched models; thus, experimentation in less
aggressive combinations is warranted to understand better if
lipoxin can improve CR by limiting IRI, reducing alloimmunity,
or initiating repair responses.

E-series resolvins are generated primarily by neutrophils from
the exudate omega-3 FA eicosapentaenoic acid (EPA), where D-
series resolvins are made by neutrophils from docosahexaenoic
acid (DHA), which also serves for the starting blocks of maresins,
which is synthesized from DHA by macrophages (100). Like
lipoxin, both resolvins limit neutrophil infiltration and promote
their apoptosis. Some resolvins have potent organ-protective and
regenerative actions that would be highly relevant in surgery-
induced IRI. SPM-stimulated macrophage transition toward
Frontiers in Immunology | www.frontiersin.org 10
those reflective of IL-4-activated macrophages, which, as
discussed, are characterized by high levels of FA uptake and
are the primary source of maresins (104). These lipid mediators
have also been shown to induce macrophage production of IL-10
while reducing dendritic cell production of IL-12 (100, 105).
SPMs also have potent anti-IRI activities demonstrated for
kidney, liver, and lung mediated by limiting TLR4/MAPK/NF-
kB pathway activity and activating the Nrf2 pathway to limit
oxidative stress (106–108). Other intriguing studies have
suggested that D-series resolvins and maresin can act on T cell
GPR32 and ALX/FPR2 receptors to limit human and mouse pro-
inflammatory cytokine production, while simultaneously
enhancing Treg function. It has also been described how a
decrease in resolvins and maresins are observed in obese
subjects or individuals suffering from autoimmunity or
systemic inflammatory diseases. These findings suggest the
importance of these molecules in systemic homeostasis (143).
Based on these effects, the role of SPMs in the early and late
immunobiology of Tx deserves investigation.

Annexin A1 (AnxA1)
AnxA1 is a phospholipid-binding protein sequestered in the
cytoplasm of neutrophils, monocytes, and macrophages and
released upon their activation (144). The production of AnxA1
is highly responsive to glucocorticoids, with endogenous and
delivered glucocorticoids increasing both AnxA1 expression and
secretion (144). The anti-inflammatory and pro-resolving effects
of AnxA1 are mediated through binding to FPR2/ALX, which
limits neutrophil transmigration tissue infiltration and induces
neutrophil apoptosis. AnxA1 acts on macrophage FPR2/ALX
receptors to activate AMPK, which is a potent regulator of
mTOR (95). This results in the polarization of macrophage
towards a pro-reparative subset. These data indicate that
AnxA1 acts as a natural factor that can regulate the pro-
inflammatory DAMP metabolic reprogramming described by
Braza et al. Thus, AnxA1 may act like the pro-tolerogenic
signals generated when nanoparticles containing the mTOR
inhibitor rapamycin were used targeted to graft macrophages
after heart transplant (10). Delivery of an AnxA1 mimetic could
prolong BALB/c skin grafts on B6 recipients, but only when given
with sub-therapeutic cyclosporine A (96). Targeting FPR2/ALX
with AnxA1, like lipoxin above, provides a protective, but not
robustly immunosuppressant or protective effect after Tx. Given
the importance of limiting early graft injury and rapidly
transitioning from a local pro-inflammatory state to one of
injury resolution and tissue repair, it is easy to envision how
reagents targeting this pathway could be combined into
immunosuppressive protocols to improve outcomes by limiting
the pro-inflammatory phase and accelerating pro-inflammation
resolution after IRI. Tx researchers have spent most of our energy
looking for reagents that are potent immunosuppressants or able
to induce tolerance. AnxA1 may be able to contribute here
through actions on Dectin-1 (145). However, it is advisable that
we also harness the wealth of past evidence that AnxA1 or its
derivatives are useful when used to target FPR2/ALX to limit MI-
mediated pathology and acute kidney injury (97–99). These data
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would support an investigation into using these reagents to limit
early graft failure or IRI under cover of immunosuppression.

