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The Reparative Roles of IL-33
Johnny Bou Saba, MD1,2 and Hēth R. Turnquist, PhD1,2,3,4

Abstract. When discovered in the early 2000s, interleukin-33 (IL-33) was characterized as a potent driver of type 2 immu-
nity and implicated in parasite clearance, as well as asthma, allergy, and lung fibrosis. Yet research in other models has 
since revealed that IL-33 is a highly pleiotropic molecule with diverse functions. These activities are supported by elusive 
release mechanisms and diverse expression of the IL-33 receptor, STimulation 2 (ST2), on both immune and stromal cells. 
Interestingly, IL-33 also supports type 1 immune responses during viral and tumor immunity and after allogeneic hematopoi-
etic stem cell transplantation. Yet the IL-33–ST2 axis is also critical to the establishment of systemic homeostasis and tissue 
repair and regeneration. Despite these recent findings, the mechanisms by which IL-33 governs the balance between immu-
nity and homeostasis or can support both effective repair and pathogenic fibrosis are poorly understood. As such, ongoing 
research is trying to understand the potential reparative and regulatory versus pro-inflammatory and pro-fibrotic roles for 
IL-33 in transplantation. This review provides an overview of the emerging regenerative role of IL-33 in organ homeostasis 
and tissue repair as it relates to transplantation immunology. It also outlines the known impacts of IL-33 in commonly trans-
planted solid organs and covers the envisioned roles for IL-33 in ischemia-reperfusion injury, rejection, and tolerance. Finally, 
we give a comprehensive summary of its effects on different cell populations involved in these processes, including ST2+ 
regulatory T cells, innate lymphoid cell type 2, as well as significant myeloid cell populations.

(Transplantation 2023;107: 1069–1078).

INTRODUCTION
Our knowledge of interleukin-33 (IL-33) immunobiology 
has evolved significantly over the last 2 decades. Although its 
early role as a driver of potent type 2 immune responses has 
been concretely established, roles for this novel interleukin-1 
(IL-1) superfamily member in homeostasis, tissue repair, and 

regeneration have also emerged. Several previous reviews 
have covered the molecular biology of IL-33, its genetic and 
protein characterization, 3D structure, and intra- and extra-
cellular regulation and expression.1-3 Therefore, we have 
kept the review of these areas brief and only summarized 
key points needed for comprehension of subsequent sections 
on the reparative function of IL-33. We also opted to divide 
repair and regeneration into 3 different categories. First, we 
will discuss the known role of IL-33 in establishing tissue 
homeostasis during development. Then we will describe its 
function during tissue repair and the mechanisms involved 
postinjury. Finally, we will focus on its potential role in organ 
transplantation, specifically, its contributions to the resolu-
tion of ischemia-reperfusion injury (IRI), and its role in pro-
moting early repair and graft tolerance.

BIOLOGY OF IL-33
The IL-33 gene is located on chromosome 9 in humans 

and 19 in mice and generates a 270-amino acid pro-
tein (Figure  1A) formed by 2 conserved domains. These 
include an N-terminal domain mediating nuclear locali-
zation and chromatin binding, and a C-terminal IL-1-like 
cytokine domain responsible for its activities.1,2,4,5 These 2 
regions are connected by a central linker region that can 
be cleaved by endogenous and exogenous serine/threonine 
proteases.6,7 IL-33 is constitutively expressed in various cell 
types under homeostatic conditions: in epithelial cells of the 
barrier tissues, endothelial cells and adventitial stromal cells 
of the vascular system, lymphoid tissue fibroblast reticular 
cells, as well as cells of the nervous system such as the glial 
cells, neurons, and astrocytes.1,2,4,5 Cellular stress caused 
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by tissue injury or inflammation amplifies and induces de 
novo IL-33 expression. For example, IL-33 expression is 
increased in the intestinal epithelial cells of patients diag-
nosed with graft-versus-host disease (GVHD) after alloge-
neic hematopoietic stem cell transplantation (AlloHCT), 
and in mucosal tissues after radiation or chemotherapy.8 In 
atopic dermatitis, keratinocytes exhibit increased nuclear 
IL-33 expression,9 which becomes cytoplasmic upon skin 
barrier disruption.10 Some fibroblasts express IL-33 con-
stitutively, while others, such as activated fibroblasts and 
myofibroblasts, have inflammation-induced IL-33.1,11

Because of its nuclear localization domain, IL-33 is pre-
dominantly concealed in the nucleus under homeostatic 
conditions but freed to the cytoplasm and extracellular 
space during stress and cellular injury and death. As such, 
IL-33 is classified as a damage-associated molecular pattern 

