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Abstract

Purpose of review—To provide a general update on recent developments in the 

immunobiology of IL-33 and IL-33-targeted immune cells. We also discuss emerging concepts 

regarding the potential role IL-33 appears to play in altering alloimmune responses mediating 

host-versus-graft and graft-versus-host alloresponses.

Recent findings—Stromal cells and leukocytes display regulated expression of IL-33 and may 

actively or passively secrete this pleotropic cytokine. ILC2 and a large proportion of tissue 

resident Treg express membrane-bound ST2, the IL-33 receptor. While Treg are appreciated 

suppressors of the inflammatory function of immune cells, both ILC2s and tissue resident Treg 

could play key roles in tissue repair and homeostasis. The functions of IL-33 in transplantation are 

poorly understood. However, like other disease models, the functions of IL-33 in alloimmunity 

appear to be quite pleiotropic. IL-33 is associated with immune regulation and graft protection in 

cardiac transplant settings. Yet, it is highly pro-inflammatory and stimulates lethal graft-versus-

host disease (GVHD) through its capacity to stimulate Type 1 immunity.

Summary—Intensive studies on IL-33/ST2 signaling pathways and ST2+ cell populations in 

solid organ and cell transplantation are warranted. A better understanding of this important 

pathway will provide promising therapeutic targets controlling pathogenic alloimmune responses, 

as well as potentially facilitating the function of regulatory and reparative immune cells post-

transplantation.
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INTRODUCTION

IL-33 was identified as an IL-1 family cytokine in 2005 and it was rapidly demonstrated that 

recombinant IL-33 protein injections produced potent Type 2 immune responses [1]. As to 

be expected from these early observations, a role for endogenous IL-33 as a mediator of 

Type 2 immune pathologies helminth immunity and fibrotic disease has been soundly 

established [2]. Yet, convincing recent studies have also demonstrated the capacity of IL-33 

to fuel the expansion of regulatory T cells (Treg) and support Treg stability during 

inflammation [3]. Paradoxically, pro-inflammatory stimuli induces the expression of the 

IL-33 receptor, Suppressor of Tumorigenicity 2 (ST2), on CD4+ T helper Type 1 cells and 

cytotoxic CD8+ T cells, which also allows IL-33 to potentiate Type 1 response [4-7], 

particularly in development of acute graft-versus-host disease (GVHD) after allogeneic 

hematopoietic cell transplantation (AlloHCT) [8]. Thus, in the short period since its 

discovery, a complex picture has emerged where intrinsic IL-33 properties allow it to 

promote Type 1, Type 2, and regulatory responses. Now significant gaps in our knowledge 

regarding the mechanism by which this pleotropic molecule mediates its functions must be 

filled. Given the constitutive expression of IL-33 in fibroblasts, epithelium, and endothelium 

and its potent immune modulating capacity [3], IL-33 is most likely a ubiquitous and crucial 

modulator of alloimmune after transplantation. However, the role of IL-33 in alloimmunity 

has only been minimally investigated and remains poorly understood. This review details the 

limited studies completed to date defining the roles of IL-33 in alloimmunity following solid 

organ transplantation and AlloHCT. Also, the recent demonstration that IL-33 can target 

ST2+ tissue-resident Treg cells and type 2 innate lymphoid cells (ILC2) were significant 

observations in immunology. Given their co-localization with IL-33 in the periphery, 

significant attention has been placed on defining if these potential vanguard cells play key 

roles in maintaining tissue homeostasis and sensing and repairing tissue injuries [3]. Thus, 

we will also describe how we envision the recent advances in our understanding of the 

impact of IL-33 on Treg cells and ILC2 may impact outcomes after transplantation.

