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ABSTRACT 

Alarmins, sequestered self-molecules containing damage-associated molecular patterns, are 

released during tissue injury to drive innate immune cell pro-inflammatory responses. Whether 

endogenous negative regulators controlling early immune responses are also released at the site 

of injury is poorly understood. Herein, we establish that the stromal cell-derived alarmin 

interleukin-33 (IL-33) is a local factor that directly restricts the pro-inflammatory capacity of graft 

infiltrating macrophages early after transplantation. By assessing heart transplant recipient 

samples and using a mouse heart transplant model, we establish that IL-33 is upregulated in 

allografts to limit chronic rejection. Mouse cardiac transplants lacking IL-33 displayed dramatically 

accelerated vascular occlusion and subsequent fibrosis, which was not due to altered systemic 

immune responses. Instead, a lack of graft IL-33 caused local augmentation of pro-inflammatory 

iNOS+ macrophages that accelerated graft loss. IL-33 facilitated a metabolic program in 

macrophages associated with reparative and regulatory functions, and local delivery of IL-33 

prevented the chronic rejection of IL-33-deficient cardiac transplants. Therefore, IL-33 represents 

a novel regulatory alarmin in transplantation that limits chronic rejection by restraining the local 

activation of pro-inflammatory macrophages. The local delivery of IL-33 in extracellular matrix 

based-based materials may be a promising biologic for chronic rejection prophylaxis. 
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INTRODUCTION 

Acute heart transplant rejection can typically be averted by immunosuppressant therapy, 

which controls recipient CD4+ and CD8+ T cell responses to polymorphic amino acids in donor 

MHC molecules or donor-derived peptides presented in recipient MHC (1, 2). However, 

immunosuppressants are ineffective against development of chronic heart transplant rejection, a 

progressive vascular and fibrotic remodeling that leads to progressive myocardial dysfunction and 

loss of the majority of grafts within approximately 11 years post-transplant (3-5). While the 

immunopathology of chronic rejection is not fully understood, experimental studies have clearly 

established that chronic rejection of heart transplants, manifesting as vessel occlusion and 

myocardial fibrosis, is an immunologically-driven process that does not occur in the absence of 

adaptive immune cells, particularly T cells (6). Clinical studies have indicated the importance of 

alloimmune response to Human Leukocyte Antigen (HLA), as patients transplanted with cardiac 

grafts with HLA mismatching are reported to have higher incidence of chronic allograft 

vasculopathy (CAV), with HLA-DR mismatching being the most important HLA subtype (7, 8). The 

number of acute rejection episodes and total rejection score are positively related to development 

of CAV in both human and animal models (9, 10). Anti-HLA and anti-endothelial antibodies are 

also implicated in development of CAV (11, 12). 

While chronic rejection is T and B cell-mediated, innate immune cells, including natural 

killer (NK) cells, inflammatory macrophages, monocytes, and monocyte-derived dendritic cells 

(monoDC), initiate and sustain the adaptive responses leading to chronic rejection. Chronic heart 

rejection does not occur in RAG-/- mice lacking T and B cells, yet NK cells predisposed allografts 

to adoptively-transferred, T cell-mediated chronic rejection (13). Likewise, kidney and heart 

allografts are rapidly infiltrated with recipient monocytes that differentiate into inflammatory 

macrophages and monoDC, which act as a critical local stimuli to alloreactive T cells (14). Early 

macrophage depletion (15) and targeting macrophage mTOR signaling (16, 17) suppresses 

cardiac allograft vasculopathy in mice. Given that T cell centric immunosuppressants fail to 
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prevent chronic rejection, the development of new therapeutics able to limit the early response of 

innate immune cells after transplant surgery may be an effective tool to improve long-term 

outcomes after HTx which have not changed significantly in the last 20 years (5). 

It is well appreciated in transplantation that ischemia–reperfusion injury (IRI) arising after 

abrupt disruption and re-establishment of the blood supply to the solid organ results in myeloid 

cell infiltration, differentiation, and pro-inflammatory activation in the graft (18).  Like IRI, surgical 

procedures, recipient conditioning, or alloimmune responses also cause tissue damage or non-

apoptotic cell death that releases sequestered self-derived molecules, or “alarmins”, to alert the 

immune system (18). There have been numerous pro-inflammatory alarmins identified, such as 

ATP, mitochondrial contents, and DNA.  However, the best characterized alarmin is high-mobility 

group box 1 (HMGB1) (18). HMGB1 stimulates myeloid cells through TLR4 and RAGE to promote 

the expression of co-stimulatory molecules and pro-inflammatory cytokines. These mechanisms 

have been shown to support acute and chronic rejection in experimental models (16, 18-20) and 

implicated clinically in acute liver graft rejection (21) and chronic heart transplant rejection (22). 

HMGB1 is upregulated by IRI in cadaveric kidney transplants, but absent in living donor grafts 

and recipients having a TLR4 mutation decreasing the affinity for HMGB1 have higher rates of 

immediate graft function (23). This finding is also consistent with the observation that despite HLA 

mismatch, recipients of live, unrelated donor kidneys have significantly better long-term outcomes 

relative to those receiving HLA-matched cadaveric kidney grafts subjected to longer periods of 

ischemia (24). Recently it was shown that HMGB1 upregulated in mouse cardiac tissue following 

IRI, induces a metabolic profile and epigenetic modification in myeloid cells that supports pro-

inflammatory cytokine secretion (16). Inhibition of HMGB1-augmented glycolysis using mTOR 

inhibition directed to myeloid cells using nanovesicles prolonged allograft survival (16). Thus, 

ischemic injury releasing pro-inflammatory alarmins sets the stage for long term outcomes 

through actions on myeloid cells.   
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However, there is limited evidence that not all alarmins are pro-inflammatory and some 

may actually have beneficial functions after transplantation by stimulating tissue repair or 

supporting immune regulation (25). IL-33 is an IL-1 family member and alarmin that is typically 

sequestered in the nucleus (26) or extracellular-matrix (ECM) of stromal cells (27). When released 

after tissue damage, IL-33 signals to immune cells via the IL-33 receptor IL-1R-like-1(IL1RL1), 

more commonly referred to as Stimulation-2 (ST2) (26). Our work, and that of others, has shown 

that administration of recombinant (r)IL-33 post-heart transplantation prolongs allograft survival 

across MHC barriers in rodent heart transplant models (28, 29). In further studies, we established 

that a dominant mechanism of action supporting the therapeutic benefit of rIL-33 was immune 

regulation through systemic expansion of ST2+ Treg (29, 30). IL-33 expressed by fibro/adipogenic 

progenitors in the skeletal muscle has also been shown to regulate skeletal muscle Treg 

homeostasis and support muscle regeneration (31). Related studies have suggested a direct, 

cardiac protective role for rIL-33 against hypertrophy resulting from cardiac overload (32) and 

fibrosis after myocardial infarction (33). However, delivery of rIL-33 also aggravates autoimmune 

eosinophilic pericarditis during coxsackievirus B3 infection (34), suggesting that IL-33 can 

contribute to cardiac inflammation. IL-33 expression has been reported in cardiac fibroblasts (32) 

and the vasculature (35), yet how the expression of this alarmin is modulated in cardiac allografts 

or impacts outcomes was unknown.  