(DAMP) or alarmin. These are self-derived molecules that 
are typically sequestered but released during cellular stress, 
injury, or necrotic breakdown to signal tissue damage to the 
immune system.1-3,12 The exact mechanisms of IL-33 release 
during injury are not fully understood, and recent studies 
have identified potential release pathways that do not involve 
cellular death and necrosis.13-15 Released IL-33 is functional 
as a full-length protein, but can be cleaved in the linker 
domain by proteases to generate a shorter, N-terminally 
truncated form that is more potent (Figure 1B, C). However, 
cleavage in the IL-1 cytokine domain by caspases induced 
during apoptosis leads to the inactivation of IL-33.1,2,5,6 
Once released, IL-33 binds to its membrane-bound receptor, 
STimulation 2 (ST2) (Figure 1C), which is part of the Toll-
like receptor (TLR)/IL-1 receptor-like family.2 This bind-
ing promotes a conformational change in the receptor and 

FIGURE 1.  IL-33 structure, release, and regulation. (A) IL-33 is a protein formed by 2 conserved domains, an N-terminal nuclear 
localization domain and a C-terminal domain mediating cytokine activities. A central linker domain connects the 2. Confocal images of 
IF staining for DAPI (blue), actin (green), and IL-33 (purple) on wild-type (WT) and IL-33-deficient (il33v−/−) C57BL/6N (B6N) mouse lung 
tissue. (B) IL-33 activity is regulated by several different mechanisms. Oxidation and formation of disulfide bridges at the C-terminus 
decrease its activity. Cleavage in the IL-1 cytokine domain by caspases induced during apoptosis leads to inactive IL-33, while cleavage 
at the linker domain generates a more potent truncated form of the IL-33 protein. Finally, free IL-33 is regulated by either nuclear 
sequestration or the soluble ST2 (sST2) decoy receptor. (C) The release of IL-33 is less understood and appears to involve multiple 
mechanisms. Necrosis and cell damage leading to the release of full-length IL-33. Increasing calcium concentration in the cytoplasm 
drives IL-33 translocation into the cytoplasm and secretion as a full-length protein via Gasdermin-based pores. Cleavage at the linker 
domain generates a truncated, more active IL-33 protein. The binding of IL-33 to its receptor ST2 promotes a conformational change 
and recruitment of IL-1 receptor accessory protein (IL-1RAcP). This receptor complex binds to intracellular MyD88, IRAK1 and IRAK4, 
and TRAF6, leading to downstream activation of several MAP kinases and nuclear factor kappa B (NF-κB), supporting proliferation 
and secretion of cytokines. Figure created with BioRender.com. IL-33, interleukin-33; DAPI: 4',6-diamidino-2-phenylindole; IRAK, 
interleukin-1 receptor-associated kinase; MyD88, myeloid differentiation primary response 88; TRAF-6; tumor necrosis factor receptor-
associated factor 6.
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facilitates recruitment of the IL-1 receptor accessory protein 
co-receptor (IL1RAcP), similar to IL-1β.7,16 Complete for-
mation of the IL-33R complex results in the activation of a 
MyD88-IRAK-TRAF6-based signaling pathway that termi-
nates in the activation of mitogen-activated protein (MAP) 
kinases and nuclear factor kappa B (NF-κB) (Figure 1C).5,17

Following the discovery of IL-33, the delivery of recom-
binant forms of the IL-33 protein has revealed that this 
new IL-1 superfamily member was a potent driver of type 
2 immunity.4 Administered IL-33 caused ample production 
of IL-5, IL-13, IgA, and IgE, and stimulated eosinophilia 
and pathological changes in the mucosal epithelium.4 
These identified dominant type 2 activities led to the rapid 
establishment of a role for IL-33 in ST2+ Th2− and Mast 
cell-mediated parasite clearance,2,18 as well as involvement 
in asthma, allergy, and lung fibrosis.2 However, early stud-
ies hinted at reparative functions for IL-33 after cardiac 
injury.18 These examinations also revealed the capacity of 
IL-33 to stimulate ST2+ immune cells, including regulatory 
T cells (Treg), innate lymphoid cell type 2 (ILC2s), and 
important myeloid cell populations that support homeo-
stasis and resolve the injury.19-24 Our work and that of oth-
ers also began to establish how IL-33 actions on ST2+ Treg 
were relevant to transplantation, as they supported heart 
transplant survival24,82 and were needed to prevent GVHD 
after AlloHCT.25 Yet, other studies found that IL-33 can 
also initiate potent type 1 immune responses by CD4 and 
CD8 T cells during anti-viral and tumor responses.26-28 
This type 1 driving capacity of IL-33 was also observed 
following AlloHCT due to the capacity of IL-33 to act as a 
potent co-stimulatory signal that causes alloreactive T cell 
Th1 differentiation.8,26 Given these potent and pleiotropic 
functions, nuclear localization and compartmentalization 
of IL-33 are necessary to maintain homeostasis. This was 
demonstrated by experiments using a mouse model in 
which a deleted nuclear localization domain led to lethal 
systemic inflammation.29 As previously mentioned, cleav-
age in the cytokine domain by caspases (Figure 1B) is one 
of the mechanisms of negative regulation of IL-33.1 Once 
in the extracellular space, rapid oxidation and formation 
of disulfide bridges can also inactivate IL-33 or disrupt 
its binding to ST2 (Figure 1B).30 Likewise, IL-33 can be 
sequestered by soluble ST2 (sST2), a product of alterna-
tive splicing of the transcript for ST2, which also prevents 
IL-33 binding to transmembrane ST2 and IL-33/ST2 
signaling (Figure 1B).31,32 Thus, a picture of IL-33 being 
a potent, yet highly regulated, pleiotropic immune signal 
able to stimulate type 1, type 2, and regulatory responses 
have crystallized. Yet data are emerging that IL-33, at least 
at the low local level, is released during the establishment 
and maintenance of homeostasis of tissues and organ sys-
tems. In this review, we provide an overview of the regen-
erative role of IL-33 in organ homeostasis and tissue repair 
and describe, or at least speculate, how these mechanisms 
relate to transplantation immunology. We also outline the 
known and proposed impacts of IL-33 in commonly trans-
planted solid organs during IRI, rejection, and tolerance.