IL-33 AND ITS RECEPTOR

We have reviewed the basics of the molecular biology of IL-33 and its receptor complex 

elsewhere [2, 6]. In brief, like IL-1β or IL-18, IL-33 is synthesized with a typical IL-1 family 

12-stranded β-trefoil C-terminal cytokine domain, but it also has a unique N-terminal 

nuclear localization sequence and chromatin-binding motif [1, 6]. Given this N-terminal 

domain and lack of a secretion signaling sequence, IL-33 is found in the nucleus, primarily 

of epithelial cells and endothelial cells, but also in the fibroblasts of lymphoid and non-

lymphoid organs [4, 9-11]. Pro-inflammatory stimuli, such as TLR ligands [12], IL-3 and -4 

[13], TNFα and IL-1β [14], as well as viral and bacterial infections [4, 15, 16], greatly 

augment IL-33 expression in these locations. Hypertrophic and mechanical stress can 

profoundly increase IL-33 levels in fibroblasts [17, 18]. While exact mechanisms enabling 

IL-33 secretion from viable cells are lacking, when IL-33 is released through tissue damage 

or necrotic-cell death pathways [19], it is fully functional and able to induce ST2-mediated 

signaling [20]. Such characteristics have led IL-33 to be classified as an “alarmin”, or 

endogenous factor that is released from damaged tissue to activate pro-inflammatory innate 

immune responses [4, 21-23]. Interestingly, a recent study revealed that mast cell-related 
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proteases cleave IL-33 into three mature forms (IL-3395–270, IL-33107–270 and IL-33109–270), 

which may be especially potent at inducing immune cell activation [24]. Through the use of 

transgenic mice allowing cell-specific deletion of IL-33, it was recently demonstrated that 

IL-33 upregulation in the endothelium and subsequent secretion from these cells is crucial to 

the systemic inflammatory state associated with hypertension [25]. Interestingly, a recent 

study shows that human and mouse red blood cells also store IL-33, which is also expressed 

by hematopoietic progenitors [26]. While mechanisms of for secretion and processing of 

IL-33 are still emerging, these above observations all support the concept that IL-33 is a 

ubiquitous immune modulator.

The IL-33 receptor consists of the membrane-bound IL-33-binding protein, ST2, and the 

subsequently recruited IL-1RAcP, a signaling component shared with other IL-1 family 

members. ST2 is constitutively expressed by immune cells, which secrete type 2 cytokines, 

such as effector Th2 cells, mast cells, eosinophils, basophils and ILC2 [6]. Recent studies 

also revealed that a subset of Treg cells in both lymphoid and peripheral tissues express ST2 

[27-31]. Pro-inflammatory stimuli can also induce the expression of functional IL-33 

receptor on cytotoxic CD8+ T cells [4, 30] and Th1 cells [32]. In general, the IL-33/ST2 

signaling pathways appear similar to those of closely related TLRs and IL-1 family 

members, thus the unique biological effects of IL-33 are most accounted for by timed 

regulation of ST2 expression on diverse immune cell or a synchronized patterns of ST2+ 

immune cell recruitment to sites of tissue damage and infection. This concept in IL-33 

immunobiology was recently described by Locksley and colleagues as part of an 

organizational framework they put forth to account for the emerging roles for IL-33 in (1) 

tissue homeostasis, (2) amplification of Type 2 and regulatory immune responses mediating 

parasite immunity and tissue repair, and (3) conversion to support of Type 1 immune 

responses and systemic inflammation [3].

CONTROLLING THE BURN - BENEFICIAL ATTRIBUTES OF IL-33 AFTER 

TRANSPLANTATION

As IL-33 is expressed by cells of solid organs [6, 9-11], its release through cell damage 

following surgical ischemia/reperfusion injury or alloimmune responses would allow it to 

target any local cells that express ST2 [6]. Even though it often described as “alarmin”, and 

Type 1- and Type 2-mediating roles for IL-33 have been well established, to date there is no 

direct evidence that IL-33 is a potent mediator of allo-rejection in solid organ 

transplantation. To the contrary, 3 independent studies showed exogenous recombinant 

IL-33 treatment protected murine heart allografts from both acute [27, 33] and chronic [34] 

rejections. Mechanistically, we demonstrated that ST2 expression and Treg cells are both 

indispensible for this protective role [27].