Heat Shock Proteins (HSPs)
Heat shock proteins (HSPs) are highly conserved proteins
grouped according to their molecular weights (e.g., Hsp 27,
Hsp40). They are upregulated in response to stress conditions
that result in damaged proteins, such as extreme heat, hypoxia,
oxidative stress, inflammation, injury, or infections. They are
essential for intracellular functions involving the initiation of
protein folding, repair, refolding of misfolded peptides, and
aiding in the degradation of irreparable proteins. However,
upon necrotic cell death or cellular stress, HSPs are released
and were initially characterized as pro-inflammatory DAMPs
that acted on TLR4. However, several pre-clinical studies have
demonstrated various extracellular HSPs that, when
overexpressed or delivered, can protect organs from IRI (83,
84) and extend graft survival (85, 86). When delivered, various
HSPs are potent inducers of T cell IL-10 production and support
the polarization of macrophages towards regulatory and
reparative subsets (87, 88). These findings and their
implications in Tx have been recently expertly-reviewed (89)
and thoroughly describes the literature supporting consideration
of HSPs as a regulatory DAMP in Tx.

Hyaluronan (HA)
HA, also known as hyaluronic acid, is an important ECM
component synthesized by HA synthase at the plasma
membrane of predominantly mesenchymal cells. Here it
associates with different HA-binding proteins to form
pericellular and extracellular matrices that are important for
creating space and a matrix allowing cellular migration and
localization. HA is also generated as part of the tissue injury
and repair response, where it directs and regulates the infiltration
and function of fibroblasts, blood vessels, and immune cells (93).
HA is connected to the early inflammatory responses after
injury, as degraded HA induces signaling via TLR4 and TLR2
on macrophages to drive pro-inflammatory cytokine production
(21). HA has a long history in Tx, as Goldstein and colleagues
showed convincingly that HA fragments could induce DC
maturation and initiate alloimmunity (22). That HA can
induce alloimmunity is of clinical relevance as the bronchial
lavage fluid of lung transplant patients undergoing AR displays
significantly higher HA levels than those with no rejection (146).
Additional studies established that HA was prominent in areas of
intraluminal small airway fibrosis in lung transplants bronchiolitis
obliterans, as was the message for HA synthase (147). Increased
local and circulating levels of HA have also been noted in rodent
skin and cardiac transplant models (22, 148). Yet, the impact of
HA on alloimmunity is not clear and potentially double-edged, as
different molecular weight HA products seem to produce pro-
inflammatory or regulatory impacts depending on the
transplanted organ. The accumulation of lower molecular weight
HA stimulated lung inflammation after lung injury and was
shown to contribute to lung transplant rejection, while high-
molecular-weight HA attenuated allograft inflammation and
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contributed to lung epithelium integrity (21–23, 147). In
contrast, low molecular weight HA delivery prolonged renal and
cardiac allograft survival (149, 150). These contrasting findings
may reflect different biological functions of HA between different
organs and or distinct roles of HA in the different physiological
processes happening, i.e., AR, CR, or tissue repair.

One aspect that should be discussed further that may account
for these varied responses in transplanted organs is the emerging
importance of intact, high molecular weight HA to the
generation of functional immunological and repair niches. HA
interactions are critical to hematopoietic and tissue-forming
stem cell migration, function, and survival (93). HA stem-
supporting characteristics also aid the function and survival of
cancer cells, and HA in the ECM of the tumor environment
supports tumor-associated macrophages’ polarization and
survival (151, 152). Thus, while the DAMP activity of HA is an
important consideration, an equally important function of HA in
the transplant microenvironment may be its role in providing the
localizing, supporting structure to the hematopoietic and
structural cells that are being tuned by DAMPs and other
signals in the environment to shape any alloimmune response
or resolve a local injury. HA contributions to “rejection” niches
are implied by the observation that delivery of low molecular
weight fragments antagonize cardiac graft infiltration by effector
cells using the HA binding receptor CD44. This interaction can
also be targeted effectively with anti-CD44 antibodies (153).