Using IL-33 deficient heart grafts in a mouse chronic rejection model we have established 

that IL-33 stands out among identified alarmins and limits differentiation of pro-inflammatory 

macrophages to prevent chronic rejection. Specifically, transplants lacking IL-33 displayed 

dramatically accelerated chronic rejection-associated vasculopathy and subsequent fibrosis 

orchestrated by graft infiltrating recipient pro-inflammatory macrophages. IL-33-expressing heart 

grafts in recipients with ST2-deficient macrophages also displayed increased graft infiltration by 

pro-inflammatory macrophages and accelerated graft loss. Mechanistic studies demonstrated 

that IL-33 promoted a reparative macrophage phenotype through a metabolic reprograming 
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involving augmented oxidative phosphorylation (OXHPOS) and fatty acid (FA) uptake. We also 

revealed that IL-33 prevents pro-inflammatory stimuli-induced disruption of the tricarboxylic acid 

(TCA) cycle that shifts macrophage metabolism to anaerobic glycolysis and generates pro-

inflammatory metabolites (36, 37). Restoration of IL-33 to IL-33-deficient heart transplants using 

vesicles in extracellular matrix (ECM)-derived hydrogel immediately after transplantation 

profoundly reduced the frequency of pro-inflammatory myeloid cells in the graft and prevented 

graft loss to chronic rejection. Thus, the local delivery of IL-33 in ECM-based materials after 

transplantation may be a practical and promising biologic for chronic rejection prophylaxis. 
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RESULTS 

IL-33 is augmented in the allograft and circulation during heart transplant rejection. 

 To define how endogenous IL-33 shapes cardiac transplantation outcomes, we crossed 

C57BL/6 (B6) IL-33 knockout mice (38) onto the B6 H2-Ab1Bm12 (Bm12) background.  Bm12 mice 

are a ‘variant’ strain of B6 mice in which a spontaneous mutation in third hypervariable region of 

the beta 1 domain results in alteration of 3 amino acids to generate a distinct I-A molecule, I-Abm12 

(39). When transplanted into B6 mice, this MHCII molecule is recognized by alloreactive immune 

cells, particularly CD4+ T cells. These responses do not typically result in early acute rejection of 

Bm12 allografts, but instead result in chronic rejection-associated fibrosis and vasculopathy in 

contracting grafts at late time points (>30-100 days post-transplant) (40, 41). In using this model, 

we were able to assess the impact of IL-33 upon the alloimmune responses shaping chronic 

rejection in the absence of immunosuppression.  

When il33-/- Bm12 and il33+/+ Bm12 hearts were transplanted into il33+/+ B6 recipients and 

assessed using quantitative Immunofluorescence (IF) on post-operative day (POD)3 and 94, we 

found a rapid increase in IL-33+ cells that was sustained above baseline levels throughout the life 

of the transplant (Figure 1A-B and Supplemental Data Figure 1). Consistent with other reports 

(31, 42), graft IL-33+ cells were predominantly CD45- Vimentin+ stromal cells. Interestingly, while 

il33-/- Bm12 IL-33 KO grafts lack IL-33+ cells at POD3, there was a small fraction of CD45- IL-33+ 

cells at late timepoints. These data suggest that recipient-derived cells, most likely fibrocytes (43, 

44), can also contribute IL-33 to the transplant microenvironment.  While IL-33+ leukocytes have 

been described (26), there was a lack of evidence for significant CD45+ IL-33+ leukocytes in the 

transplanted grafts (Figure 1A).   

We next assessed if a similar modulation of IL-33 was observed clinically by quantitating 

the level of IL-33 expressed in endomyocardial biopsies (EMB) and circulating in the serum of 

pediatric heart transplant recipients. Comparing the expression of IL-33 in EMB in the first year 

after transplant at times of pathologist-diagnosed acute cellular rejection (ACR; ISHLT grade ³2R) 
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or antibody mediated rejection (AMR ³2) episodes to those that were deemed rejection-free 

revealed that periods of diagnosed clinical rejection were associated with increased IL-33+ cells 

in the graft (Figure 1C-D). Thus, these data paralleled the above findings in our rodent heart 

transplant model. IL-33 levels were also compared between EMB from recipients suffering severe 

or mild chronic rejection-associated coronary artery vasculopathy (CAV) at least 300 days post-

transplant. These limited data suggested that those with more severe CAV had decreased levels 

of IL-33 (Figure 1C-D). Assessment of recipient serum revealed that there was a large increase 

in circulating IL-33 in recipients suffering a diagnosed early rejection event compared to recipients 

deemed rejection-free during a similar time period, which were similar to normal levels (Figure 

1E).  Later timepoints also showed a return to normal IL-33 levels, including serum from recipients 

with severe CAV (Figure 1E).  In total, these data showed that endogenous IL-33 is modulated 

during clinical and experimental HTx rejection and free IL-33 is available during early rejection to 

shape local and systemic immune responses. In addition, that IL-33 remained increased in the 

grafts of recipients exhibiting less CAV is suggestive of a beneficial role for sustained local IL-33.  

 

Heart transplants lacking IL-33 undergo augmented chronic rejection and increased infiltration 

by T cells.  

 To delineate the effect of graft or recipient IL-33 upon heart transplant outcomes in this 

model of chronic rejection, we completed heterotopic transplantation of il33+/+ or il33-/- Bm12 hearts 

in il33+/+ B6 mice and assessed groups of grafts at POD30 and 90-100. A group of il33-/- Bm12 

hearts transplanted into il33+/+ B6 mice was also analyzed at POD90. The absence of graft IL-33 

resulted in increased graft pathology and immune infiltration at both time points (Figure 2A-I).  

Using computer-aided image analysis of whole slide images of (WSI) of H+E (Figure 2B) and Tri-

chrome stained samples (Supplemental Data Figure 2A-B) we established increased early 

vascular occlusion in il33-/- Bm12 hearts transplanted in either il33+/+ B6 recipients (Figure 2A, C). 

Both vasculopathy and fibrotic disease were increased at the POD90-100 timepoint in il33-/- Bm12 
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hearts transplanted in either il33+/+ or il33-/- B6 recipients (Figure 2B-D). Graft survival reflected 

the above observations of increased pathology and immune infiltrate, as the absence of graft IL-

33 resulted in the accelerated loss of Bm12 heart graft function (Figure 2E). While il33+/+ Bm12 

grafts exhibited long-term functioning as expected (40, 41), il33-/- Bm12 grafts instead showed late 

rejection (median survival time=57.5). 

We also used immunohistochemistry for CD3, CD11b, and Foxp3 to characterize the 

immune infiltrate present at these time points. These assessments revealed that the absence of 

local IL-33 resulted in increased CD3+ and Foxp3+ cell infiltrate but did not alter the frequency of 

CD11b+ cells (Figure 2F-I and Supplemental Data Figure 2C-E). While previous studies have 

suggested that IL-33 is important for Treg accumulation in injured skeletal muscle (31), graft IL-

33 did not appear to modulate local Treg frequency, as their numbers were increased in il33-/- 

Bm12 relative to il33+/+ Bm12 and appeared to be part of an overall increase in CD3+ cells in the 

absence of IL-33 (Figure 2F-H and Supplemental Data Figure 2C-E).   

Although there was the emergence of limited recipient IL-33+ cells in the graft by POD90-

100, these cells appeared to have minimal functional impact as there was no significant alteration  

seen in the level of immune infiltration or vascular occlusion between il33-/- Bm12 grafts in il33+/+ 

or il33-/- B6 recipients (Figure 2B-G). There was a slight decrease in fibrotic area observed when 

both the graft and recipient lacked IL-33, suggesting a potential pro-fibrotic role for recipient IL-33 

(Figure 2D). In total, these data provided evidence that graft-derived IL-33 acts as a regulatory 

alarmin that limits chronic rejection.  

 

Graft IL-33 does not alter systemic immune responses after heart transplantation.  