IL-33-mediated Treg expansion

This observation in rodent heart transplantation models is compatible with the model put 

forth by Locksley and colleagues where ST2+ Treg targeted by IL-33 limit inflammation to 

support tissue homeostasis and repair. Unlike other alarmins, such as HMGB1 or ATP, 

which cause dendritic cell (DC) production of IL-12p70 and DC promotion of Type 1 
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immunity [35, 36], we find that IL-33 does not induce DC production of IL-12p70, nor 

support Th1 responses [30]. Instead, IL-33 has been repeatedly found to endow DC with the 

capacity for polarization of naïve CD4+ T cell into Th2 effectors secreting IL-5 [30, 37, 38]. 

Interestingly, we identified a crucial role for IL-33-stimulation of myeloid cell IL-2 

production that supported the selective expansion of ST2+ Treg over other CD4+ T cell 

subsets [30]. Specifically, we demonstrated IL-33 induces the secretion of IL-2 by DC, 

which were required to mediate ST2+ Treg expansion by IL-33 [30]. Treg are well 

appreciated to be a specialized lineage of T lymphocytes that are of fundamental importance 

for immunological tolerance by suppressing T cell response to self, commensal, 

environmental and dietary antigens. In rodent models, increasing the frequency of Treg 

relative to alloreactive effector T cells facilitates transplant tolerance. As such, preferential 

in vivo expansion of Treg or adoptive transfer of ex vivo expanded Treg are viewed as one of 

the more promising immunotherapies to reduce the need for chronic immunosuppression 

after transplantation [39]. It will be important to better establish in rodent models if the in 

vivo Treg expanding capacity of IL-33 can be harnessed to support transplant tolerance. 

Likewise, it is crucial to define if capacity of IL-33 to support the ex vivo expansion of 

mouse Treg [29, 30, 40] is translatable to efforts to expand human Treg for adoptive transfer.

IL-33 support of reparative tissue-resident immune cells - Treg

Non-lymphoid tissue-resident CD4+ Foxp3+ Treg cells have recently been described in 

skeletal muscle [28], intestine [29], fat [40, 41], lung [31], and skin [42]. Tissue-resident 

Treg cells are thought to modulate immunological aspects, such as T cell activity and 

myeloid cell maintenance in non-lymphoid tissues, as well as shape non-immunological 

processes such as tissue repair after physical[28] and infectious injuries [31]. Notably, these 

non-lymphoid tissue-resident Treg cells are enriched in those expressing ST2 [28, 29, 40-42] 

relative to Treg of the lymphoid tissues [30]. Like ST2+ Treg of the lymphoid tissues, the 

impact of IL-33 on tissue-resident ST2+ Treg is only starting to be characterized.

In the colon, ~60% Treg cells express ST2, which are composed of both peripherally induced 

Treg and thymus-derived Treg cells. IL-33 increases Foxp3 and ST2 expression in induced 

Treg cells by phosphorylating and recruiting GATA3 to Foxp3 promoter and Il1rl1 enhancer, 

respectively, and recruiting RNA polymerase II to the promoters of both [29]. With respect 

to ST2+ thymic-derived Treg cells, IL-33 upregulates the expression of ST2, Foxp3 and 

activation and proliferation markers in Treg cells. Importantly, IL-33 maintains Foxp3 

expression of Treg cells and their suppressor function in a chronic inflammatory environment 

in the colon [29]. An intriguing study by Vasanthakumar et al. [40], which investigated the 

Treg cells in visceral adipose tissue (VAT), found most of which co-express ST2 and 

Blimp-1, a transcription factor characterizing effector Treg cells. Although TCR activation, 

co-stimulation and IL-2 in culture induces robust Treg expansion, they revealed that IL-33 

further promotes expansion of the ST2+ Treg cells in a MyD88-dependent manner. 

Additional examinations suggest a role for IL-33 beyond ST2+ VAT-Treg proliferation, as it 

also maintains their identity by sustaining Foxp3, GATA3 and PPAR-γ expression [40]. 

Another study found that Treg cells generated early in life (day 0-10) express a higher level 

of ST2 and are more suppressive compared to those generated after that period. This study 

also indicates that ST2+ Treg cells may persist through out the life of the mouse [43]. 
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However, the relationship between ST2+ Treg of lymphoid and non-lymphoid tissues is far 

from clear and key questions surrounding ST2 expression by Treg are yet to be answered. In 

particular it will be important to address if all Treg cells can become ST2+ or if only a 

specific subpopulation is able to regulate expression of the IL-33-receptor. If it is the later, 

identification of the stimuli that drive expression of functional ST2 on Treg will be of critical 

importance.