Nevertheless, several recent studies have revealed the
importance of HA niches and protective HA-binding myeloid
cells in them after IRI. As introduced above, Dick et al. described
the importance of fetal-derived, self-renewing Lyve1+ MHCIIlo

CCR2- macrophage subset in productive repair after myocardial
infarction (MI) (90). Lyve1 is the receptor for HA, and the
expression of this receptor by CCR2- macrophages appears to
target them to HA dense areas, particularly the adventitial layer
of arteries. Deletion of these macrophages post-IRI resulted in
the dysregulated repair after myocardial infarction (90). Related
studies also used a different system to completed targeted
deletion of Lyve1+ macrophages and established that an
important function this subset was to modulate the ECM in
these arterial niches and prevent arterial stiffness at homeostasis
(91). This function required Lyve1-HA-interaction-induced
production of matrix metalloproteinase 9 (91). Further
mechanistic investigations revealed that Lyve1+ macrophages bind
to smooth muscle cells (SMC) via interactions with HA and shape
artery tone and function by regulating ECM collagen deposition
(91). HA’s importance for healing after IRI was also demonstrated
in mice with inducible deletion of HA synthase 2 (HAS2). HAS2
deletion before IRI resulted in a severely impaired hemodynamic
function associated with a loss of cardiac macrophages, but not
monocytes (94). The authors accounted poor function to increased
apoptosis of macrophages in the absence of HA stimulation (94).
The loss of HA also resulted in decreased myofibroblast in the
infarct site, and in vitro studies outlined an intricate network were
HA-positive fibroblasts and Lyve1+ macrophages communicate to
generate functional ECM after IR. These observations mesh with
syngeneic cardiac Tx studies completed by Kreisel and Lavine,
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where they demonstrated that CCR2- macrophages inhibit
monocyte recruitment, where the CCR2+ macrophage subset
promoted monocyte recruitment via MyD88-dependent
mechanism and the release of monocyte chemoattractant proteins
(92). These recent studies shed light on how critical local niches
shaped by ECM components, including HA, will be important to
outcomes after Tx.

Interleukin-33 (IL-33)
IL-33 is a member of the IL-1 superfamily sequestered in the
nucleus due to a nuclear localization domain and chromatin
binding motif (154, 155). IL-33 released during necrotic cell
death and cellular stress is functional, but its activity is negatively
regulated by caspases, oxidation, and chromatin occupancy.
Several proteases can increase the activity of full-length IL-33
by cleaving off the nuclear localization domain and chromatin
binding motif (154, 156). We have also recently demonstrated
that bio-active IL-33 is present in vesicles bound to the ECM of
stromal cells where it is protected from proteolytic
modification (157).

IL-33 was originally identified and described as inflammatory
DAMP that drives type 2-cytokine-mediated inflammation when
it is released after tissue damage and stimulates immune cells via
the IL-33 receptor IL-1R-like-1(IL1RL1), more commonly
referred to as Stimulation-2 (ST2) (158). Numerous immune
cells express varying levels of ST2. These include basophils, mast
cells, eosinophils, group 2 innate lymphoid cells (ILC2s) (154),
CD8+ (159, 160), and CD4+ T cells (161), particularly Th2 cells
and Treg (74–77, 158, 162), B cells (163), macrophages (78, 157,
163), and DC subsets (162, 164, 165). IL-33 acts on these cells to
support type 2 responses dominated by the cytokines IL-5 and
IL-13. IL-33 induction of type 2 cytokines aides parasite
clearance and drives allergic responses, lung inflammation, and
fibrotic skin diseases. There is a close link between type 2
cytokines and tissue repair, and IL-33 has emerged as a crucial
mediator of the repair process. Much of the known repair activity
of IL-33 involves its capacity to target ST2+ Tregs, a
predominantly peripheral tissue-resident subset, and induce
their expansion and production of IL-10, IL-13, and Areg
(166). Seminal studies by the Rudensky group established an
essential role for Tregs in the resolution of epithelial injury after
virally-induced lung injury due to their secretion of Areg.
Interestingly, it was Tregs recognition of IL-18 or IL-33, not
TCR signaling, that led to this reparative action (74). IL-33 also
induces TCR-independent Treg secretion of IL-13 that is critical
to control local inflammation and after chemical or viral lung
injury (77). Treg secreted IL-13 generates Arginase 1+

macrophages implicated in tissue repair and homeostasis (77).
ILC2 secrete IL-13 in response to IL-33 to promote lung
regeneration by stimulating macrophage support of type 2
alveolar epithelial stem cell proliferation (167). There is a
prominent role for IL-33 in regulating metabolic homeostasis,
and disruption of the Treg-ILC2-Macrophage axis contributes to
increased inflammation and obesity (168–170). Fibro/adipogenic
progenitor cells in the skeletal muscle express IL-33 and sustains
skeletal muscle Tregs that are important for muscle regeneration
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after injury through secretion of Areg that supports muscle
satellite cells (75, 76) and potentially limits the local generation
of inflammatory Ly6Chi macrophages (75).

