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Abstract

Pathways regulating lung alloimmune responses differ from most other solid organs and remain 

poorly explored. Based on our recent work identifying the unique role of eosinophils in 

downregulating lung alloimmunity we sought to define pathways contributing to eosinophil 

migration and homeostasis. Using a murine lung transplant model, we have uncovered that 

immunosuppression increases eosinophil infiltration into the allograft in an IL-5 dependent 

manner. IL-5 production depends on immunosuppression-mediated preservation of donor-derived 

group 2 innate lymphoid cells (ILC2). We further describe that ischemia-reperfusion injury 

upregulates the expression of IL-33, which functions as the dominant and non-redundant 

mediator of IL-5 production by graft-resident ILC2. Our work thus identifies unique cellular 

mechanisms that contribute to lung allograft acceptance. Notably, ischemia-reperfusion injury, 

widely considered to be solely deleterious to allograft survival, can also downregulate alloimmune 

responses by initiating unique pathways that promote IL-33/IL-5/eosinophil-mediated tolerance.

1 ∣ Introduction

Long-term survival of lung allografts lags significantly behind that of other transplanted 

organs1. It has been postulated by us as well as others that this may be due to the fact 
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that pulmonary immune responses differ from those of grafts not continuously exposed 

to the external environment2,3. To this end, we have recently described that eosinophils, 

long considered deleterious to the survival of other solid organs such as livers and kidneys, 

downregulate CD8+ T cell-mediated lung alloimmune responses4. In turn, proinflammatory 

mediators elaborated by alloreactive CD8+ T cells polarize eosinophils towards a regulatory 

phenotype5. This eosinophil/T cell “inflammatory” feedback loop is critical for long-term 

lung allograft survival as depletion of either cell type prevents tolerance induction6,7.

While we have previously defined pathways controlling CD8+ T cell trafficking and 

differentiation in the pulmonary allograft7,8, mechanisms controlling eosinophil migration 

into the transplanted lung remain unexplored. Here, we demonstrate that ischemia-

reperfusion injury-mediated IL-33 production by donor-derived stromal cells facilitates 

eosinophil recruitment and infiltration into transplanted lung allografts. This is accomplished 

in an indirect manner through ILC2s that produce IL-5 in response to IL-33. Our data further 

define transplant-related cytokine-dependent cellular interactions that contribute to lung 

allograft acceptance. We also bring to light the concept that ischemia-reperfusion injury, 

widely considered to be uniformly deleterious to graft function, can contribute to graft 

acceptance as well. Our data show that, surprisingly, lung allograft tolerance may actually be 

facilitated by pro-inflammatory pathways that have been widely considered to be deleterious 

to graft survival.

2 ∣ Brief Methods

For full methods please see supplemental data. Male Balb/c, C57BL/6 (B6), 

B6(C)Il5tm1.1(icre)Lky/J (IL-5tdTomato), B6.SJL/BoyJ CD45.1 congenic and B6.129S7-

Il7rtm1Imx/J (IL-7R−/−) mice were purchased from the Jackson Laboratory (Bar Harbor, 

ME). All animal procedures were performed in compliance with and approved by the 

Institutional Animal Care and Use Committee at The University of Maryland, Baltimore. 

For histologic analysis mouse lungs were harvested and fixed in 10% formalin with a lung 

pathologist blinded to the experimental condition graded acute rejection according to the 

International Society for Heart and Lung Transplantation (ISHLT). Student’s t-test was 

used for continuous variable comparisons while the Mann-Whitney U test was used for 

categorical variable comparisons.

3 ∣ Results

3.1 Both Steroid and Co-Stimulatory Blockade-Based Immunosuppression Increases the 
Infiltration of Eosinophils into Lung Allografts

Having recently described that eosinophils can downregulate alloimmune responses after 

lung transplantation4,5 we set out to quantify eosinophils within Balb/c (H2d) lungs 

after engraftment into fully MHC-mismatched C57BL/6 (H2b) (B6) recipients. We 

initially wanted to test the hypothesis that conventional steroid-based immunosuppression 

decreases eosinophil migration to the lung due to deleterious effects of corticosteroids 

on this cell population9. Surprisingly, we observed higher relative numbers of eosinophils 

within allografts after transplantation into mice that were treated with cyclosporine and 

methylprednisolone (CSA/MP) than in resting lungs or in allografts after transplantation 
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without immunosuppression. The relative proportion of eosinophils was similar between 

lung allografts treated with CSA/MP compared to peri-operative co-stimulatory blockade 

(CSB) (Figure 1A bottom left panel). We have previously reported that the ratio of 

eosinophils to T lymphocytes within lung allografts is critical for the downregulation of 

alloimmunity4. To this end a higher relative ratio of eosinophils was evident in lung 

allografts treated with CSA/MP or CSB compared to resting lungs or those without 

immunosuppression (Figure 1A bottom right panel).