We next assessed if the lack of IL-33 in the graft impacted splenic lymphoid cells at POD3, 

30, and 90-100 by flow cytometry. Analysis at the early timepoint did not uncover any global 

differences in the frequencies of CD3+ T cells, B cell, or CD11b+ myeloid cells between spleen of 

WT B6 recipients of il33-/- or il33+/+ Bm12 heart grafts at POD3 (Supplemental Data Figure 3A-
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B). Nor were there differences in the frequency of naïve (CD44- CD69- CD62L+ KLRG1-) CD4+ T 

cells or CD4+ T effector (CD44+ CD69+ CCR7- KLRG1-) between WT B6 recipients of il33-/- or 

il33+/+ Bm12 heart grafts at POD30 (data not shown). Flow analyses of WT B6 recipient spleen 

cells at POD90-100 revealed the anticipated (41) increase in CD4+ T effector memory (CD4+ 

CCR7lo CD44+) cells (Supplemental Data Figure 4A-B) was similar between recipients WT B6 

recipients of il33-/- or il33+/+ Bm12 heart grafts. Thus, the increased graft pathology observed in 

il33-/- Bm12 transplants at either POD30 or POD90-100 did not appear to be associated with 

significant differences in systemic recipient CD4+ T cell response to H2-Ab1Bm12.   

While chronic rejection-associated fibrosis and vasculopathy of Bm12 allografts takes 

place in the presence of CD4+ Foxp3+ Treg, an increase in the presence and the suppressive 

function of Treg is important for the long-term survival of Bm12 heart transplants (40).  However, 

in spite of ample evidence that delivery of rIL-33 produces systemic increases in Treg that 

protected cardiac allografts (29, 45), the absence of IL-33 in the allograft did not impact the early 

presence of ST2+ or ST2- Treg in the spleen at POD3 (Supplemental Data Figure 3A-B).  We 

also observed the expected systemic increases in Foxp3+ Treg, including the ST2+ subset, at 

POD30 and 90-10 post-transplant of both il33-/- and il33+/+ Bm12 grafts (Supplemental Data 

Figure 4C-F).   

 

Local IL-33+ regulates pro-inflammatory myeloid cells in the graft cells early after heart 

transplantation. 

The heart transplant data to this point indicate that IL-33 is limiting intra-graft CD3+ cells 

and early vasculopathy, but not shaping systemic CD4+ T cell responses, to temper chronic 

allograft rejection. The importance of trafficking donor and recipient myeloid cells to the secondary 

lymphoid tissues where they prime alloreactive T cell, which then leave to attack the graft, is 

appreciated (46, 47). In addition to acting as dominant drivers of local pro-inflammatory responses 

and tissue injury after cardiac IRI (48, 49), data have emerged that recruited myeloid cells are 
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also critical for sustaining early T cell responses in the allografts (14, 47).  Guided by these data, 

we examined if graft derived IL-33 was influencing graft or systemic myeloid cells responses after 

cardiac transplantation. While graft (Figure 2I and Supplemental Data Figures 2E and 3C-D) 

and spleen global myeloid cell populations (Supplemental Data Figures 3A-B and 5A-D) were 

not quantitatively impacted by an absence of graft IL-33, the comparison of il33+/+ and il33-/- Bm12 

transplanted into il33+/+ B6 recipients by flow cytometry at POD3 revealed profound early 

qualitative differences in graft myeloid cells (Figure 3). It is understood that by three days post-

transplant, recipient monocytes infiltrate heart or kidney transplants and transition to monoDC 

(CD11b+CD11c+MHCII+) that mediate allograft rejection by promoting the proliferation and 

survival of CD3+ T cells in the graft (14). Recipient monocytes also differentiate into 

CD11b+F4/80+Ly6Chi and Ly6Clo macrophages at early timepoints post-heart transplantation to 

shape graft pathology and alloimmunity (16). Comparing CD11b+ populations from il33-/- Bm12 to 

il33+/+ Bm12 at POD 3, revealed that in the absence of IL-33, Bm12 grafts had a slight increase in 

CD11c+ monoDCs (CD11b+CD11c+MHCII+; Figure 3A-B). More profound, however, was the 

increase in pro-inflammatory Ly6Chi macrophages (CD11b+CD11c-F4/80+Ly6Chi; Figure 3C-D), 

including an MHCIIhi subset (Figure 3C-D). Inducible nitric oxide synthase (iNOS) is both a 

phenotypic marker of pro-inflammatory macrophages and an effector molecule that enables their 

functions (50, 51). The early increases in inflammatory macrophages persisted in il33-/- Bm12 

grafts as immunofluorescent staining of POD30 grafts uncovered an increased frequency of 

iNOS+CD11b+ cells in those lacking IL-33 (Figure 3E-F).  

 

Recipient CCR2+ monocyte-derived cells are the mediators of augmented vasculopathy in IL-33 

deficient heart grafts. 

The C-C chemokine receptor type 2 (CCR2) is critical for monocyte tissue entry (52) and 

subsequent CCR2+ monocyte-derived macrophage differentiation into Ly6Chi pro-inflammatory 

macrophages that promote tissue damage and contribute to allograft rejection (16, 53). To 
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establish if the increased pro-inflammatory macrophages observed in the absence of graft IL-33 

were propagating accelerated chronic rejection, we assessed B6 WT and Ccr2-/- recipients of 

il33+/+ BM12 heart transplants at POD30. IL-33-deficient Bm12 grafts again exhibited a significant 

increase in vascular occlusion typical of this timepoint in WT mice (Figure 2C), however, IL-33-

deficient allografts in Ccr2-/- recipients were protected against this accelerated vasculopathy 

(Figure 3G-F). In total, our findings to this point establish that graft IL-33 is important to limit early 

allograft vasculopathy by negatively regulating the generation of pro-inflammatory macrophages 

from CCR2+ recipient cells.  

 

Restoring local IL-33 reduces graft inflammatory myeloid cells and prevents chronic rejection. 

We have recently revealed that matrix bound nanovesicles (MBV) embedded within the 

ECM contain bioactive IL-33 (27) and we next assessed if restoring IL-33 locally using MBV could 

reverse the increase in local inflammatory cells or prevent accelerated chronic rejection. We 

generated a pliable hydrogel containing IL-33-compentent (IL-33+) or IL-33-deficient (IL-33-) MBV 

and adhered them to grafts immediately after transplantation. Hydrogels containing IL-33+ MBV, 

but not IL-33- MBV, prevented the loss of IL-33-deficient grafts to the accelerated chronic rejection 

observed before (Figure 4A). Consistent with an anti-inflammatory role for local IL-33, we found 

that IL-33+ MBV delivery reduced the number of pro-inflammatory Ly6ChiF4/80+ macrophages, 

but not CD11b+11c+ monoDC in the grafts at POD3 (Figure 4B-C and Supplemental Data Figure 

6). IL-33+ MBV administration at the transplant site did not significantly alter either population in 

the spleen at this timepoint (Figure 4D-E and Supplemental Data Figure 6), suggesting that the 

dominant effect of IL-33 was local. Using hydrogel-based delivery of IL-33 to correct the deficit of 

graft IL-33 in il33-/- Bm12 grafts, we confirmed that local IL-33 functions to limit the generation of 

inflammatory macrophages in the allograft early after transplantation. These data also suggest 

that delivery of regulatory biomolecules, such as IL-33, locally to the graft using MBV and 

hydrogels is feasible and promising for chronic rejection prophylaxis.  
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 IL-33-stimulation poises macrophages through metabolic reprogramming for a regulatory and 

reparative response.  

Metabolic remodeling of macrophages is critical to support the energy and metabolite 

demands required for their response to environmental input during infections and after injury (54, 

55). Our above data led us to hypothesize that IL-33 may act like IL-4 and IL-10 to augment FA 

uptake and oxidative phosphorylation (OXPHOS) which supports the function of regulatory and 

reparative macrophages (56, 57) and tolerogenic DC (58). To characterize the precise metabolic 

changes induced by IL-33, we compared the metabolic impact of IL-33 on bone marrow-derived 

macrophages (BMDM) to that of the well-characterized BMDM responses to IL-4 or LPS/IFNg 

stimulation (50, 51).  It was clear that IL-33 behaved similarly to IL-4 and augmented OXPHOS to 

augment Basal Respiration and ATP production (Figure 5A-B). This effect was in direct contrast 

to LPS/IFNg stimulation, which reduced these measures as metabolic activity shifted towards 

glycolysis (Figure 5A-B). Global metabolite assessment indicated that IL-33, like IL-4, augmented 

macrophage ATP generation via OXPHOS using an intact TCA cycle. Both IL-4- and IL-33-

stimulated macrophages displayed increased concentrations of carnitine (Supplemental Data 

Figure 7A), which is required for FA transport into the mitochondria (55). IL-4 and IL-33 also 

increased concentrations a-ketoglutarate (AKG) and glutamate (Supplemental Data Figure 7B). 