Numerous studies have suggested the potential to harness the
emerging regulatory and reparative properties of IL-33 in Tx.
Administration of IL‐33 post-heart Tx expands ST2+ Treg to
prolong allograft survival across MHC barriers in rodent heart
transplant models (79, 158). Skin graft acceptance could also be
aided through IL-33-induced expansion of regulatory myeloid
cells and Treg (80, 81). It was not until recently that we also
revealed an essential regulatory function for graft-derived IL-33
that involved the direct targeting of infiltrating recipient
monocytes and macrophages (78). We used heart transplants
lacking IL-33 or recipients with ST2-deficient macrophages to
clarify that a critical function of endogenous IL-33 was to
promote the generation of reparative macrophage phenotype
through a metabolic reprogramming augmenting OXHPOS and
FA uptake. Thus, IL-33 is unique relative to DAMPs like
HMGB1 that drives glycolysis and epigenetic modifications
enabling inflammatory cytokine production (10). IL-33 instead
blocks iNOS expression and, like IL-4, IL-10, and IL-13,
increases mitochondrial function and FA uptake (61, 78). In
total, it is safe to describe IL-33 as a regulatory DAMP in Tx, and
it will be necessary to use tissue-specific disruption of IL-33 and
immune cell-specific deletion of ST2 to help us further
understand how IL-33 coordinates responses to IRI and
alloinjury after SOTx.
UNDERSTANDING WHERE PRO-
INFLAMMATORY AND REGULATORY AND
REPARATIVE DAMP SIGNALS GET
TANGLED AND LEAD TO POOR
OUTCOMES AFTER TX

As outline above, the process of injury recognition, inflammation
initiation and resolution, and then tissue repair after IRI is
complex in both signals and cells involved. It is also subject to
pathology when not perfectly orchestrated, or a phase in the
process is amplified or incomplete. It is easy to appreciate how an
augmented inflammatory response due to an extended ischemia
period releasing prodigious amounts of pro-inflammatory
DAMPs across an entire organ can lead to early graft
dysfunction and failure. It is clear how this would also lead to
AR due to widespread activation of resident DC and other APC
presenting AlloAg, which then travel to the secondary lymphoid
organs to stimulate an alloimmune response. The inflamed
tissues would also be an ideal environment for the generation of
inflammatory APC as infiltrating recipient monocyte differentiate
into pro-inflammatory macrophages and DC that support local
alloresponses that drive rejection (171). The ongoing efforts
discussed above to block the early inflammation mediated by
pro-inflammatory DAMPs, if found therapeutic, should have an
impact here. However, despite the availability of potent
immunosuppressants available to target adaptive immune
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responses and the shortening ischemia times common in current
clinical transplant medicine, CR remains a persistent problem.
The development of CR in immunosuppressed individuals
suggests that other factors beyond pro-inflammatory DAMPs
may need to be considered. In this remaining section, we briefly
postulate how unique aspects of SOTx may interfere with
appropriate resolution or re-establish tissue homeostasis after Tx
to lead to CR.