We next evaluated whether the observed higher relative numbers of eosinophils are the result 

of increased proliferation or altered viability. We noted no differences in Ki-67 expression10 

or viability in lung-resident eosinophils in any experimental group (Figure 1B). To 

examine if eosinophil recruitment and/or tissue infiltration were responsible for this relative 

increase in abundance we injected 5x106 B6 CD45.2 eosinophils into Balb/c CD45.2→ 
B6 CD45.1 lung transplants treated with either CSB or no immunosuppression. Since 

resting Balb/c donor lungs contain less than 50,000 eosinophils and we have previously 

demonstrated that donor-derived migratory hematopoietic cells such as eosinophils are 

rapidly replaced by those of the recipient host11, we envisioned that such an adoptive 

transfer system would allow us to track transferred eosinophils using the CD45.1 vs. 

CD45.2 congenic markers. We noted a higher ratio of CD45.2 eosinophils in lung 

allografts, but not spleens, of B6 CD45.1 recipients treated with CSB immunosuppression 

(Figure 1C). In addition, a higher percentage of CD45.2 eosinophils were located within 

tissue parenchyma of immunosuppressed compared to non-immunosuppressed allografts. 

Anatomically eosinophils seemed to be dispersed throughout both the alveolar tissue, 

pulmonary interstitium, as well as peri-bronchial tissue in the presence or absence of 

immunosuppression (Figure 1D, Supplemental Figure 1A, B, C). Taken together, our data 

indicate that immunosuppression alters the homing and tissue infiltration of eosinophils into 

lung allografts.

3.2 IL-5 Contributes to the Relative Increase of Eosinophils in Immunosuppressed 
Allografts

We next evaluated chemokines and cytokines known to affect eosinophil migration and/or 

homeostasis12. Proinflammatory chemokines Mip-1α, Mip-1β as well as RANTES were 

higher in lung grafts from non-immunosuppressed animals Figure 2A) while eotaxin-1 

(CCL11), eotaxin-2 (CCL24) were comparable between resting lungs and CSB-treated or 

non-immunosuppressed lung allografts (Figure 2B. However, interleukin-5 (IL-5) was more 

prevalent at both mRNA (Figure 2B) and protein levels (Figure 2C in immunosuppressed 

grafts. IL-5 neutralization blunted eosinophil recruitment and left lung allograft tissue 

infiltration in immunosuppressed hosts (Figure 2D, E) with minimal effect on the right 

native lungs in the same recipients (Supplemental Figure 2 A, B).

While early studies suggested that IL-5 may act as a chemotactic factor for eosinophils13 

others have proposed that this cytokine functions primarily to potentiate the activity of other 

chemokines or chemotactic factors14,15. To explore these possibilities, we next isolated 

peripheral blood eosinophils16 and evaluated IL-5-mediated migratory properties in a 

transwell assay using either a combination of eotaxin-1 and IL-5 or graded concentrations 
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of IL-5 alone. We found that, while higher numbers of eosinophils transmigrated in the 

presence of eotaxin-1, increasing concentrations of IL-5 was able to mediate migration of 

eosinophils even in the absence of eotaxin (Figure 2F). Taken together we can conclude 

that an increase in IL-5 in immunosuppressed grafts may contribute to the regulation of 

eosinophil trafficking after lung transplantation.

3.3 Donor-Derived Group 2 Innate Lymphoid Cells Play a Dominant Role in IL-5 
Production and are Critical for Acceptance of Lung Allografts

As multiple subtypes of hematopoietic cells have the ability to produce IL-517, 

we next compared IL-5-producing cells in Balb/c→B6 lung grafts with or without 

immunosuppression. In the presence of immunosuppression, we observed that among 

IL-5 producing cells CD45+CD90+Lin− cells underwent the greatest proportional increase 

(Figure 3A). This cell population expressed the serum stimulation-2 component of the 

IL-33 receptor (also known as ST2) as well as KLRG1, GATA-3 (Figure 3B) and had 

a small round appearance (Figure 3C). Similar ILC2 phenotype was evident in the 

Balb/c to IL-5tdTomato transgenic reporter mouse18 model (Supplemental Figure 3). Thus, 

phenotypically these cells were consistent with group 2 innate lymphoid cells (ILC2).