There was no evidence in IL-33-activated BMDM for increased glucose-6-phosphate (G6P; 

Figure 5C), the first intermediate of glycolysis, or a buildup of lactate (Figure 5C), that occurs as 

macrophages use glucose to generate limited ATP using anaerobic glycolysis (55). This was in 

contrast to LPS/IFNg-activated BMDM that had high concentrations of NO (Supplemental Data 

Figure 7D-E), G6P and lactate (Figure 5C).  LPS/IFNg-activated BMDM also displayed the 

expected (36, 37, 51) increase in succinate, citrate, and itaconate due to a NO-induced disruption 

of the TCA cycle caused by inhibition of isocitrate dehydrogenase (IDH) (Figure 5C). IL-33-
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stimulated macrophage were metabolically distinct from IL-4-stimulated macrophages in that they 

did not display glutamine consumption or accumulate the amino acid ornithine (Supplemental 

Data Figure 7C) (50). Instead, IL-33-stimulated macrophages exhibited high levels of aspartate, 

malate, fumarate, and increased concentration of arginine relative to both LPS/IFNg- or IL-4-

stimulated macrophages (Supplemental Data Figure 7A). These metabolites are components 

of the aspartate-arginosuccinate shunt (AASS), which connects the TCA cycle with the generation 

of effector metabolites, such as ornithine and citrulline/NO (50, 59, 60). 

CD301 is often used  as a marker of IL-4- or “alternative” macrophage activation and this 

subset of macrophages is critical for wound repair (61). IL-33-stimulation increased CD301 

expression on BMDM, albeit to a lesser extent relative to IL-4 (Figure 5D-E). When FA uptake 

was blocked, a profound inhibition of IL-33-induced CD301 expression resulted (Figure 5D-E). 

While the role for FA uptake and oxidation in macrophage polarization remains controversial (62), 

our data are consistent with prior studies showing that 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 (56, 63). Thus, IL-33-stimulated macrophages 

reflect a unique macrophage that is “poised” through metabolic reprogramming for a regulatory 

and reparative response typical of IL-4-activated macrophages, while primed for potential effector 

responses through an active AASS (See Schematic Summary in Supplemental Data Figure 7F).  

IL-33 limits pro-inflammatory signal induced iNOS expression  

Early transplantation-associated IRI and alloimmune-mediated damage of the heart will 

release IL-33, TLR4-ligands, and pro-inflammatory cytokines together. Global metabolomic 

analysis of how IL-33 impacted BMDM receiving simultaneous LPS/IFNg-stimulation revealed that 

IL-33 did not modulate aerobic glycolysis, as G6P generation was sustained (Figure 5C). 

However, we observed reduced lactate concentrations suggesting limited anaerobic glycolysis, 

as well as decreased levels of citrate and succinate (Figure 5C). Citrulline, which is produced 
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with NO by iNOS from arginine was also reduced in LPS/IFNg-stimulated BMDM by the co-

presence of IL-33 (Figure 5C). NO is critical to macrophage metabolic reprogramming as it 

disrupts the electron transport chain by targeting Complex I and IV and decreases IDH (51, 64). 

Decreased IDH activity results in itaconate inhibition of succinate dehydrogenase (SDH), which 

causes succinate to reach levels triggering pro-inflammatory activities (37). These past studies, 

combined with the observed increased in iNOS+CD11b+ cells in il33-/- Bm12 grafts (Figure 3E-F), 

led us to ask if IL-33 signaling controlled macrophage induction of iNOS. Splenic macrophages 

receiving simultaneous stimulation with IL-33 and LPS/IFNg (Figure 5F) or receiving IL-33 

stimulation first, followed by LPS/IFNg-stimulation (Figure 5G) had decreased induction of Nos2. 

BMDM stimulated with IL-33 and LPS/IFNg also exhibited a profound reduction in iNOS protein 

(Figure 5H). These data are consistent with the capacity of IL-33 to limit the expression of iNOS+ 

in macrophage and prevent metabolic reprogramming supporting pro-inflammatory functions.   

 

Graft IL-33 targets infiltrating macrophages to stimulate FA uptake and limits macrophage 

differentiation into an iNOS+ pro-inflammatory subset causing rejection.  

 FA uptake reduces the stimulatory function of tumor-associated DC and supports the 

immunosuppressive mechanisms of myeloid-derived suppressor cells (63, 65). Likewise, FA 

uptake contributes to the generation of alternatively activated, M2 macrophages that are critical 

to cardiac tissue repair after ischemia (56, 66). IL-33 poised BMDM for differentiation towards a 

M2-like state through FA uptake while limiting the induction of iNOS, which is necessary for a 

metabolic and pro-inflammatory shift in macrophages towards glycolysis. By comparing CD11b+ 

populations from il33-/- Bm12 to il33+/+ Bm12 heart transplants at POD3, we also revealed a 

significant reduction in levels of FA uptake in the absence of IL-33 in CD11b+CD11c-F4/80+Ly6Chi 

macrophages (Figure 6A-B). The Ly6Clo macrophage subset displayed a similar trend towards 
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decreased FA uptake (Figure 6A-B). These data supported an important role for graft IL-33 in 

stimulating FA uptake in recipient myeloid cells infiltrating the graft.  

Other immune cells, particularly Treg (29-31, 67-69), express ST2 and could respond to 

IL-33 and control myeloid cell activation to improve transplant outcomes. We used B6 

LysMCrexSt2fl/fl mice, which have targeted deletion of ST2 on F4/80+ macrophages, but not Treg 

or other immune cells (Supplemental Data Figure 8), as il33+/+ Bm12 heart graft recipients to 

address this. Using this precise model, we confirmed that IL-33-signaling to macrophages at early 

timepoints post-transplant limits the differentiation of graft infiltrating myeloid cell into pro-

inflammatory iNOS+CD206lo macrophages (P1; Figure. 6C-E), but not CD11c+MHCIIhi monoDC 

or CD206hi macrophages (P2; Figure 6C-E).  

The absence of IL-33-signalling in iNOS+CD206lo macrophages also resulted in 

augmented levels of iNOS in these cells (P1; Figure. 6E) and decreased FA uptake in this 

macrophage subset (P1; Figure 6F). The deletion of ST2 from recipient macrophages did not, 

however, alter Treg in the graft or spleen (Supplemental Data Figure 9). This loss of IL-33 

signaling to macrophages, like the absence of graft IL-33 (Figure 2E), resulted in accelerated 

rejection of il33+/+ Bm12 grafts (Figure 6G). In total, these data establish that IL-33 directly targets 

macrophages to induce a metabolic program supporting FA uptake and regulating iNOS induction 

that limits the generation of pro-inflammatory macrophages causing accelerated graft loss.    
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DISCUSSION 

Myeloid cells are a dominant component of the infiltrating immune cells during acute 

rejection (70) and that increased macrophage numbers present in renal allografts correlates with 

chronic rejection and poor outcomes (71). Increased graft and circulating myeloid cells are 

common in samples from recipients with acutely- and chronically-rejected heart (72, 73) grafts. 