Alloimmunity Prevents Effective Resolution
and Repair
Transplanted organs represent a unique immunological situation
where non-self, allogeneic signals will impact the typical immune
responses working toward resolving early ischemic injury and
any damage caused by allorecognition. The reaction to AlloAg by
the adaptive immune systems, as well as NK cells, has been long
recognized, yet how innate alloimmune responses influence
acute and chronic tissue injury resolution and repair responses
remains unclear. Precise mouse studies have now established that
graft infiltrating monocytes, in addition to detecting DAMPs,
will recognize allogenic molecules, such as the polymorphic
signal regulatory protein a (SIRPa). The binding of allogeneic
SIRPa to the nonpolymorphic CD47 causes monocytes to
mature into monoDCs expressing IL-12 and stimulating T cell
proliferation and IFNg production in the graft (172, 173). Murine
monocytes and macrophages can also recognize and acquire
memory specific to MHC-I antigens via paired immunoglobulin-
like receptors-A (PIR-A) (174). As outlined in Figure 1, these
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infiltrating monocytes are the main coordinators of local DAMP
and cytokine signals needed to initiate and then resolve tissue
injury. It is easy to speculate how alloreactive macrophage will
increase local IL-12 and IFNg to prolong the pro-inflammatory
phase or prevent transition to resolution and repair (Figure 2A).
Nevertheless, these changes may augment counter-responses to
increase damage and regulatory and reparative DAMPs (Figure
2A). Thus, CR may instead result from an overzealous or
persistent resolution response mediated by reparative Treg and
macrophages that sustain a response to an unresolved
allogeneic injury.

Replacement of Donor CCR2-

Macrophages by a Recipient CCR2+ Pro-
Inflammatory Subsets
The importance of fetal-derived, Lyve1+ CCR2- resident
macrophages cells to control pro-inflammatory CCR2+

monocytes’ infiltration and mediate ECM remodeling to allow
inflammation resolution and productive tissue repair after
cardiac IRI was laid out above. Comparable populations of
self-replicating, fetal-derived macrophages are noted around
the vasculature of the lung, fat, dermis (128), as well as in the
kidney (175). The CCR2- macrophage subset appears critical for
local control of inflammation and remodeling after injury, but
susceptible to loss due to conditions typical of IRI and CR,
including hypoxia and the loss of an HA-rich ECM. Once lost,
this subset is rapidly replaced by a circulating CCR2+ monocyte-
derived subset, which lacks the capacity of the CCR2- subset for
FIGURE 2 | DAMP may contribute to CR after Tx in several scenarios. (A) The alloreactive response of innate and adaptive cells may sustain the pro-inflammatory
phase and lead to a failure to fully transition through the resolution phase and complete the repair phase. In this scenario, CR represents a failure to resolve and
repair, leading to residual graft damage and failure to restore tissue homeostasis. Alternatively, these changes may cause an overzealous counter-responses initiated
by reparative Treg and reparative macrophages in responses to regulatory and reparative DAMPs released by an unresolved allogeneic wound. (B) Alternatively, lost
or depleted reparative and regulatory cells due to ischemia or alloimmune responses may lead to a failed resolution phase leading to residual graft damage. This
scenario may also arise from a depletion of local reparative and regulatory DAMPs over time. In this case, CR would represent a failure to restore tissue homeostasis
due to persisting graft damage.
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limiting fibrosis (90–92). Similar findings in human transplant
samples were observed when endomyocardial biopsies from sex-
mismatched heart transplant recipients were assessed for the
presence of donor tissue-resident CCR2- macrophages (112).
These studies confirmed that the CCR2- subset was almost
exclusively donor-derived. Parallel transcriptomic profiling of
CCR2- and CCR2+ macrophages isolated from failing human
hearts were consistent with the conclusion that these two
populations were distinct cell types. The CCR2+ subset
appeared monocyte-derived and expressed inflammatory
mediators, including IL-1b, components of the inflammasome,
and genes involved in adverse cardiac remodeling. The CCR2-

subset instead expressed increased Lyve1, growth factors, and
ECM genes implicated in tissue remodeling. The CCR2+

macrophage subset was more abundant than the CCR2- subset
in heart failure samples from those with worse left ventricular
systolic dysfunction and adverse remodeling (112). This seminal
study provides the initial confirmation of a potentially beneficial
donor CCR2- macrophage population in transplanted organs.