We next quantified donor and recipient-derived IL-5-producing cells in Balb/

cCD45.2+→B6CD45.1+ transplants. As described above, we noted a higher relative proportion 

of IL-5-producing cells in the presence of CSB immunosuppression (Figure 4A). The 

majority of IL-5 producing cells were donor-derived and their relative ratio increased 

even further with immunosuppression (Figure 4A). Such dominance of donor-derived 

IL-5 producing cells was corroborated in IL-5tdTomato transgenic reporter mice18 where 

detection of IL-5 does not rely on PMA/Ionomycin stimulation and antibody staining 

(Supplemental Figure 4A). Since ILC2s are the dominant producers of IL-5 within the 

lung graft (Figure 3A) we next gated on donor (CD45.2+) vs. recipient (CD45.1+)-derived 

CD90+Lin−ST2+ cells in the Balb/cCD45.2+ → B6CD45.1+ strain combination. We noted that 

CSB immunosuppression increased the relative numbers of donor, but not recipient-derived 

ILC2s with the graft (Figure 4A right). Based on these data we next set out to determine the 

functional importance of donor-derived ILCs for IL-5-mediated graft acceptance.

The cytokine IL-7 plays a key role in the development of both T cells and ILCs19,20. 

However graft-resident donor-derived T cells are rapidly replaced by those of the recipient 

within 24-72 hours post-engraftment11, while, as described above, ILCs remain of donor 

origin. Thus, the use of a lung graft from an IL7 receptor-deficient donor (IL7R−/−) 

allows for the evaluation of donor-derived ILCs in the immune response without affecting 

the function of other cell types, including ILCs of recipient origin21,22. B6 IL7R−/− 

lungs engrafted into Balb/c recipients demonstrated lower production of IL-5, decreased 

eosinophil infiltration, and higher grades of acute cellular rejection (Figure 4B, C) similar 

to those evident after IL-5 neutralization (Supplemental Figure 4B). Interestingly in the 

absence of eosinophils grafts were rejected in the presence or absence of donor-derived 

ILCs (Supplemental Figure 4C). This indicated that, unlike the case for islet transplants23, 

ILCs do not in and of themselves downregulate lung alloimmunity. Taken together, our data 

demonstrate that donor-derived ILC2s are critical for eosinophil-mediated downregulation 
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of alloimmune responses and lung allograft acceptance. However, how immunosuppression 

affects the number of IL-5 producing ILC2s in the donor graft remained unclear.

As ILC2s express both MHC Class I and II and may therefore be targets for elimination 

by alloreactive T cells (Figure 4D), we next considered the possibility that their lower 

abundance in non-immunosuppressed hosts may be the result of immunologic rejection. To 

test this hypothesis, we transplanted Balb/c lungs into either wild-type B6 or B6Rag2−/− 

recipient mice that are devoid of T and B cells24. While lower levels of ILC2s and IL-5 

were noted in Balb/c grafts after transplantation into non-immunosuppressed B6 mice, 

B6Rag2−/− recipients demonstrated high levels of IL-5 producing ILC2s in engrafted Balb/c 

lungs irrespective of CSB (Figure 4E). Taken together, these data support the notion that 

immunosuppression preserves graft-resident donor-derived ILC2s, which contribute to graft 

acceptance through their production of IL-5.

3.4 Recipient-Derived ILC2s Gradually Migrate into the Lung Allograft and Increase IL-5 
Production Over the Course of Three Weeks

In addition to their lower relative abundance (Figure 4A), recipient-derived ILC2 also 

produced less IL-5 than their donor-derived counterparts four days after transplantation 

(Figure 5A). In fact, graft-infiltrating recipient-derived ILC2s produced less IL-5 than those 

residing in resting lungs (Figure 5A). This was reflective of a more global reduction in 

their activation as evidenced by lower levels of IL-13 as well (Supplemental Figure 5A). 

As ILC2s are considered tissue-resident cells that populate various organs as early as 

embryogenesis25 we next considered the possibility that recipient-derived ILC2 progenitors 

infiltrating lung allografts might require a period of maturation to reach full cytokine 

production capacity. To test this hypothesis, we engrafted B6CD45.1+ donor lungs into Balb/

cCD45.2+ recipients and evaluated the grafts 1, 4, 7, 14 and 21 days after transplantation. 