Tissue-resident Treg cells are thought to modulate immunological aspects, such as T cell 

activity and myeloid cell maintenance in non-lymphoid tissues, and nonimmunological 

processes such as tissue repair after physical [28] and infectious [31] injuries. Foxp3+ Treg 

were recently demonstrated to potentiate skeletal muscle repair through their expression of 

the growth factor amphiregulin (Areg) [28]. While these early studies did not test if Areg on 

Treg was the mediator of skeletal repair, they did demonstrate that Areg administration after 

Treg depletion supported muscle regeneration [28]. IL-33 signaling induces Areg expression 

by ST2+ ILC2 [44] and a recent study demonstrated a critical role for Treg cells in lung 

tissue repair during infection is mediated by Treg production of Areg in response to IL-33. 

This was independent of TCR-mediated suppressor function [31]. It will be important to 

establish how ST2+ Treg expression of Areg is critical to their capacity to direct heart 

transplant protection [27] or repair. Likewise, if local IL-33 in the transplant could support 

tissue-resident Treg proliferation needs to be established. A recent study by Morita et al. 

revealed that IL-33 causes mast cells, like DC [30] to support local Treg expansion via 

production of IL-2 [45]. How these findings relate to the studies of Bromberg and colleagues 

that demonstrate appropriate Treg migration from the periphery to lymphoid organs is critical 

for the induction of transplant tolerance will need to be established [46]. Their studies 

suggest that Treg migrate through the allograft, where they are activated to locally suppress 

inflammation and alloantigen acquisition by inflammatory DC. Treg then migrate to the 

lymph nodes (LNs), where they can also suppress alloantigen-specific T cell priming during 

interactions with tolerogenic DC [47, 48]. Given that IL-33 can be found in both transplant 

tissues and the LNs, defining how IL-33 impacts on this pattern of leukocyte migration and 

these critical interactions will be of significant interest.

IL-33 support of reparative tissue-resident immune cells – ILC2

The study of ILC subsets has been advancing rapidly during the past 5 years, which has 

reshaped the framework of immunology. ILCs, like all other lymphocytes, develop from a 

common lymphoid progenitor (CLP) and two downstream precursors expressing either Id2 

[49] or promyelocytic leukemia zinc finger (PLZF) [50]. Certain transcription factors, 

including retinoic-acid-receptor-related orphan nuclear receptor alpha (RORα) [51], T cell 

factor 1 (TCF1) [52], and GATA3 that is crucial for development of all IL-7Rα+ ILCs [53], 

are key to ILC2 differentiation and function. Characterized by their membrane-bound ST2 in 

addition to IL-7Rα (CD127), IL-2Rα (CD25) and Thy1 (CD90) that are shared by all ILCs, 

ILC2 exist mainly in barrier tissues, such as the lung [51, 54-57], intestine [58], skin [59], as 

well as adipose tissue [60, 61]. Consistent with their anatomical localizations, ILC2 play an 

important role in anti-parasitic immunity by increasing the production of mucus. 

Mechanistically, ILC2 secrete type 2 cytokines including IL-4, IL-5, IL-9 and IL-13 in 

response to IL-25, IL-33 [58, 61] or thymic stromal lymphopoietin (TSLP) [62]. Like ST2+ 
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Treg cells, ILC2 also possess a tissue repair function by IL-33-driven Areg production during 

viral infection in the lung [44]. Lastly, ILC2 have been shown to be metabolic-relevant and 

pathogenic in a wide range of type 2 inflammation-associated diseases as reviewed 

elsewhere [63]. Given their immunological properties, ILC2 are anticipated to shape 

allograft rejection and repair, especially in organs such as the lung and the intestine that are 

rich in ILC.