IL-33 AND HOMEOSTASIS
Homeostasis is the self-regulating process by which bio-

logical systems maintain stability in response to changing 
external conditions such as nutritional availability, energy 

expenditure, environmental conditions, traumas, stresses, 
and microbial insults.33 The expression of IL-33 in most tis-
sues and apparent IL-33 release during cell turnover seems 
to lead to important roles for IL-33+ and ST2+ immune cells 
in local and systemic homeostasis. Likewise, IL-33 supports 
the early development of tissues and organs and estab-
lishes homeostatic baselines (Summarized in Figure  2A). 
Throughout organogenesis and later development, tissues 
develop unique regulatory mechanisms for the protection and 
establishment of homeostasis through interactions between 
the various local cell subtypes, as well as the restoration of 
homeostasis after an insult. For example, IL-33 is expressed 
by different cell populations in the intestinal mucosa, includ-
ing pericryptal fibroblasts and small intestinal epithelial cells, 
and its expression there is regulated based on the environ-
mental signals present.4,34 Upon release, it was shown to 
promote the differentiation and hyperplasia of progenitor 
cells into specific epithelial secretory cells that are important 
for innate immunity and crucial for the maintenance of gut 
homeostasis.35 IL-33 also promotes intestinal peristalsis and 
improves gut motility through serotonin release by entero-
chromaffin cells, suggesting a role in maintaining the neu-
roendocrine interactions needed for intestinal homeostasis 
and function.36 IL-33 is also spontaneously produced during 
the alveolar phase of lung development, causing the accumu-
lation of ILC2s. Exposure of mice to house dust mite anti-
gen during this period can lead to a skewed IL-33-mediated 
immune response with a strong Th2 cell bias.37 However, 
IL-33 also boosts ILC2 function in tissue remodeling and 
homeostasis through the production of amphiregulin (Areg), 
an epidermal growth factor receptor ligand that stimulates 
cell growth and survival.37 Yet overactivation or sustained 
action of this pathway can contribute to allergic airway dis-
ease.37 IL-33 expands lung-resident ILC2s that produce IL-5 
and IL-13, and a loss of this population after H1N1 viral 
infection was associated with poor lung function and epi-
thelial integrity.38 Such type 2 immune responses after injury, 
particularly the type 2 cytokine IL-13, drive the polarization 
of macrophages into an anti-inflammatory/reparative subset 
often labeled as M2 or alternatively activated macrophages. 
IL-13 signaling is important in shifting the early appearing 
alveolar macrophages into M2-like anti-inflammatory repar-
ative macrophages, an effect that lasts throughout develop-
ment and is tightly linked to ILC2s.39 These findings suggest 
a primordial function of IL-33 in establishing and restoring 
homeostasis during neonatal and adult life in the respiratory 
and gastrointestinal tract.