As demonstrated in Figure 5B and Supplemental Figure 5B we noted a gradual increase 

in recipient-derived CD45.2+ ILC2s with enhanced migration into the lung parenchyma 

(Figure 5C). We also observed a progressive increase in their IL-5 production (Figure 5D) 

that reached comparable levels to donor-derived ILC2s 21 days after engraftment. Taken 

together, these data support the notion that recipient-derived ILC2s do not play an important 

functional role in the local regulation of alloimmune responses early after transplantation.

3.5 IL-33 Induced by Ischemia Reperfusion Injury Activates Donor-Derived ILC2s and 
Plays a Critical Role in Lung Allograft Acceptance

Interestingly, in addition to detecting lower IL-5 production in recipient-derived cells we 

noted that donor derived ILC2s produce more IL-5 in freshly transplanted lung grafts 

compared to those derived from resting, non-transplanted lungs (Figure 5A). In order to 

determine if this increased activation was the result of an alloimmune response, we next 

transplanted B6CD45.1+ lungs into MHC-identical B6CD45.2+ congenic recipients without 

any immunosuppression and evaluated IL-5 production in donor and recipient ILC2s 4 

days after engraftment. Notably, donor-derived ILC2s in transplanted syngeneic lungs also 

demonstrated higher production of IL-5 than ILC2s from resting lungs (Figure 6A). Thus, 

alloimmunity was not a prerequisite for the activation of ILC2s.
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Ischemia reperfusion injury (IRI) associated with the temporary interruption of blood flow 

during donor harvest and eventual restoration during reimplantation is an unavoidable 

consequence of solid organ transplantation. To test the role of IRI in ILC2 activation we next 

utilized a model of temporary pulmonary hilar clamping. We and others have previously 

used this model as a reductionist form of IRI in the absence of other confounding factors 

associated with organ transplantation26. Indeed, a 2-hour period of vascular occlusion 

resulted in an increase in IL-5 production by ILC2s compared to those from resting 

lungs (Figure 6B) with other subtle changes in phenotype (Supplemental Figure 6A). As 

the cytokines IL-25 (also known as IL-17E), thymic stromal lymphopoietin (TSLP) and 

IL-33 have been previously described to activate ILC2s and upregulate IL-5 production27-29 

we next evaluated their levels in the lung tissue. Post-hilar clamp levels of IL-25 and 

TSLP remained below the level of detection, despite their upregulation by other stimuli 

such as intratracheal bleomycin (Figure 6B). By contrast, however, IL-33 levels increased 

significantly in lungs after IRI (Figure 6B).

To investigate the physiology of IL-33 in donor lungs we next utilized human lung tissue 

obtained during the process of transplantation. We and others have reported that IL-33 can 

exist as a full length precursor (flIL-33), which is nearly exclusively a nuclear protein30-33, 

or as a proteolytically cleaved shorter mature forms (mIL-33) with progressive cleavage 

increasing activity33-36. Full length IL-33 does not engage surface cytokine receptors and 

is known to induce only mild lymphocytic and neutrophilic inflammation while the cleaved 

mature form signals through the canonical T1/ST-2 receptor with robust activity34. While 

we have previously described that resting human lungs contain substantial amounts of the 

full-length IL-3334,37, in the setting of brain death followed by preservation and cold-storage 

in Perfadex® solution, as is customary post organ harvest, we were able to document 

an increase in the cleaved isoform which progressed post organ preservation (Figure 6C, 

left). IL-33 was detected in the cytoplasm of bronchial epithelial cells of human lungs 

by immunohistochemistry after cold storage (Figure 6C, middle). Mouse lung allografts 

showed similar results 4 days after engraftment (Figure 6C, right).

To evaluate the role of IL-33 in IRI-mediated IL-5 production by ILC2s we performed 

transient hilar clamping of lungs in IL-33-deficient mice. Unlike the case in wildtype 

animals (Figure 6B) we noted no increase in IL-5 compared to resting lungs (Figure 6D), 

indicating that IL-33 is critical for the activation of lung-resident ILC2s by IRI. Taken 

together, we can conclude that processes related to lung donation, including brain death 

as well as cold storage, augment the production and activation of IL-33 within the graft 

which is critical for IL-5 production following transplantation. Interestingly pretreatment of 

murine donor grafts by IL-33 prior to implantation increased the number of eosinophils in 

the graft but did not alter T cell numbers or effector differentiation (Supplemental Figure 

6B). Such data suggests that the timing, amount and anatomic niches of IL-33 production 

may influence its effect on alloimmunity. However, the role of the IL-33/IL-5 pathway on 

lung allograft acceptance remained unknown.