Further studies can build on this work to define if shorter
ischemia times, ex vivo normothermic perfusion, or specific
immunosuppression protocols can prevent or slow the loss of
donor CCR2- macrophages and the subsequent replacement by
CCR2+ recipient macrophages after SOTx. These examinations
or related pre-clinical studies will provide an understanding if
AR, CR, IRI, or recipient alloimmunity causes the CCR2- subset
to drop below a significant reparative threshold after Tx. It would
be expected that this would lead to increased inflammation and a
sustained loss of homeostasis (Figure 2B). Such a scenario would
account for increased alloimmunity and fibrosis, that culminates
CR pathology after SOTx (Figure 2B). An important additional
question to answer if local reparative DAMPs support the
survival or local proliferation of the CCR2- subset during
homeostasis or after IRI.

Dysregulated Local Niches in the Tx
Microenvironment
Immunological niches typically provide a hospitable place that
concentrates the signals needed to nurture the immune and
stromal cells need to maintain an effective local immune
response or local homeostasis. An organized immunological
microenvironment, or niche, controls local immune responses
during tumor development, is necessary for regulating immune
cell functions in the secondary lymphoid organs, and
fundamental to the production of blood cells in the bone
marrow (176–178). We briefly discussed how HA-rich niches
in the adventitia are critical for the homeostatic maintenance of
vessel function and how these can be disrupted through the loss
of specific cells like CCR2- macrophages or local environmental
signals like HA. The role of immunological niches in transplant
outcomes is currently entirely speculative but is an exciting
concept. However, based on what is known about both IRI and
the alloimmune response after Tx, we would expect that
“homeostatic,” “acute rejecting,” and “injured/reparative,”
“dysregulated/fibrotic/CR” areas all would be observed, and
often co-exist, throughout the lifespan of a transplant. Work in
Frontiers in Immunology | www.frontiersin.org 14
this space by the Halloran group revealed using unsupervised
principal component analysis and archetypal analysis on
microarray assessment of HTx endomyocardial biopsies (EMB)
identified that samples that abnormal EMB did not associate
cleanly with rejection and instead expressed transcripts
indicating a tissue injury response (179, 180). These samples
were enriched for transcripts for DAMPs, as well as
macrophages. The injury-related scores were also high at early
times post-transplant and routinely diminished over time. The
decreasing rejection scores suggest that repair and resolutions of
global IRI injury to the graft is indeed typical unless interrupted
by a local alloimmune response that is not effectively inhibited
by immunosuppression.

IL-33 has been implicated in adventitial vascular niches,
where the IL-33 deletion causes an inadequate local immune
response to pathogens (164). Ablation of IL-33 from white
adipose niche caused immune dysregulation in these niches
resulting in immune dysfunction and obesity associated with
increased pro-inflammatory myeloid cells (181). A high-fat diet
also reduces IL-33 expression in the white adipose niches to
produce similar outcomes. As discussed above, we found that the
upregulation of IL-33 during clinical and experimental HTx
rejection decreased CR due to this regulatory DAMP’s potent
capacity to limit the generation of pro-inflammatory
macrophages from monocytes infiltrating the grafts (78).
Nevertheless, it is yet to be determined how IL-33 or other
regulatory DAMPs are maintained in SOTx regions of the graft
with acute or sustained alloimmunity. Limited evidence from
EMB suggests that grafts maintaining IL-33 display less CR (78).
It is known that IL-33 decreases with age in the muscle leading to
inadequate regenerative responses associated with decreased Treg
and increased inflammatory macrophages. How the expression of
these DAMPs are modulated in fibrotic areas to instruct local
CCR2- and CCR2+ macrophages will be an essential question to
answer. A lost local repair response may become further
augmented when niches become depleted of reparative, or
regulatory DAMPs or the niche ECM becomes unsupportive of
cells needed for repair and instead overtook by alloreactive T cells
that are stimulated by pro-inflammatorymacrophages. As vessels
become occluded due to damage or CR, the niche will become
hypoxic and may further drive macrophages towards pro-
inflammatory subsets supporting rejection. Conversely, sustained
hypoxic environments in areas of the graft could instead favor the
generation of regulatory macrophages due to the induction and
modulation of local DAMPs. Both HMGB1 and IL-33
functionality is impacted by their redox state. While oxidation
of IL-33 into a disulfide-bonded form negatively regulates its
function (182), oxidized HMGB1 induces the expression of
proinflammatory cytokines and chemokines by macrophages
through its binding to MD-2 and TLR4 (183). Conversely,
reduced HMGB1 associates with the chemokine CXCL12 and
binds the CXCR4 receptor to recruit circulating leukocytes and
stem cells to the site of damage and promote tissue regeneration
(184, 185). Reduced HMGB1 in hypoxic tumor sites is suggested
to generate regulatory and reparative macrophages that shape an
immunosuppressive tumor microenvironment (186). HSPs would
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also be induced in hypoxic areas or by cell stress associated with
ischemia, rejection, and fibrosis. Important future studies will be
needed to establish how reduced, oxidized, or induced DAMPs
function in hypoxic versus normoxic regions of solid organ
transplants to dictate short and long-term outcomes.
CONCLUSIONS