Visceral adipose tissue (VAT) is primarily composed 
of white adipocytes that serve as energy storage depots. 
As such, the VAT is highly metabolically active, but also 
serves as an endocrine organ that releases cytokines and 
other bioactive molecules, such as adiponectin. These sig-
nals control body weight, insulin sensitivity, inflamma-
tion, and lipid metabolism.40 Under normal homeostatic 
conditions, the VAT has a high proportion of ST2+ Klrg1+ 
Treg, as opposed to the low ST2+ Treg in the spleen, which 
inferred a potential role of IL-33/ST2 in adipose tissue 
homeostasis and metabolism.41 Accordingly, VAT ST2+ 
Treg were shown to control inflammation resolution using 
IL-10 secretion and protect against diabetes through their 
differentiation and expansion via the IL-33/ST2 axis and 
the proliferation-activation receptor gamma (PPARγ) tran-
scription factor (TF).42 PPARγ is also upregulated by IL-33 
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in adipose tissue ILC2s and increases IL-33 responsiveness 
in ILC2s.43 IL-33 in the VAT helps maintain homeostasis 
by stimulating ILC2s to produce type 2 cytokines, such 
as IL-5 and IL-13, that stimulate local eosinophils and 
generate alternatively activated macrophages.44 Yet, these 
effects of IL-33 are lost in obesity as these cell popula-
tions decrease in number, despite the VAT being enriched 
for IL-33.45 ILC2s are responsible for the beneficial pro-
cess of adipocyte beiging in the VAT, which is an IL-33-
dependent process.46 During beiging, ILC2s act on 
adipocytes to increase their expression of uncoupling pro-
tein 1, which regulates their energy expenditure and helps 
to restore metabolic homeostasis.47 ILC2s also contribute 
to glucose homeostasis by limiting the uptake and stor-
age of saturated fatty acid, which is dependent on ST2.48 
During aging, however, IL-33 secretion becomes primarily 
mediated by mesothelial cells, as opposed to mesenchy-
mal cells in young mice. This appears to decrease IL-33 
availability in adipose tissue. This change, along with the 
simultaneous upregulation of sST2, might explain the dys-
regulated signaling pathway that prevents the maintenance 
of healthy ILC2s, limits body temperature control, and 
disrupts energy expenditure homeostasis.49 On another 
note, levels of sST2 increase in obesity and are associated 
with the development of insulin resistance.50 In total, the 
ST2–IL-33 axis is central to the regulation of systemic 
energy homeostasis. The uterus is the site of implantation 

of a semi-allogenic fetus, with which the mother has to 
maintain a state of tolerance, while also providing pro-
tection from pathogens. IL-33 is widely expressed in 
placental endothelial cells, macrophages,51 fibroblasts,52 
and trophoblasts, and IL-33 deficiency is associated with 
decreased trophoblast migration and development of pre-
eclampsia.53 Stromal cells from the decidual layer of the 
placenta secrete IL-33, shifting the immune phenotype 
toward a Th2 subtype, inhibiting natural killer (NK) cells’ 
cytotoxicity, and promoting fetal tolerance.54 The interac-
tion between NK cells and myeloid cells is at the center 
of local Treg induction,55 and induced Treg are needed to 
establish immune tolerance to the fetus at the maternal –
fetal interface.56,57 The uterus is also rich in ILC2s that 
respond to IL-33 but are also dependent on the female sex 
hormone estrogen for survival and expansion. This makes 
ILC2s subject to changing IL-33 and hormonal physi-
ologic changes during pregnancy.58 Dysregulated ILC2 
expression has also been found to restrict fetal growth 
and results in adverse pregnancy outcomes in LPS-treated 
rats compared to controls.59 Other cell types responding 
to IL-33 released as a DAMP under stress conditions are 
the ST2+ B cells. When IL-33 is increased and released as 
a DAMP during pregnancy, ST2+ B1 B cells expand and 
play a significant role in maintaining a type 2 anti-inflam-
matory immune response. This prevents preterm birth,60 
potentially through secretion of the anti-inflammatory 

FIGURE 2.  Examples of IL-33 functions in homeostasis and repair: (A) in the establishment of lung homeostasis, type 2 alveolar cells 
(AECs) of the lung epithelium release IL-33, which targets abundantly present ST2+ ILC2s, leading to secretion of IL-13 and IL-5 to 
promote the formation of reparative M2 macrophages and eosinophils that support homeostasis and repair. (B) After muscle injury, 
fibro-adipogenic progenitors are the primary source of IL-33 and stimulate ST2+ Treg and ILC2s. Treg secrete Areg, a growth factor that 
acts on satellite cells and promotes muscle regeneration. Secretion of IL-4 and IL-13 by ILC2s leads to the generation of reparative M2 
macrophages. Figure created with BioRender.com. IL-33, interleukin-33; ILC2, innate lymphoid cell type 2; ST2, stimulation 2.
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molecule active progesterone-induced blocking factor 1 
(PIBF1).61 These studies suggest that IL-33 targets ST2+ 
immune cell populations during pregnancy to promote 
tolerance and establish and maintain local homeostasis 
between the mother and fetus. Clearly, better characteri-
zation and understanding of these homeostatic pathways 
may lead to novel IL-33-based therapeutics that can sup-
port solid organ transplant functions, especially in the case 
of lungs and intestines. The role of IL-33 to aid normal 
metabolism and controlling energy homeostasis could be 
useful to counter metabolic dysregulation caused by com-
monly utilized immunosuppressants.62,63