To directly examine the IRI/IL-33/IL-5 axis in pulmonary allograft acceptance we next 

transplanted lungs from B6 IL-33−/− or wildtype mice into Balb/c recipients in the 

presence of CSB immunosuppression and evaluated the immunologic response one week 
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later. In the absence of donor IL-33, IL-5 production in the graft was reduced with a 

decrease in graft-resident eosinophils, an increase in the relative number of graft-resident 

T cells and a decrease in the eosinophil/T cell ratio (Figure 7A). Most importantly, an 

increase in the ISHLT A grade of rejection was evident in the absence of donor IL-33 

(Figure 7B). Such changes were consistent with lower activation level of graft-resident 

ILC2s (Supplemental Figure 7). Taken together with our data demonstrating that IL-33 is 

predominantly expressed in bronchial epithelial cells these findings suggest that IL-33 may 

downregulate alloreactivity at defined anatomic sites.

4 ∣ Discussion

We have recently described that eosinophils play a critical role in lung allograft 

acceptance based on inducible nitric oxide synthase mediated disruption of CD8+ T cell 

effector differentiation and graft rejection4,5. Thus the importance of eosinophils for lung 

transplant tolerance4,5, combined with the known deleterious role of corticosteroids on their 

physiology9, led us to hypothesize that “traditional” steroid-based immunosuppression may 

be detrimental for lung allograft survival. In fact, we have postulated that the reliance on 

conventional immunosuppression is the reason for inferior survival of the lung allograft 

when compared to other solid organs38,39. However, both steroid-based as well as CSB-

based immunosuppression increase graft-resident eosinophils to downregulate alloimmunity. 

The increase in eosinophils depends on IL-5, which is primarily produced by donor-derived 

activated ILC2s. Donor-derived ILC2s are preserved in the presence of immunosuppression 

due to amelioration of their rejection by the recipient. Interestingly, ischemia-reperfusion 

injury (IRI) contributes to activation of ILC2s due to elaboration of IL-33 by donor-

derived stromal cells. Collectively, such data define a novel pathway that contributes to 

immunosuppression-mediated lung graft acceptance by preserving a tolerogenic population 

of donor-derived passenger leukocytes.

ILCs are a recently described immunocytes that reside at barrier surfaces and play a key role 

in protection against pathogens. Based on their location and long-term residence in grafted 

organs ILCs are poised to regulate the alloimmune response but their precise contribution to 

graft acceptance or rejection is still being defined40. Work from our group has demonstrated 

that cytokine production by ILC3s plays a critical role in establishing tolerogenic tertiary 

lymphoid structures in lung allografts41 while others have demonstrated the association of 

ILC1 and ILC2 with amelioration of lung ischemia-reperfusion injury42. The protective role 

of ILC3 has been extended to intestinal transplantation where Kang and colleagues have 

demonstrated that ILC3s play a protective role in long-term graft survival while ILC1s are 

associated with rejection43.

The existence of ILC2s was initially described by Fort, who demonstrated that IL-25 

administration induced the production of IL-5 and IL-13 in Rag2−/− mice lacking both T 

and B cells44. Activation of ILC2s has been demonstrated to occur directly by cytokines 

as well as indirectly through exposure to environmental allergens such as house dust 

mites and fungus45,46. Based on their anatomic location and function they have been 

implicated in potentiating multiple pulmonary disease processes including asthma, rhinitis 

and lung fibrosis47-49. However, in other disease models ILC2s serve a protective function 
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by regulating post-influenza repair of damaged epithelium and restoring barrier integrity in 

allergy50,51. Our findings add to their functional repertoire the downregulation of deleterious 

alloimmune responses after lung transplantation. Our data thus extend the role of ILC2s 

in pulmonary immunoregulation and point out how innate cellular and cytokine networks, 

that have evolved to respond to pathogens and environmental stressors, can also play a 

role in alloimmunity. Our findings further expand on the concept of tolerogenic passenger 

leukocytes and demonstrate that donor-derived ILC2s play a critical and non-redundant 

role in lung tolerance induction. Thus, our data support the notion that indiscriminate 

elimination of all donor-derived leukocytes may be detrimental to long-term lung allograft 

survival. It is also noteworthy that immunosuppression-mediated inhibition of alloreactive T 

cells contributes to tolerance not only by ameliorating direct graft destruction but also by 

preserving tolerogenic donor-derived passenger leukocytes.

Huang and colleagues have recently reported that IL-33 induced ILC2s in islet graft 

are critical for maintaining graft survival and proper function independent of regulatory 

T cells23. Such protective effects of ILC2s were attributed to their ability to produce 

IL-10. This observation supports our hypothesis that recipient-derived ILC2s migrate into 

lung allograft in response to local IL-33 elaborated based on ischemia-reperfusion injury. 