Yet only recently have the precise mechanisms by which graft infiltrating myeloid cells contribute 

to rejection started to crystalize. Recipient monocytes rapidly infiltrate ischemic allografts and 

differentiate into monoDC and macrophage subsets that then support the local alloreactive T cell 

response (14, 16, 17). Intracellular alarmins including HMGB1, IL-1a, nuclear DNA, mitochondrial 

DNA, as well as ECM components like hyaluronan and heparin sulfate are released upon tissue 

injury from IRI or alloresponses that then trigger TLRs on myeloid cells to direct their differentiation 

and stimulate the type 1 immunity mediating acute and chronic rejection. Recent animal studies 

have established that graft infiltrating monocyte recognizing allogenic molecules, such as the 

polymorphic signal regulatory protein a (SIRPa), mature into monoDCs that expressed IL-12 and 

stimulated T cell proliferation in the graft (74). Pro-inflammatory functions of myeloid cells involve 

reprogramming of their cellular metabolism towards reliance on glycolysis to support their 

inflammatory functions (54, 75). Our data make a convincing case that IL-33 is unique among 

alarmins and functions as a “regulatory” alarmin after transplantation to targets infiltrating myeloid 

cells and temper pro-inflammatory responses by supporting cellular metabolism that enables 

homeostatic or tissue protective functions (75, 76).   

Cardiac tissue has limited capacity for repair and cardiomyocytes lost to IRI and 

alloimmune responses will be replaced by fibrotic scar tissue that prevents cardiac rupture but 

limits function (77). Thus, methods to limit damage and cardiomyocyte loss after heart transplant 

are attractive therapeutics. Shortly after cardiac IRI, an early pro-inflammatory period takes place 

involving Ly6Chi monocytes and inflammatory macrophages that clear debris by proteolysis and 
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phagocytosis and promote local inflammation through secretion of IL-1b, IL-6, IL-12 family 

members and TNFa (78-80). This initial pro-inflammatory period typically peaks after 3-4 days 

and initiates a period of resolution and remodeling supported by TGFb, IL-10 and involves Ly6Clo 

monocytes and alternatively-activated macrophages (48, 80). Dysregulation of this process or 

domination by the pro-inflammatory period translates into increased pathological remodeling and 

fibrosis (80). Our characterization of the graft myeloid compartment at 3 days post-transplant 

revealed that the IL-33 restricts the pro-inflammatory capacity of graft-infiltrating, recipient 

monocyte-derived macrophages that cause chronic rejection-associated vasculopathy and 

accelerated graft loss. The restoration of local IL-33 limited Ly6Chi macrophages and reduced 

chronic heart rejection of il33-/- Bm12 grafts. These observations are similar to those when anti-

HMGB1 antibodies are delivered after Bm12 heart transplant into B6 recipients. In these studies, 

targeting HMGB1 reduced the presence of intragraft CD11b+F4/80+ macrophages, CD11c+ 

monoDC, and T cells expressing IFNg and IL-17A to decrease fibrosis and vessel disease at day 

28 post transplantation (20). Based on these considerations, we conclude that a dominant early 

protective function of IL-33 after heart transplantation is to limit the pro-inflammatory capacity of 

local myeloid cells early after heart injury.  

Myeloid cells need to be plastic and respond to local stimuli to support host defenses 

against infections, but also then contribute to the immune regulation and restoration of tissue 

function. The importance of modulation of macrophage metabolism to carry out these activities 

has come to light recently (54) and our current studies provide insights into the way that the 

alarmin IL-33 contributes to regulation of macrophage in the tissues after transplantation. IL-33 

stimulation of macrophages augmented OXPHOS and FA uptake, both of which support 

reparative and regulatory myeloid cell functions. While IL-33 was not as potent effector of 

alternative macrophage activation as IL-4, FA uptake was important for both to increase 

phenotypic markers of alternative activation.  
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We have shown previously that IL-33 activates NF-kB and p38 in macrophages (27) and 

monoDC, which facilitate their ability to expand Th2 cells and Treg secreting IL-5, IL-10, and IL-

13 (30, 69, 81). These cytokines act on macrophages and other cells in the adipose to maintain 

systemic metabolic homeostasis (82, 83). Dahlgren et al has recently established that Treg and 

ST2+ cDC2 exist with ILC2s around larger vessels in tissues under homeostatic conditions and 

IL-33+ stromal cells (ASC) are crucial to maintain these homeostatic niches (42).  Our current 

observations extend these data and establish that IL-33 may function as part of a homeostasis 

maintenance or restoration system in the transplant microenvironment.  Specifically, in the 

absence of IL-33 an uncontrolled early inflammatory response involving increased inflammatory 

macrophages leads to greatly augmented chronic rejection. Our mechanistic studies showed that 

IL-33 acts similar to IL-4 and IL-13 and increases mitochondrial function and FA uptake (56). This 

is in contrast to TLR4 ligands, like HMGB1 or LPS, which stimulate TLR4 to drive glycolysis and 

epigenetic modifications enabling inflammatory cytokine production (16). Both ST2 and TLR4 are 

IL1R/TLR superfamily members that rely on MyD88 as a signaling adaptor and use NF-kB and 

p38 as downstream effector signaling molecules (26). Both receptors activate mammalian target 

of rapamycin (mTOR) (16). Despite the similarities, however, there are nuanced differences in 

signaling between TLR4 and ST2 that produce the contrasting functions observed when these 

closely related pathways are stimulated. One clear difference we identified was the capacity of 

IL-33 to limit the induction of iNOS in macrophages in vitro and in vivo.  Regulation of iNOS is 

important, as it prevents the NO-induced metabolic reprogramming that enables pro-inflammatory 

macrophage functions (51, 64). IL-33-exposed myeloid cells can utilize OXPHOS, where TLR4-

stimulated cells will be locked into a metabolic program relying on glycolysis and associated with 

pro-inflammatory activities (54). The pharmacological inhibition of glycolysis prevents DC 

transition from immature, steady state DC to immunogenic DC (84) and delivery of 

nanoimmunotherapeutics to macrophage in the allograft and preventing HMGB1-induced 
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glycolysis supports allograft acceptance when delivered with co-stimulatory blockade (16). Thus, 

IL-33 represents an endogenous regulatory molecule able to trigger a pathway promoting myeloid 

cell metabolism towards one supporting injury repair functions and allowing reestablishment of 

local homeostasis. 

Several populations of immune cells that can shape transplant outcomes express ST2 

and respond to IL-33. These including macrophages (27), DC (30, 42, 81),  CD8+ (85),  CD4+ T 

cells (86), and Treg (29-31, 67-69). Previously our work, and that of others, revealed that delivery 

of rIL-33 promoted cardiac allograft survival by expanding naturally-occurring Treg, including an 

ST2+ subset, that limited systemic Type 1 responses (29). Since then, the secretion of the 

epidermal growth factor amphiregulin (Areg) by IL-33-stimulated ST2+ Treg has been shown to 

support tissue repair after injury to the skeletal muscle and lung epithelium (31, 67, 68). IL-33 also 

induces Treg and ILC2 secretion of IL-10 and IL-13 in the adipose tissues and injured lung to limit 

local inflammation and generate M2-macrophages implicated in tissue repair and homeostasis 

(69, 82, 83). ST2 is also expressed by stromal cells and IL-33 has been suggested to be directly 

protective for cardiac myocytes (87). An important finding from this study was the demonstration 

that IL-33 from the graft directly targets recipient-derived macrophages to limit their differentiation 

into a detrimental pro-inflammatory subset that causes graft loss. These data identify an important 

protective role for IL-33 and exciting future studies relying on further immune cell and tissue 

specific disruption of ST2 will help us understand how IL-33 coordinates immune and stromal 

response to injury after heart transplantation.   