IL-33 IN TISSUE REPAIR
The ability of IL-33 to support homeostasis resides, at 

least in part, in its ability to expand and promote cytokine 
secretion of ILC2s and Treg, which secrete type 2 cytokines 
and molecules involved in tissue repair and regeneration in 
response to IL-33 (Figure 2B). Following skin injury, ILC2s 
are activated by IL-25 and IL-33 released from damaged 
cells, which under the regulation of GATA3, secrete IL-4, 
IL-5, and IL-13.64 Both IL-33 and ILC2s are needed for 
re-epithelization following skin injury in both mice and 
humans.65 Mice lacking IL-33 have an inadequate ILC2s 
response that leads to impaired wound healing, which 
can be reversed with exogenous IL-33 administration.65 
As introduced above, IL-13 stimulates M2 macrophage 
differentiation and this macrophage population medi-
ates several steps during wound healing, promotes angi-
ogenesis, and drives the formation of granulation tissue 
during the early phases of wound repair. They also are 
important for promoting wound closure and scar for-
mation.66 Intraperitoneal administration of recombinant 
IL-33 increases the population of macrophages express-
ing CD206 and arginase 1, both markers of alternatively 
activated macrophages, and accelerates wound closure 
and re-epithelialization.67 Moreover, a deficiency in ST2 
leads to an increase in pro-inflammatory macrophages 
and myeloid cells in the wound, resulting in impaired 
wound closure.68 Other skin resident cells that are impor-
tant for repair are the intraepithelial lymphocytes (IELs) 
found among the basal epithelial cells in the skin. IELs are 
similar to the ILC2s residing in the dermis and constitu-
tively express IL-13. By producing IL-13, they potentiate 
an epithelial cell stress response leading to the release of 
IL-25, IL-33, and thymic stromal lymphopoietin, which 
promotes the type 2 immune response needed for epider-
mal integrity.69 In this case IL-13-induced stress and injury 
response in the skin leads to the release of IL-33, which in 
turn can act as a positive feedback regulator and amplifier 
of IL-13 production to support wound repair. However, a 
pro-fibrotic effect of IL-33 and type 2 immune response 
can promote scar tissue in the skin and other organs. Early 
gestational wounds are usually scarless, yet the adminis-
tration of IL-33 to early gestational murine wounds led 
to the formation of scars due to the activation of dermal 
fibroblasts and their overexpression of collagen.70 This 
was also shown following repetitive subcutaneous injec-
tions of IL-33 in mice, which led to increased inflammation 
and fibrosis at the injection sites, mediated by the IL-13 
produced by eosinophils.71 Again more evidence that the 
functions of IL-33 in skin repair must be tightly regulated.

IL-33 also appears to play an important role in the 
regeneration of skeletal muscle after injury. Here, IL-33 
is constitutively expressed in fibroadipogenic progenitor 
cells (FAPs) of the muscle and their numbers increase after 
injury. However, FAPs decrease with age, and as such, older 
mice have a smaller population of FAPs and lower levels 
of IL-33. This correlates with reduced Treg migration and 
proliferation in injured tissues, which is associated with 
limited muscle regeneration.72,73 A local type 2 immune 
response, particularly involving IL-4 and IL-13 signaling, 
recruits more IL-33-expressing FAPs to play a vital role 
in skeletal muscle regeneration.74 Satellite cells are multi-
potent stem cells that are able to generate more satellite 
cells or differentiated skeletal muscle cells. ST2+ Treg are 
responsive to IL-33 in injured muscles and contribute to 
regeneration by secreting Areg, which acts on satellite 
cells to support their differentiation.19 Experiments with 
ST2-deficient Treg revealed similarly impaired accumula-
tion of Treg in injured muscle, resulting in delayed muscle 
repair and regeneration.72 Thus these data indicate IL-33 
is necessary for effective muscle repair and regeneration 
due to its direct action on ST2+ Treg and processes that 
affect IL-33 availability or ST2 expressions such as aging 
or genetic factors might lead to delayed or dysregulated 
repair responses.

The regenerative functions of IL-33 have also been 
demonstrated in the intestinal epithelium using the 
chronic dextran sulfate sodium (DSS)-induced75 and 
trinitrobenzene sulfonic acid-induced colitis.76 These 
IL-33-driven regenerative mechanisms were attributed 
to the stimulation of a robust type 2 immune response, 
increased Treg infiltration, and the suppression of Th1/
Th17 responses.77 Other mechanisms involve IL-33-
induced ILC2s Areg secretion that protects against tis-
sue injury, promotes mucin secretion, causes goblet cell 
hyperplasia, and restores gastrointestinal tract homeo-
stasis.78 However, one study observed IL-33-induced 
intestinal inflammation in DSS-colitis attributed to an 
aggravated Th2 response, and targeting the IL-33/ST2 
axis resolved the aggravating effects.79 These differences 
might be due to IL-33 concentration, the timing of IL-33 
treatment, or mediated by other confounders that may 
work with IL-33 to skew the immune response towards 
a reparative versus inflammatory phenotype. In a model 
of Helicobacter pylori infection, the early upregulation 
of IL-33 in gastric epithelial cells and fibroblasts directed 
the immune response to generate alternatively activated 
macrophages, an effect absent after chronic and pro-
longed infection.80 IL-33 in gastric tissue postinfection 
is also associated with increased gastric epithelial cell 
migratory potential, proliferation, and decreased apop-
tosis. However, it has been suggested that the pro-pro-
liferative and anti-apoptotic functions of IL-33 may also 
contribute to a pro-carcinogenic effect.81 It is apparent 
that IL-33 has potent reparative functions in regenera-
tive tissues, such as skeletal muscle or mucosal barrier 
tissues. This is due, at least in part, to IL-33-induced type 
2 responses involving IL-13 and the stem cell growth fac-
tor Areg by ST2+ Treg and ILC2s. However, it is also 
clear that these functions of the IL-33/ST2+ immune 
cell pathway need to be tightly regulated as it can lead 
to fibrosis and type 2-associated pathology, as well as 
tumorigenesis.
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IL-33 IN TRANSPLANTATION
The clear role of IL-33 in tissue repair and regenera-