However, in our model, the mechanism of ILC2-mediated graft acceptance seemed to 

function in a different fashion as donor, rather than recipient-derived ILC2s, are critical 

for graft acceptance. This is demonstrated in Figures 4B and C where ILC-deficient 

lung grafts are rejected even in the presence of CSB immunosuppression despite the 

presence of recipient ILC2. Furthermore, in our model ILC2-mediated graft acceptance 

completely depended on the presence of eosinophils as eosinophil-deficient but ILC2-

sufficient GATA1KO mice reject allogenic grafts (Supplemental Figure 4C). Such data 

demonstrates that, unlike the case for islet transplantation, ILCs promote lung allograft 

acceptance in an eosinophil-dependent manner.

It is interesting that donor-derived ILC2 play a dominant role in IL-5 production early post-

engraftment but are gradually supplanted by recipient-derived cells over the course of three 

weeks. The majority of ILCs populate their respective organs during the neonatal period 

with limited production and organ seeding during postnatal life52. Recent reports, however, 

have challenged this notion as circulating ILC2s have been detected in peripheral blood and 

draining lymph nodes during inflammation in both humans and mice46,53. Also, recruitment 

of ILC3s to lung allografts points to their migratory potential41,54, the origin of While 

specific mechanistic fate mapping studies in a helminth model of infection demonstrated 

that circulating ILC2s can originate from both lung and intestine based on the stage of 

infection recipient-derived ILC2s populating the donor lung have yet to be determined. 

Their recruitment might be mediated by local or systemic inflammatory cascades initiated 

by transplant related immunity and IL-33 may be critical to this process23,55.However, as 

described in Figure 5B and Supplemental Figure 5B both the total number and relative ratio 

of donor vs. recipient ILC2s equilibrate over the course of 3 weeks with equal contribution 

at the end of that period. Such data may suggest that accelerating and strengthening ILC2 

migration and maturation may play a role in developing lung-specific tolerogenic protocols.
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It is interesting that both eosinophil migration and tolerance depend on IL-5 production by 

ILC2s in our model. While such data support our previous demonstration that eosinophils 

play a dominant and non-redundant role in lung allograft acceptance4-6 we recognize that 

other aspects of IL-5 production and/or ILC2 activation may play a beneficial role on 

graft survival. For example, IL-5 can downregulate immune responses in an eosinophil-

independent manner through induction of CD4+CD25+Foxp3+ regulatory T cells56. ILC2s 

are also known to produce amphiregulin, which can facilitate repair of damaged epithelium 

and restore pulmonary homeostasis50. Thus, efforts to facilitate activation of lung-resident 

ILC2s may play a very important role in allograft tolerance based on multiple mechanisms.

Experimental and clinical efforts focus on amelioration of IRI due to its deleterious effects 

through the activation of neutrophils57, monocytes26, as well as other cells of the innate 

and adaptive immune system. The work presented here demonstrates that in addition to 

deleterious effects IRI may also downregulate inflammation in an IL-33 dependent manner. 

While traditionally considered to promote type-2 immunity36 recent work has demonstrated 

its function to be highly context-dependent as in some models IL-33 can result in IFN-

γ dependent type-1 immune response as well58. Some studies have demonstrated that 

IL-33 is an alarmin, functioning to alert the immune system to tissue damage rather than 

participating in canonical cytokine signaling59. Interestingly, recent work in heterotopic 

heart transplant models has demonstrated that therapeutic administration of IL-33 can extend 

graft survival through a variety of mechanisms including skewing the immune response 

toward Th-2 polarization and increasing the generation and function of immunosuppressive 

myeloid and regulatory cell populations60-63. Data presented here extends these findings 

by furthering the notion that IL-33 can facilitate allograft acceptance, albeit through an 

IL-5/eosinophil-dependent mechanism that may be unique to mucosal barrier organs such as 

lungs6.