Our rodent data suggest that IL-33 levels in the graft increase rapidly but decrease during 

the post-transplant period. Our examinations of clinical transplant specimens reveal that IL-33 

remained increased in grafts exhibiting less vasculopathy and this is suggestive of a beneficial 

role for sustained local IL-33 that would parallel the protective function revealed for IL-33 in our 

rodent chronic rejection model. These data are similar to studies by the Mathis group that show 

that IL-33 expression spikes early after skeletal injury in young mice, but not old mice which have 
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lost IL-33 expressing cells (31).  Like our studies in which grafts lacking IL-33 suffer increased 

chronic rejection, in aging mice poor repair of skeletal muscle was associated with a loss of IL-33 

expressing cells (31). Cardiac allografts from older donors have increased risk of chronic rejection 

(88) and it will be important to define if age related loss of IL-33 may contribute to this risk. We 

have found that IL-33 is contained in MBV of the ECM of various tissues, including cardiac (27). 

During the development of cardiac fibrosis the ECM is extensively remodeled (89). If this 

remodeling involves modulation of IL-33 in the ECM to influence the function of local ST2+ immune 

cells will also be a significant question to answer. If IL-33+ cells are indeed reduced in aged donors 

or if local IL-33 concentrations are depleted during pathological fibrotic remodeling, then our data, 

showing that local IL-33 delivery reduced the chronic rejection of IL-33-deficient  hearts, suggest 

this type of therapy may be a highly effective CR prophylactic.  

 The revealed biological impacts of IL-33 on macrophages and heart transplantation 

outcome were profound and our data support the development of targeted IL-33+ therapy to 

prevent chronic rejection. The concept to stimulate natural reparative pathways is novel relative 

to other approaches in the DAMP/alarmin space, which instead aim to prevent or block TLR 

signaling.  One advantage of augmenting reparative pathways is that, unlike TLR antagonists or 

immunosuppressant molecules, this would not stand in the way of normal pathogen responses 

(18). In addition to heart transplants, other commonly transplanted solid organs, including kidney 

(90), liver (91), and lung (92), as well as vascular composite allografts (93), all suffer from 

immunosuppressant-resistant chronic rejection-associated fibrosis and vasculopathy. It will be 

important to determine if endogenous or delivered IL-33 also acts as a regulatory alarmin in these 

transplant microenvironments to limit myeloid cell differentiation.  
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METHODS 

Clinical Specimens. 

Pediatric heart transplant recipient samples were obtained from a prospective study 

completed at the Children’s Hospital of Pittsburgh of UPMC described previously (94) or an 

NIAID-funded study entitled, “An Observational Cohort Study to Determine the Impact of 

Alloantibodies and Antibodies to Self-Antigens on Chronic Allograft Function up to 5 years after 

Pediatric Heart Transplantation”. This study enrolled recipients from 9 pediatric heart centers in 

the U.S. and Canada. Patients received thymoglobulin induction therapy with subsequent 

tacrolimus-based immunosuppression plus adjunctive sirolimus or mycophenolate mofetil and 

underwent serial post-HTx allograft surveillance EMB at 1-2 weeks, 2-4 weeks, 2 months, 4 

months, 6-7 months, 10-12 months, and then annually thereafter until the first of either the 5-year 

post-transplant study visit, study withdrawal, of end of study follow-up. Patients also underwent 

EMB if rejection was suspected and to assess resolution following the rejection treatment. 

Coronary angiograms were obtained at 12 months post-transplant and annually thereafter and 

were analyzed by a single blinded pediatric cardiologist at the study core angiography laboratory 

at Washington University at St. Louis. Analyzed serum were identified and assessed for IL-33 at 

times of pathologist-diagnosed acute cellular rejection (ACR) or antibody-mediated rejection 

(AMR) happening within the first 21-50 days after transplant (n=11 samples from 10 subjects) or 

suffering mild (n=16 samples from 10 subjects) or severe (n=12 samples from 5 subjects) chronic 

rejection-associated coronary artery vasculopathy at least 300 days post-transplant. Serum from 

the Starzl Biorepository for normal healthy non-transplanted adults (n=8) was also assessed. We 

also separately identified and compared EMB samples from ACR events (n=7 in 4 subjects), AMR 

events (n=7 in 5 subjects), and no rejection events (n=7 in 6 subjects) in the first-year post 

transplant using immunostaining for IL-33.  Multiple EMB from pediatric heart transplant recipients 

suffering severe (n=8 in 3 subjects) versus mild CAV (n=12 in 3 subjects) after the first year were 

also assessed.  



24 
 

 

Animals. 

B6, Bm12, LysMCre, and Ccr2-/- mice were purchased from Jackson Laboratories. The 

il33−/− mice were from S. Nakae (University of Tokyo, Tokyo, Japan) (38). Bm12 il33-/- mice were 

generated by 6 times backcrossing Bm12 mice on to the il33-/- background at the University of 

Pittsburgh. St2-/- mice were originally generated on a BALB/c background (95) and backcrossed 

10 times onto the B6 before use. The B6 St2flox(fl) mice were provided by Dr. Giorgio Trinchieri 

(National Cancer Institute, Bethesda, Maryland) and crossed to LysMCre to generate 

LysMCrexSt2fl/fl mice. All animals were housed in a specific pathogen-free facility maintained by 

the University of Pittsburgh.  

 

Vascularized heart transplantation. 

Donor hearts were transplanted into recipients through end-to-side anastomosis of the 

donor ascending aorta and pulmonary artery to recipient abdominal aorta and inferior vena cava 

as described (14). In some experiments, MBV isolated from decellularized IL-33+ mouse 

intestines as described (96) were diluted in a porcine urinary bladder matrix hydrogel to final 

concentration of 1 mg/ml MBV. Graft were covered in hydrogel containing 40 µg diluted MBV after 

reperfusion of the graft. The gut was replaced and allowed to resume its normal position around 

the grafted heart while the MBV in hydrogel stably adhere the heart surface. Graft function was 

verified daily by abdominal palpation of heart contractions until indicated day of harvest. 

  

Isolation of splenic, peritoneal, and graft-infiltrating leukocytes.  

Mice were anaesthetized and perfused with PBS+0.5% heparin via the left ventricle until 

the fluid exiting the right ventricle did not contain visible blood. Hearts or heart grafts were 

removed, cut into fragments, and homogenized in a Gentle MACS C tube in media containing 

350U/ml type IV collagenase (Gibco) and 20 µg/ml DNAse I (Sigma) using program E on a 
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gentleMACS dissociator (Miltenyi Biotec). Single-cell suspensions were then obtained through 

filtration using a 40 µm cell strainer and centrifuged over a Lympholyte-M (Cedarlane）density 

gradient. Spleens from recipient or naïve mice were isolated and single cell suspensions 

generated following mechanical dissociation and RBC lysis. Isolation of splenic macrophages was 

completed using positive selection with Anti-F4/80 MicroBeads (Miltenyi Biotec). Peritoneal cells 

were obtained by flushing the peritoneal cavity with 1 ml of cold PBS.  

 

Generation of bone marrow-derived macrophages (BMDM). 

Murine BMDM were generated similar to described (50, 51, 96). Briefly, BM was 

harvested, washed, and plated in complete medium at 1×106 cells/mL. Cells were allowed to 

differentiate into macrophages for 7 days in the presence of macrophage colony-stimulating factor 

(MCSF) (20 ng/ml, Biolegend) or 10% L929 cell supernatant containing MCSF, with complete 

media changes every 48 h. On day 7, macrophages were cultured for 15-18 h at 37°C and 5% 

CO2 in complete media alone (M0) or media supplemented with one or combinations of the 

following: 1) 20 ng/mL IFNg (Affymetrix eBioscience) and 100 ng/mL LPS (Sigma Aldrich); 2) 

20 ng/mL IL-4 (Invitrogen); 3) 20 ng/ml IL-33 (Peprotech). After the incubation cells were washed 

with sterile PBS and utilized for experimental assays.  

 

Histological and Immunohistochemical staining. 