tion makes it a molecule of interest in transplantation, 
in which injury and repair are inherent in the associated 
surgical procedures and anti-allograft immune responses. 
As such, there is a growing body of literature on how 
IL-33 shapes outcomes after solid organ transplanta-
tion (Figure 3). We recently showed that higher levels of 
graft IL-33 were maintained in patients having minimal 
coronary artery vasculopathy post-HTx, which might be 
attributed to a protective role of IL-33.24 To test if IL-33 
was beneficial after transplantation, we utilized a mouse 
MHCII-mismatched model and compared the outcomes of 
IL-33-deficient and IL-33-expressing grafts. In these stud-
ies, we showed that local fibroblasts upregulate IL-33 rap-
idly post-HTx, which acts on infiltrating monocytes and 
macrophages to keep them from becoming pro-inflam-
matory and supporting chronic rejection.24 Using recipi-
ents with ST2-deficient monocytes and macrophages, we 
revealed that IL-33 signaling to macrophages limits induc-
ible nitric oxide synthase expression and augments fatty 
acid uptake. Fatty acids are needed for type 2 cytokine-
induced expression of CD206, CD301, and RELMα, 
which are functional phenotypic markers of reparative 
macrophages. The loss of IL-33 signaling to macrophages 
or the absence of IL-33 in the heart grafts results in accel-
erated graft loss. Our work and that of others have shown 
that injections of IL-33 posttransplant expand ST2+ Treg 
that prolong allograft survival across MHC barriers in 
rodents.82-84 IL-33 expression is decreased in cardiomyo-
cytes of diabetic mice subjected to IRI. This was associ-
ated with increased apoptosis and activation of protein 

kinase C BII, and these effects were reversed by exoge-
nous IL-33.85 One of the protective benefits of IL-33 in 
IRI might be due to activation of the p38/MAPK signal-
ing pathway and inhibition of HMGB1 expression and 
release.86 In total, IL-33 is a clinically relevant and seem-
ingly beneficial tissue injury signal that coordinates a Treg 
and reparative macrophage response early after cardiac 
tissue injury and heart transplantation.

Our past analysis of transplant recipients also found 
that tumor-necrosis factor gamma, IL-1β, or interferon-
gamma (IFNγ) may elevate the IL-33 antagonist sST2 
in the graft and serum during rejection.87 Importantly, 
serum levels of sST2 can distinguish recipients undergo-
ing rejection (acute cellular and antibody-mediated) from 
those with apparent stable grafts at similar time points 
posttransplantation.87-89 Measures of this molecule in the 
serum of recipients, in combination with other markers 
of cardiac function or injury, may have the opportunity 
to reduce the need for invasive biopsies in heart trans-
plant recipients. This would be similar to the current use 
of serum sST2 as an indicator and prognostic marker for 
GVHD.90

IL-33 function after kidney transplantation has also 
been the subject of focused study. In a study by Thierry 
et al, a correlation was found between serum levels of 
IL-33 post-kidney transplantation and cold ischemia time. 
Levels of sST2 were also found to increase posttrans-
plantation.91 By comparing the serum of renal transplant 
recipients divided into stable and chronic allograft dys-
function (CAD), it was found that levels of IL-33, IL-2, 
IL-4, and IL-10 were significantly higher in CAD patients 
than in stable recipients.92 IL-33 and ST2 expression are 