T cell and eosinophil numbers, ratio, as well as the ISHLT grade of rejection were 

similarly increased in both ILC and IL-33 deficient compared to wild-type donor lungs, 

supporting the IL-33/ILC/IL-5 axis described above (Figure 4 vs. Figure 7). Nevertheless 

the histologic pattern of rejection differed somewhat allografts deficient in either ILC2s or 

IL-33. Specifically some, but not all, IL-33-deficient donor lungs demonstrated a unique 

histologic pattern of aortitis with obliteration of small pulmonary arterial branches by 

inflammatory cells (green arrows in Figure 7B). Perhaps one reason for such differences 

involves the intrinsic chemotactic properties of IL-33, which can affect lymphocyte 

migration independently of its effects on ILC activation64,65. It is thus possible that IL-33 

directly controls specific anatomic niches of lymphocyte accumulation, and its deficiency 

may alter lymphocytic patterns of rejection. In fact, data demonstrating that indiscriminate 

IL-33 administration to the donor does not ameliorate CD8+ T cell differentiation despite 

increasing the number of graft-resident eosinophils supports this notion (Supplemental 

Figure 6B). Taken together data presented in this manuscript expand on the complexity 

of lung allograft immunoregulation. A better understanding of such patterns may shed light 

on immunologic strategies that can be employed to facilitate graft acceptance in the absence 

of traditional non-specific global immunosuppression.
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Figure 1: Eosinophil infiltration of Lung Transplants
(A) Graphic representation of a left single lung transplant in the mouse (top). Relative 

ratio (bottom left) and eosinophil/T cell ratio (bottom right) in resting B6 lungs as well as 

Balb/c lungs engrafted into B6 mice in the presence or absence of immunosuppression at 

post-engraftment day 7. (B) Representative Ki-67 expression and viability dye exclusion 

in eosinophils from lungs in the presence or absence of immunosuppression at post-

engraftment day 7. Representative of two separate experiments. (C) Adoptively transferred 

CD45 congenic eosinophils in the lung or spleen of recipients treated with CSB or not 

receiving immunosuppression. (D) Tissue infiltration of adoptively transferred eosinophils 

in the left lung graft of Balb/c to B6 CD45.1 recipients via flow cytometry (left panel) 

and immunofluorescence (right panel). Intravascular vs. parenchymal identification of 

SiglecF+CD11bhigh eosinophils performed by intravascular administration of fluorescently 

labeled pan-CD45 antibody followed by identification of transferred eosinophils by 

CD45.2+CD45.1− staining (left panel) or by cell trace violet labeling of eosinophils prior 
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to transfer and visual inspection by fluorescent microscopy (right panel). White arrow 

points to pulmonary vessel with visible intravascular eosinophils in lungs with (top) or 

without (bottom) immunosuppression. Representative of two separate experiments. For (C) 

and (D), eosinophils were injected on post-engraftment day 4 and tissue was collected 

18 hours later. CSB=co-stimulatory blockade, CsA/MP=cyclosporine/methylprednisolone. 

ns=p>0.05; *=p<0.05; **=p<.01; ***=p<.001
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Cytokine and chemokine levels in lung allografts
(A) MIP-1α, MIP-1β and RANTES levels in lung digests of resting B6 lungs or Balb/c 

to B6 lung grafts with or without CSB immunosuppression by Multiplex Assays. (B) 

Relative expression of eotaxin-1, eotaxin-2 or IL-5 in lung grafts by quantitative RT-PCR. 

(C) IL-5 production in Balb/c to B6 lung grafts with or without immunosuppression 

by flow cytometric evaluation of lung digests. (D) Recipient-derived (top) or adoptively 

transferred CD45 congenic eosinophils (bottom) in the left lung graft in the presence of 

IL-5 neutralization or Control IgG treatment. (E) Tissue infiltration of adoptively transferred 

eosinophils in the left lung graft of Balb/c to B6 recipients after IL-5 neutralization or 

Control IgG treatment. Representative of two separate experiments. (F) Eosinophil transwell 

migration in the presence or absence of eotaxin-1 and graded concentrations of IL-5. For (A) 

to (C), lung tissue was collected and analyzed at post-engraftment day 4. For (D) and (E), 

eosinophils were injected at post-engraftment day 4 and the tissue was collected 18 hours 

later. CSB=co-stimulatory blockade, ns=p>0.05; * =p<0.05; **=p<.01; ***=p<.001
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IL-5 Production in Lung Allografts
(A) Relative abundance of IL-5 producing cells in the lung allograft in the presence or 

absence of immunosuppression. Top shows representative plots, bottom depicts a graphic 

representation of multiple experiments. Each dot represents an individual transplant. (B) 

Surface phenotype of IL-5+CD90+Lin− cells in the presence or absence of CSB. (C) 

Cytospin preparation of IL-5+CD90+Lin− cells flow cytometrically sorted from lung grafts. 