FUELING THE FIRE - IL-33 AS A DRIVER OF ALLOIMMUNITY

AlloHCT is a promising experimental therapy to promote donor-specific tolerance and 

recent clinical trials support its applicability. Still the risk of GVHD, a potentially fatal 

complication that results from donor immune cell destruction of allogeneic recipients 

tissues, precludes routine use of AlloHCT for tolerance induction [64]. Recipient 

conditioning, usually consisting of chemotherapy treatment and total body irradiation (TBI), 

is required to eliminate recipient’s lymphocytes and allow for engraftment of donor stem 

cells [4, 64-67]. Such conditioning regimens are harmful to the rapidly dividing cells of the 

barrier tissues, especially the epithelial cells of gastrointestinal mucosa. Epithelial damage 

generates a pro-inflammatory environment in the gut rife with commensal bacteria-derived 

TLR ligands that stimulate pro-inflammatory cytokine production by local myeloid antigen 

presenting cells, such as DC and macrophages [68]. This sequence of events fosters the 

alloimmune responses causing GVHD [64] and may even stand in the way of transplant (Tx) 

tolerance [69].

IL-33 promotes acute GVHD

We have recently revealed that IL-33 is elevated in both rodent and patient GVHD-target 

barrier tissues following conditioning with TBI or chemotherapy, as well as during GVHD 

[8]. Although how IL-33 is released remains unclear, we provided 3 independent pieces of 

evidence supporting the concept that IL-33 released from recipient tissues after TBI 

promotes alloimmunity and lethal acute GVHD [8]. First, delivery of an IL-33 antagonist 

after AlloHCT rescued the majority of animals in a lethal acute GVHD model. Second, 

inflammation associated with AlloHCT increases ST2 on T cells of both mouse and humans. 

This expression of ST2 is critical to alloimmune responses, as transfer of ST2-deficient 

donor T cells failed to induce lethal GVHD. Finally, IL-33 deficiency in the host non-

hematopoietic cells decreases GVHD severity. The absence of IL-33 stimulation of ST2+ 

donor T cells resulted in significantly decreased Type 1 immune responses [8]. These 

findings also fall nicely into the model proposed by Locksley, where pathogen-associated 

molecular patterns found on commensals or pathogens breaching barrier tissues induce pro-

inflammatory cytokine secretion via DC activation, which mediates the expression of ST2 

on Th1, CTL and NK cells. This then “converts” IL-33 activities towards Type 1 responses 

aiming to kill pathogens. Thus, moving forward it will be critical to test this hypothesis and 

precisely establish why IL-33 facilitates Type 1 alloimmunity contributing to GVHD instead 

of supporting Type 2 or regulatory responses in this model. Likewise, it will be critical to 

establish how IL-33 “conversion” induced by other alarmins or pathogen-induced signals 

impacts on solid organ outcomes.
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A role for IL-33 in inflammatory death pathways

As mentioned, IL-33 localizes to the nucleus and lacks a classic secretion sequence. Thus, 

undefined mechanisms must exist that enable IL-33 to reach extracellular spaces where it 

can shape immune responses. Secretion of IL-33 from viable cells has been observed [25, 

70, 71], but the bias in the field is that IL-33 release is predominantly from damaged or 

dying cells [4, 6, 19]. Apoptotic cell death is typically viewed as an immunologically silent 

form of cell death, whereas unregulated necrotic cell death resulting from extraordinary 

stimuli, such as trauma or temperature extremes, is described as pro-inflammatory [72]. 

Apoptosis is a caspase-dependent process and it was described early on that IL-33 is cleaved 

into inactive forms by pro-apoptotic caspases [6]. Recently several new caspase-

independent, regulated cell death pathways have been identified [72]. A predominating, but 

unproven, view is that biologically active IL-33 is released mainly during necroptosis, a 

form of regulated necrosis that is mediated by receptor-interacting protein kinase 3 (RIP3) 

[3, 72]. Due to the universal occurrence of necrotic cell death during I/R injury and allograft 

rejection and the proinflammatory effect of necrosis, it is not unexpected that blocking 

necroptosis may protect graft survival. A recent study testing this found that Ripk3−/− donor 

hearts survived longer than WT allografts when recipients received short-term rapamycin 