FIGURE 3.  IL-33 functions in transplantation. The roles of IL-33 in transplantation outcomes are still being elucidated in experimental 
models, but the functions of IL-33 after transplant are very organ-specific. IRI and alloimmune response after kidney transplantation 
can cause IL-33 release to target different cell populations. IL-33 stimulates iNKT cells through their ST2 receptor, which promotes 
neutrophil infiltration in the graft and subsequent IFNγ release and injury. On the other hand, IL-33 also targets ST2+ ILC2s to encourage 
the secretion of Areg and the release of IL-13 to aid the recruitment and generation of reparative M2 macrophages. After heart 
transplantation, released IL-33 acts early on macrophages preventing the generation of pro-inflammatory macrophages and aiding the 
generation of reparative M2 macrophages. IL-33 can also promote graft survival by recruiting and expanding ST2+ Treg and regulatory 
myeloid cells, including myeloid-derived suppressor cells (MDSCs). In liver transplantation, IL-33 release causes neutrophil accumulation 
and tissue injury. Yet, IL-33 targeting of eosinophils leads to their increased IL-13 secretion and repair to counter neutrophil accumulation 
in the graft. Similarly, IRI in lung transplantation causes ample secretion of IL-33, causing IL-5 secretion by ILC2s to target eosinophils 
and promote experimental tolerance. Figure created with BioRender.com. IL-33, interleukin-33; IRI, ischemia-reperfusion injury; iNKT 
cells, invariant natural killer T cells; ILC2, innate lymphoid cell type 2; IFNγ, interferon-gamma; ST2, stimulation 2.
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upregulated during renal allograft rejection compared 
with no rejection and are higher in acute rejection com-
pared to chronic.92 Using a mouse model of IRI, Cao et al 
showed that IL-33 is protective against renal injury and 
fibrogenesis. This role is mediated by ILC2s mounting a 
type 2 immune response, involving the release of IL-4 and 
IL-13. This causes local macrophages to differentiate into 
a reparative and anti-inflammatory subset secreting Areg 
and expressing Heme oxygenase-1, an anti-inflammatory 
enzyme believed to control renal IRI.93 These findings 
were replicated in a humanized mouse model and raised 
the possibility of using IL-33 and ex vivo expanded ILC2s 
as renoprotective agents to fight renal IRI.93

Yet, ST2+ innate-like cells iNKT can infiltrate the kid-
ney early after renal IRI in mice. They are postulated to 
recruit neutrophils, which lead to the production of IFNγ 
and early tissue injury. These cells can be expanded in vivo 
and in vitro by IL-33, indicating that an early release of 
IL-33 after IRI might also contribute to the subsequent tis-
sue injury through its effect on iNKT cells, supporting the 
emerging influential role of innate (and innate-like) cells 
in transplantation.94-96 These concepts were supported in 
rodent IRI models where an IL-33 or NKT deficiency led 
to less myeloid cell recruitment after transplantation and 
protected against IRI.97 DAMPs released from necrotic 
and damaged renal tubular epithelial cells (RTECs) act 
on healthy RTECs as well as immune cells, and induce 
TLRs expression and activation of inflammatory signal-
ing pathways.98 In vitro studies where anti-ST2 antibodies 
or recombinant IL-33 were added to mixtures containing 
human proximal epithelial cells, and sera from patients 
diagnosed with kidney rejection showed a decreased 
inflammatory response, thus supporting a potential thera-
peutic function for anti-ST2.99 Another study conducted 
by the same group showed that IL-33 staining was posi-
tive in the renal tubules of patients with CAD, and this 
was associated with epithelial to mesenchymal transition 
(EMT).100 EMT is suggested to be responsible for renal 
fibrosis posttransplant, which is mediated by myofibro-
blasts derived from the tubular epithelia.101 Significantly, 
EMT was inhibited by antagonizing the p38/MAPK path-
way.100 Because renal fibrosis is a leading cause of allograft 
failure, efforts are being made to optimize diagnostic and 
therapeutic tools to limit and reverse kidney fibrosis post-
transplantation.102 Thus, as opposed to its cardioprotec-
tive role in heart transplantation, a beneficial reparative or 
regulatory role of IL-33 in kidney transplantation is not 
as clear. As such, efforts to harness the reparative or regu-
latory functions of IL-33 to help these recipients may be 
complicated.

Human liver transplant samples also show increased 
IL-33 release early during ischemic injury. High IL-33 lev-
els peak after reperfusion, which correlates with graft dys-
function, renal failure, and postreperfusion syndrome.103 
DAMPS released during IRI can be pro-inflammatory, or 
reparative, depending on the receptors and signaling path-
ways they activate.104 Rodent liver IRI causes the release 
of IL-33 by liver sinusoidal endothelial cells and aids the 
formation of neutrophil extracellular traps and activation 
of the inflammatory cascade.105 In a mouse model of warm 
hepatic IRI, IL-33 was found to be immediately released 
from hepatic endothelial cells and was involved in tissue 
injury through the recruitment of neutrophils.103 Blockage 

of ST2 at the time of reperfusion leads to an increase in 
neutrophil recruitment to the liver and subsequent tissue 
injury. In contrast, recombinant IL-33 injection before 
ischemia is associated with reduced liver injury and neu-
trophil accumulation.106 However, IL-33 did not affect 
inflammatory cytokine production in this study. Hence, the 
authors concluded that the IL-33/ST2 axis is hepatopro-
tective through direct actions on hepatocytes that activate 
NF-κB and increase the expression of Bcl-2.106 Yet iNKT 
cells play a role in liver IRI, and IL-33 may promote their 
pro-inflammatory function as identified in the described 
kidney model.107 However, a recent study has suggested 
that IL-33 stimulation of eosinophils can be hepatopro-
tective and promote healthy liver function after IRI by 
stimulating IL-13 production.108 The functions of IL-33 
after liver transplantation seem to be predominantly pro-
inflammatory. Yet, IRI studies suggest that potent repara-
tive pathways involving eosinophils may be targetable if 
done precisely to avoid stimulating pro-inflammatory cells 
such as neutrophils and iNKT cells.