Naïve mouse hearts and heart transplants were formalin-fixed, paraffin-embedded, 

sectioned (4 µm), adhered on glass slides, and stained with H+E or Masson’s Trichrome following 

standard protocols. Using NearCYTE software (http://www.nearcyte.org) as we have described 

(94), blue fibrosis+ areas (mm2) were divided by the whole tissue area (mm2) and multiplied by 

100 to give a percentage fibrotic area measure. Vascular occlusion was calculated using 

NearCYTE to quantitate the total and open lumen area (mm2) for each artery. These values were 
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used to generate a percentage vascular occlusion for each identified artery and a mean % 

vascular occlusion calculated for each recipient. CD3, CD11b and Foxp3 staining was completed 

using primary antibodies to CD3 (Abcam, ab1669), CD11b (BD Pharmingen, 550282), Foxp3 

(Abcam, ab54501), and then secondary antibodies of biotinylated goat anti-rat (Vector, BA-9400), 

goat anti-rabbit (Vector, BA-1000), horse anti-goat (Vector, BA-9500). The total number of CD3, 

Foxp3, or CD11b positive cells was calculated manually for each tissue and divided by the total 

tissue area calculated by NearCYTE to yield a cells/area (mm2) measure for each sample. 

 

Quantitative Immunofluorescence. 

Optimal cutting temperature compound (Fisher)-embedded frozen mouse HTx or naïve 

hearts were sectioned (6 µm), placed on glass slides, and stained for CD45 (BD Biosciences, 

550539), vimentin ( Abcam ab73159), IL-33 (R&D Systems, AF3626) and fluorescent-conjugated 

and species-specific secondary antibodies following protocols established in the Center for 

Biologic Imaging, University of Pittsburgh (http://cbi.pitt.edu) as described (29). IL-33 staining of 

paraffin-embedded EMB sections (4 µm) from pediatric heart transplant recipients was completed 

following deparaffinization and antigen retrieval similar to methods we have described (94). Intra-

graft macrophage multiplex immunolabeling of paraffin-embedded transplant sections (5 µm) for 

CD11b (Abcam, ab128797) and iNOS (Thermo Fisher, PA3030A) was completed following 

deparaffinization and antigen retrieval using standard protocols and multistep labeling. Full details 

can be found in the Supplemental Methods. 

 

ELISA. 

Recipient serum levels of IL-33 were measured using commercial kits (R&D Systems, 

DY3625). Samples were isolated at the time of collection, frozen and stored at -80oC until use. 
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On the day of assessment, samples were batch thawed and determinations of IL-33 completed 

in triplicate according to manufacturer specifications. Assay limit of detection was 23.44 pg/mL. 

 

Flow Cytometry. 

Isolated splenocytes and graft-infiltrating leukocytes were blocked with heat-inactivated 

goat serum (5%), treated with a Live/Dead distinguishing stain, and labelled with combinations of 

fluorochrome-conjugated Abs (BD Bioscience, Biolegend, and eBioscience) to distinguish 

myeloid, T, and B cell populations. Antibodies(Clone #) to CD45.2(104),  CD19(1D3), 

NK1.1(PK136)，(CD45R/B220(RA3-6B2), CD49b(DX5), CD90.2(30-H12), Ly6G(1A8); Ly6C 

(AL-21), CD11b(M1/70), CD11c(HL3); I-Ab(M5/114.15), CD80(16-10A1), CD86(24F), 

SiglecF(E50-2440), CD301(LOM-14), iNOS(CXNFT), CD206(MR5D3), Gr-1(RB6-8C5), 

F4/80(BM8), (CD45 (30-F11), CD3(145-2C11), CD4(GK1.5), CD8(53-6.7), CD127(SB/199), 

CD44(IM7), CCR7(4B12), Foxp3(MF-14), and ST2(DJ8) were utilized. BodipyTM FL C12 

(Invitrogen) was used for FA uptake assessment. Data was acquired with an LSRFortessa (BD 

Biosciences) or Aurora-10 (Cytek) flow cytometer and analyzed using FlowJo, Version 10.1 (BD 

Biosciences). 

 

Molecular macrophage assessments. 

Cellular mitochondrial bioenergetics, untargeted metabolomic, electron paramagnetic resonance 

spectroscopy and spin trapping of NO, qRT-PCR, and Western blot analysis of murine BMDM 

were completed using standard techniques described in the Supplemental Methods.  

 

Statistical Analysis. 

Statistical analysis was performed using Prism 7 (GraphPad) and statistical tested use 

indicated in the figure legends. A value of p<0.05 was considered statistically significant. 
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Study approvals.  

Rodent breeding and experimental procedures were approved by and performed in 

accordance with the guidelines of the Institutional Animal Care and Use Committee of the 

University of Pittsburgh (Protocol #19065158) and complied with the NIH Guide for the Care and 

Use of Laboratory Animals. The clinical study protocol was approved by the IRBs of all 

participating institutions and written informed consent was obtained from parents/guardians with 

child assent obtained according to local IRB policy. 
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FIGURES: 

 

Figure 1:  Augmented IL-33 is observed in allografts and the circulation during heart 

transplant rejection. (A-B) IL-33-expressing (il33+/+) or IL-33-deficient Bm12 (il33-/-) grafts were 

transplanted into wildtype (WT) C57BL/6 (B6) mice (n=3-5/group). (A) On post-operation day 

(POD) 3 or 90-100, grafts were evaluated by immunofluorescence staining for CD45 (red), 

Vimentin (white), IL-33 (green) and DAPI (blue). One representative image for each group is 

shown. Yellow arrows signify IL-33+ cells. Bar=20uM. (B) Quantitation of percentage IL-33+ cells 

in relation to the total number of DAPI+ cells. Graphs depict individual values and group 

mean±S.D. P values were generated using a one-way analysis of variance (ANOVA). *P<0.05, 

**P<0.01, ***P<0.005. (C-D) Increased graft IL-33 during acute clinical rejection and chronic 

rejection-associated coronary artery vasculopathy (CAV) was observed in analysis of 

endomyocardial biopsies (EMB) immunostained for IL-33 (magenta) and DAPI (blue). (C) 
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Representative image captures from EMB at time points diagnosed as rejection-free (Top Left 

Panel), suffering acute cellular rejection (ACR) (Bottom Left Panel), mild CAV (Top Right Panel), 

or severe CAV (Bottom Right Panel). Yellow arrows signify IL-33+ cells. Bar=50uM (D) Cohort 

mean for IL-33+DAPI+ fluorescent area from EMB-samples at times of “No Rejection”; ACR or 

antibody-mediated “Rejection”, “Mild” or “Severe CAV” calculated for all readable EMB areas for 

each subject. **P<0.01 calculated via ANOVA. (E) Serum assessed for IL-33 by ELISA grouped 

by clinical status and time point of collection relative to transplantation. Graphs depict sample 

values and group means±S.E.M. P values by ANOVA. **P<0.01, ***P<0.005C, ****P<0.0001.  
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Figure 2. The absence of graft IL-33 results in increased chronic rejection-associated 

vasculopathy, fibrosis, and T cell infiltration. IL-33-expressing (il33+/+) or IL-33-deficient Bm12 

(il33-/-) grafts were transplanted into il33+/+ or il33-/- B6 recipients (n=6-7/group). (A-D) Grafts 

harvested on POD30 and POD90-100 were evaluated after H&E staining for percentage vascular 

occlusion and fibrotic area quantified using NearCYTE. Graphs depict individual values and group 

mean±S.D. Naïve il33-/- Bm12 hearts were stained as controls. P values established by ANOVA. 

*P<0.05, **P<0.01, ***P<0.005, ****P<0.0001. (E) Survival of il33-/- (n=10) versus il33+/+ Bm12 

grafts (n=7) in WT B6 recipients. P values by Kaplan-Meier analysis. ***P<0.005.  (F-I) Numbers 

of graft infiltrating CD3+, Foxp3+ and CD11b+ cells identified using immunohistochemistry and 

quantified with NearCYTE. Graphs depict individual values and group means±S.D. P values 

calculated by ANOVA. *P<0.05, **P<0.01, ***P<0.005, ****P<0.0001.  
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Figure 3.  Increased iNOS+ inflammatory myeloid cells cause vasculopathy in IL-33-

deficient heart transplants.  