The original concept that DAMPs function after Tx as
endogenous PAMPs in one-way paths that can be blocked to
prevent early inflammation while regulatory and repair signals
proceed unabated is dated. Our current understanding,
generated from limited Tx data and studies of organ IRI
models, is that the transcription factors and metabolic
processes activated by pro-inflammatory DAMPs triggering
inflammation after IRI and tissue injury are an essential part of
a dynamic process that needs to function to trigger resolution
and allow damaged tissues to return to homeostasis. It is also
clear that regulatory and reparative DAMPs, closely related
SPMs, are also significant players in shaping the ideal size and
duration of the inflammatory phase after tissue injury.
Regulatory and reparative DAMPs are also active mediators of
subsequent resolution and repair phases.

As tools such as scRNAseq and spatial transcriptomics become
more widely applied in Tx, it will become more apparent how
these different subsets of DAMPs contribute to immune cell
networks during effective responses to IRI and how these are
altered by local alloimmune responses by innate and adaptive cells.
Value-added histology approaches utilizing mapped total RNA
analysis (i.e., 10x Genomics Visium technology) or multiplexing
immunofluorescent tags detecting RNA messages or specific
proteins (i.e., Nanostring GeoMx technology) will be incredibly
helpful to add to our understanding of the DAMP-driven
immunology and physiology existing throughout the graft.
Chronological graft assessment will define how sustained
generation or depletion of regulatory or reparative signals
triggering inflammation, resolution, and repair are modulated in
graft AR and CR in crucial spaces, such as the vasculature.
Applying advanced bioinformatics techniques such as artificial
intelligence and machine learning can be used to investigate
immune cell/DAMP interactions to help establish how these
interactions shape the active signaling networks at each step
after injury, inflammation, resolution, and repair of the graft
(187). Using these types of analyses with precise mouse models
allows for temporal control of the local DAMPs or AlloAg, which
will allow us to untangle AlloAg input into pro-inflammatory,
resolution, and repair pathways after SOTx.
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This knowledge will provide the transplant community with a
framework for developing precision-medicine approaches where
biologicals direct immune processes in the graft effectively. This
family of drugs will be delivered to modulate dominant networks
active in the graft instead of typical efforts to target individual
immune populations or cytokines. Given the emerging evidence
that DAMPs are important mediators of both early inflammation,
injury resolution and repair there is significant therapeutic
potential in manipulating the expression or delivery of DAMPs
during the course SOTx. We have shown that the delivery of
regulatory biomolecules, such as IL-33, using a hydrogel
immediately post transplantation could improve outcomes by
reducing the generation of inflammatory macrophages in HTx
early after transplantation (78). Exploration into the ex vivo
manipulation of organs prior to transplantation as a means to
minimize inflammation and induce the expression of regulatory
DAMPs is warranted. With the more recent development of
normothermic ex vivo organ perfusion storage to mitigate IRI,
there is a window of opportunity to biologically modify the donor
organ either through the delivery of biomolecules, including
regulatory DAMPs, encased in biovesicles or synthetic
nanoparticles or potentially through gene therapy (188, 189).
Another potential therapy to investigate is hypoxic pre-
conditioning before transplantation in order to induce the
expression of HSPs and other DAMPs that are regulatory in
their reduced form. Future studies will be needed to establish the
best timing and mechanism of therapeutic delivery of regulatory
DAMPs following solid organ transplantation to limit AR and CR.
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