Given the ample expression of IL-33 in the lung, it is 
surprising how little information exists regarding the 
impact of IL-33 on lung transplantation outcomes. IL-33 is 
induced by the first breaths of life in type II epithelial cells 
(AEC2s) to generate a type 2 environment rich in ILC2s, 
eosinophils, basophils, and mast cells secreting IL-5, IL-9, 
and IL-13.39 These type 2 immune cells support a large 
group of alternatively activated macrophages that sup-
port tissue regeneration and repair, thus protecting against 
a loss of function during infection.109 However, a recent 
study by Guo et al found that the IRI upregulated IL-33, 
which promoted IL-5 production by graft-resident ILC2s 
to increase local eosinophils supporting tolerance after 
lung transplant.109 Interestingly, this IL-33/IL-5/eosino-
phil-mediated mechanism relied on immunosuppression to 
preserve donor ILC2s. These exciting data support the con-
cept that IRI not only triggers pro-inflammatory pathways 
but also initiates reparative and regenerative mechanisms.

Several recent studies have suggested that the regula-
tory and reparative properties of IL-33 may be exploited 
to improve outcomes after vascular composite allograft 
(VCA) transplantation. In a mouse skin transplantation 
model, IL-33-expanded Treg were able to prolong allo-
graft survival. Moreover, enhanced Treg infiltration was 
shown in the IL-33-treated Treg group potentially due 
to the upregulation of chemokine receptors necessary 
for graft-homing (eg, CCR2, CCR4 genes) and down-
regulation of others needed for lymph node homing (eg, 
CCR7).110 Studying Treg migration is complex, yet might 
prove beneficial to fully understand their function. For 
example, migration to the graft is essential to promote 
repair and prevent rejection, but egression from the graft 
into the draining lymph nodes might be needed for pro-
longed allograft survival, through suppression of conven-
tional T cells.111,112 Moreover, attempts have been made 
to engineer ST2+ human Treg for potential use in cell ther-
apy. These IL-33 expanded ST2+ Treg exhibited enhanced 
proliferation, production of Areg, and downregulation of 
lymph-node homing genes, an observation that matches 
their preferential tissue-protective function.113 In a differ-
ent study, daily IL-33 injection after skin transplantation 
increased regulatory myeloid cells and Treg, which was 
associated with improved graft survival.114 In a hindlimb 
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ischemia model, IL-33 administration facilitated blood 
flow restoration, whereas ST2-deficient mice had impeded 
tissue repair.115 Additionally, IL-33 stimulated revascu-
larization and the pro-angiogenic functions of endothelial 
cells. Together, these studies suggest that delivering IL-33 
or IL-33-expanded Treg may be a particularly effective 
way to support VCA survival and function early after 
transplantation.

CONCLUSIONS
It has become evident that the IL-33/ST2 axis has essential 

roles in the initial establishment of homeostasis and its resto-
ration after injury. Attempts to define how these roles shape 
short- and long-term outcomes after transplantation are 
revealing distinct organ-specific differences due to yet unclear 
mechanisms. Fairly robust evidence suggests that early after 
heart and lung transplantation, IL-33 supports positive 
effects through actions on Treg, ILC2s, and macrophages. 
Delivery of local IL-33 via perfusion, hydrogels (as in116), or 
other controlled delivery mechanisms should be continued 
to be developed to support IRI resolution, tissue repair, and 
regeneration, as well as the regulation of early alloimmun-
ity. In the case of liver and kidney transplantation, where 
the presence of IL-33 predominantly supports early inflam-
mation, cell therapy approaches using IL-33-expanded and 
activated Treg or ILCs may be required to avoid detrimental 
IL-33 stimulated responses by neutrophils or iNKTs. In total, 
IL-33 represents one of the first DAMPs to exhibit potent 
reparative capabilities and is central to homeostasis at both 
the local and systemic levels. Like all potent immunomodu-
latory molecules, there are detrimental effects of having too 
little, too much, or persistent IL-33 available. However, new 
rodent tools allowing cell-specific deletion of IL-33 or ST2 at 
different points after IRI or transplantation will allow us to 
pinpoint the times and cell types to target to amplify IL-33 
reparative properties effectively. Such studies will also eluci-
date when targeting IL-33 or IL-33 responsive cells may be 
necessary to avoid IL-33-mediated inflammation or dysregu-
lated repair leading to fibrosis.
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