(A-D) Leukocytes infiltrating il33+/+ or il33-/- Bm12 grafts transplanted into WT B6 recipients (n=6-

7/group) were assessed by flow cytometric on POD3. Leukocytes from naïve Bm12 hearts were 

included as baseline controls (Naive; n=4). (A) Representative plots for monocyte-derived 

dendritic cell (monoDC) in the CD45.2+ gate. (B) Frequency of CD11b+CD11c+ and 

CD11b+CD11c+MHCIIhi cells in the CD45.2+ gate. (C) Representative plots for macrophage 

subsets in the CD45.2+CD11c-CD11b+ gate. (D) Frequency of F4/80+Ly6Chi, F4/80+Ly6Clo, and 

F4/80+Ly6ChiMHCIIhi macrophages in CD45.2+CD11c-CD11b+ gate. P values calculated by 

ANOVA. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001. (E) Representative fluorescent 

immunolabeling for iNOS (Green) and CD11b (Orange) and DAPI (Blue) in il33+/+ (left panel; n=5) 
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or il33-/- (right panel; n=6) Bm12 heart transplants into WT B6 recipients at POD30.  Bar=100µM. 

(F) Quantification of %iNOS+/CD11b+ and %CD11b+/DAPI+ cells.  Graphs depict 3-5 values for 

randomly selected regions from each transplant sample and group mean±S.D. P values were 

calculated with a two-tail t-test with Welch’s correction.  ****P<0.0001.  (G-H) il33+/+ or il33-/- Bm12 

grafts were transplanted into B6 WT or Ccr2-/- recipients (n=3-7/group). Grafts harvested on 

POD30 were evaluated after Masson’s Trichrome staining for (G) vasculopathy. (H) Percentage 

vascular occlusion was quantified, and graphs depict individual values and group mean±S.D. P 

values established using ANOVA. *P<0.05. 
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Figure 4. Restoring local IL-33 reduces inflammatory macrophages in the graft and limits 

chronic rejection of IL-33-deficient allografts.  

Transplanted il33-/- Bm12 grafts were treated with matrix bound nanovesicles (MBV) generated 

from il33-/- (IL-33- MBV) or il33+/+ (IL-33+ MBV) B6 in hydrogel immediately after transplantation 

into WT B6 (n=6/group). (A) Survival of il33-/- Bm12 grafts treated IL-33+ MBV or IL-33- MBV in 

WT B6 recipients. P values calculated by Kaplan-Meier analysis. *P<0.05. Graft infiltrating 

leukocytes (B, C) and splenocytes (D, E) at POD3 from additional groups of WT B6 recipients of 

il33-/- Bm12 grafts treated with IL-33+ MBV were compared using flow cytometry to those receiving 
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il33+/+ Bm12 or il33-/- Bm12 grafts alone. Leukocytes from naïve Bm12 mice hearts and spleens 

were also included as controls (Naïve; n=6). Graphs depict individual values and group mean±S.D 

for F4/80+Ly6Chi and F4/80+Ly6Clo macrophages in the CD45.2+CD3-CD49b-NK1.1-CD90.2-Ly6G-

CD11c-CD11b+ population (B, D) and CD11b+CD11c+ monoDC, and CD11b+CD11c- cells in the 

CD45.2+CD3-CD49b-NK1.1-CD90.2-Ly6G-  population (C, E) in the graft and spleen, respectively. 

P values calculated using ANOVA. ****P<0.001, ***P<0.005, **P<0.01, *P<0.05. 
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Figure 5. IL-33 mediates a FA-dependent poising of macrophages for differentiation into 

a reparative and regulatory subset by promoting oxidative phosphorylation and 

negatively regulating iNOS expression.  

(A) Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were determined 

for B6 bone marrow-derived macrophages (BMDM) left untreated (M0) or stimulated with 

LPS+IFNg, IL-4, or IL-33. One representative experiment of three independent experiments is 

shown. (B) Calculated mitochondrial basal respiration and ATP production for replicates from one 

experiment. ****P<0.0001, ***P<0.001. (C) Relative concentration (normalized to internal 

standard and cell number) of TCA metabolites or citrulline in lysates after overnight culture in 

media alone (M0) or media with LPS+IFNg, IL-4, IL-33, or LPS+IFNg+IL-33 determined using LC-

HRMS. P values determined using ANOVA. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001. n=6 

samples/group. (D-E) Macrophages stimulated as above alone or with 200μM sulfosuccinimidyl 

oleate (SSO) for 24h were assessed for by flow cytometry. (D) Plots of CD45+CD11b+Ly6G-F4/80+ 

gated cells. (E) Frequency of CD206+CD301+ cells in the CD45+CD11b+Ly6G-F4/80+ gate. n=3 

samples/group. P values calculated using ANOVA. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001. 

(F) F4/80+ macrophages from WT or St2-/- B6 mice were treated as in (G) before isolated RNA 

was assessed for Nos2 by qRT-PCR. (H) WT B6 macrophages were first incubated with IL-33 

overnight and then stimulated for 2 hours with LPS+IFNg before RNA isolation and Nos2 qRT-

PCR. n=3 mice/group. Data are from one experiment and representative of two completed. P 

values calculated using ANOVA. **P<0.01. (H) Macrophages treated as in (C) were assessed by 

immunoblotting for iNOS. Quantification of immunoblotting mean pixel density was performed 

using ImageJ and loading was normalized to b-Actin (n=3). P values calculated by ANOVA.  

*P<0.05, **P<0.01.  
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Figure 6. IL-33 targets intragraft myeloid cells to prevent rejection by upregulating their 

fatty acid uptake and limiting the generation of iNOS+ pro-inflammatory macrophages. 

(A) il33+/+ or il33-/- Bm12 grafts were transplanted into WT B6 recipients (n=5/group). On POD3, 

flow cytometry of graft infiltrating leukocytes fatty acid uptake was assessed using Bodipy. (B) 

Bodipy uptake for Q2 (CD45+CD11b+CD11c-F4/80+Ly6Chi) and Q3 (CD45+CD11b+CD11c-

F4/80+Ly6Clo) populations. Graphs are individual values and group mean±S.D. P values were 

calculated using a two-tailed Student’s t-test. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001. (C-E) 

il33+/+ Bm12 grafts were transplanted into B6 LysMCre or LysMCrexSt2fl/fl recipients. On POD3, graft 

infiltrating leukocytes were assessed by flow cytometry. (C) t-distributed stochastic neighbor 

embedding (t-SNE) contour plots generated from CD45+CD3-B220-CD11b+ gated cells (n=3 

mice/plot). Population frequency (monoDC, P1, and P2) for each mouse from (C) in t-SNE plot. 

P values were calculated using a one-way ANOVA. *P<0.05. (D) MFI for F4/80, CD11c, MHCII 

and iNOS for monoDC, pro-inflammatory (P1) and alternatively activated macrophages (P2) 

populations. (E) Comparison of MFI for CD206 and iNOS staining between P1 and P2 populations 

from il33+/+ Bm12 grafts transplanted into B6 LysMCre (White) or LysMCrexSt2fl/fl (Grey) recipients. 

Data are from one of two experiments completed. P values calculated using ANOVA. *P<0.05, 

**P<0.01, ***P<0.005, ****P<0.001. (F) Bodipy uptake by indicated populations of graft infiltrating 

cells in B6 LysMCre (White) or LysMCrexSt2fl/fl (Grey) recipients. Graphs depict individual values 

and group mean±S.D for CD45+CD3-B220-CD11b+ P1- and P2-gated cells (G) Survival of il33+/+ 

Bm12 grafts transplanted into B6 LysMCre (White) or LysMCrexSt2fl/fl recipients (n=5-6/group). P 

values calculated using Kaplan-Meier analysis. *P<0.05. 
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