[73]. However, the authors did not provide direct evidence to show it was the lack of 

necroptosis or release of IL-33 that was mediating the graft-protective effect. Support for 

inflammation resulting from necroptosis-mediated release of IL-33 was generated in a model 

where the removal of an upstream inhibitor of RIP3 resulted in IL-33 release and lethal 

systemic inflammation [19]. Yet, exciting data from Yatim et al. [74], however, using 

ingenious transgenic mice where dying cells utilize only necroptosis (presumably releasing 

IL-33 and other alarmins) or apoptosis, suggest that these pathways are both poorly 

immunogenic [74]. Specifically, the capacity of apoptotic or necroptotic cells to stimulate 

DC to promote a CD8 response was equally poor unless the NF-KB signaling pathway was 

activated in the dying cells [74]. Thus, the context of how a cell dies is of immunological 

importance and how outcomes are shaped by IL-33 released by the various cell death 

pathways activated by recipient conditioning, alloimmunity, or I/R injury after transplant 

surgery will be important to determine.

CONCLUSION

The presence of non-self material, particularly pathogens, stimulates allograft rejection and 

impedes tolerance induction [69, 75]. Yet, the role self-derived immunomodulatory 

molecules, such as alarmins and cytokines, play in shaping alloimmunity and tolerance is 

poorly understood and complicated by observed pleiotropic functions. Cytokines are 

typically categorized as either “pro-inflammatory”, or promoting rejection, or “regulatory”, 

and supporting allograft survival and transplant tolerance [76]. Still, pro-inflammatory 

cytokines like IFN-γ [77], IL-2 [78], IL-4 [79], are also necessary for tolerance induction 

[76]. Likewise, the most studied alarmin, high mobility group box 1, also exhibits both pro-

inflammatory [35, 80] and tolerogenic properties [81]. These publications and recent studies 

of IL-33, suggest we may need to alter our thinking about self-derived immunomodulatory 

stimuli in alloimmunity and protocol for tolerance induction. Specifically, it appears that 

cytokines and alarmins are not intrinsically pro-inflammatory or regulatory, but instead 
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possess mechanisms to contribute to both immunological outcomes. IL-33, classified as both 

a cytokine and alarmin, has emerged as an ideal molecule to study an immunologically 

relevant molecule possessing opposing functions (See Figure 1). We expect future studies 

will continue to reveal its capacity to promote alloimmunity via its amplification of Type 1 

and Type 2 immune responses. However, the potent capacity of IL-33 to stimulate 

regulatory and reparative cells, particularly Treg and ILCs in the tissues, suggests IL-33 may 

be harnessed to control acute and chronic rejection. Obviously, our goal should be to 

establish the means to counter the pro-inflammatory capacities of IL-33, but commandeer its 

regulatory capacity for the benefit of transplant recipients.
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KEY POINTS

1. IL-33 can act on ILC2 cells and ST2+ Treg cells to promote tissue repair and 

homeostasis.

2. IL-33 plays an immunoregulatory role in heart transplant.

3. IL-33 is detrimental after AlloHCT by promoting Type 1 immune responses and 

lethal acute GVHD.
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Figure 1. A model accounting for the dichotic function of IL-33 in alloimmunity
(A) IL-33 is released by secretion from stressed cells (17,18, 25) or cell death/damage [19], 

where it can target ST2+ immune cells, including DC, Treg, and ILC2. In the absence of (B) 

non-self molecule (i.e. bacteria or alloantigen [69, 75], IL-33 drives a regulation and 

reparative pathway. In this pathway DC are stimulated to secrete IL-2, which works with 

IL-33 to support Treg proliferation [30]. Expansion of the Treg pool would be expected to 

suppress inflammation and related T cell response. Likewise, IL-33 stimulation of both 

ILC2 and Treg induces their expression of Areg, which can facilitate tissue repair [3, 31]. In 

the presence of non-self, IL-33 can contribute to a pro-inflammatory pathway. Specifically, 

DC are stimulated to secrete IL-12, which promotes a Th1 response, but also up-regulates 

ST2 on CD8. CD8 expression of ST2 allows IL-33 to augment their production of Type 1 

cytokines [8]. Likewise, IL-23 directly counteracts the IL-33-driven function of ST2+ Treg 

[29].
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