Tissue was collected and analyzed at post-engraftment day 4. CSB=co-stimulatory blockade, 

ns=p>0.05; ***=p<.001
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Alteration of Graft-Resident ILC-2.
(A) Relative donor vs. recipient IL-5-producing cells in the presence or absence of CSB 

immunosuppression. Left panels demonstrate all IL-5-producing cells and the right panel 

is gated on CD90+Lin−ST2+ ILC2s as a percent of all lung cells. (B) ILC2 levels in B6 

IL7R−/− vs. wildtype (left panel); IL-5 production in lung grafts of B6 to Balb/c + CSB 

vs. B6 IL7R−/− to Balb/c + CSB (right panel). (C) Relative abundance of eosinophils and 

T cells, eosinophil/T cell ratio and ISHLT A grade of B6 IL-7R−/− vs. B6 wildtype lungs 

implanted into Balb/c recipients in the presence of CSB immunosuppression. Green arrows 

indicate perivascular lymphocytic infiltration. (D) MHC Class I and II expression in tissue-

resident ILC2s of both resting and Balb/c lungs after transplantation into B6 mice. ILC2s 

identified as CD90+Lin−ST2+ CD45.2+CD45.1− cells in Balb/cCD45.2+ to B6CD45.1+ graft 

recipients. (E) Relative numbers as well as IL-5 expression, defined as relative MFI and 

% positive, of graft-resident ILC2s in the presence or absence of CSB immunosuppression 

in Balb/c to B6 wildtype vs. B6 Rag2−/− mice. Tissue was collected and analyzed on post-

engraftment day 7 for (B)(C) and on day 4 for (A)(D)(E). CSB=co-stimulatory blockade; 

Guo et al. Page 18

Am J Transplant. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MFI = Mean fluorescent intensity (geometric mean). ns=p>0.05; * =p<0.05; **=p<.01; 

***=p<.001
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IL-5 Production by Donor and Recipient Derived ILC2.
(A) IL-5 production, defined as relative IL-5 MFI or % IL-5+ in donor vs. recipient-derived 

ILC2s of Balb/cCD45.2+ to B6CD45.1+ lung transplants (left side of graphs) vs. resting 

non-transplanted Balb/cCD45.2+ and B6CD45.1+ lungs (right side of graphs). Relative MFI 

of 1 was set as level defined by B6CD45.2+ ILC2 from resting non-transplanted lungs 

which were run with every experiment as an internal control. Tissue was collected and 

analyzed at post-engraftment day 4. (B) Relative ratio of donor vs. recipient-derived ILC2s 

in grafts of Balb/cCD45.2+ to B6CD45.1+ lung transplants on day 1,4,7,14 and 21 days 

post-engraftment. Graft recipients were treated with CSB immunosuppression. (C) Relative 

percentage of intraparenchymal vs. intravascular donor and recipient-derived ILC2s in Balb/

cCD45.2+to B6CD45.1+ lung grafts as identified by flow cytometry. (D) Relative alteration 

in IL-5 expression in donor vs recipient-derived ILC2s in Balb/cCD45.2+ to B6CD45.1+ lung 

grafts on day 1,4,7,14 and 21 days post-engraftment. Data representative of three separate 
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experiments. CSB=co-stimulatory blockade; MFI = Mean fluorescent intensity (geometric 

mean). ns=p>0.05; * =p<0.05; ***=p<.001
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ILC2 activation by ischemia-reperfusion injury-induced IL-33.
(A) IL-5 production, defined as relative IL-5 MFI or % IL-5+ in donor vs. recipient-derived 

ILC2s of B6CD45.1+ to B6CD45.2+ lung transplants. (B) Relative IL-5 MFI of ILC2s and 

tissue concentrations of IL-25, TSLP and IL-33 of resting vs. hilar-clamped lung (C) 

Expression of full-length and cleaved mature forms of IL-33 in brain dead donor prior 

to harvest and Perfadex®-preserved brain-dead donor lungs after ≃ 6 hours of cold storage 

as identified by Western Blot and immunohistochemistry. Immunohistochemistry in Balb/c 

to B6 transplants with CSB immunosuppression shown on day 4 post-implantation and 

human immunohistochemistry was performed on Perfadex® preserved donor lung after ≃6 

hours of cold storage but prior to implantation. Red arrows: cytoplasmic staining of IL-33 

in bronchial epithelium. (D) Relative IL-5 MFI of ILC2s in resting vs. hilar-clamped lungs 

of IL-33-deficient mice. For (A), (B) and (D), lung tissue was collected and analyzed on 

post-operative day 4. BLEO = bleomycin; MFI = Mean fluorescent intensity (geometric 

mean). ns=p>0.05; ***=p<.001
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Graft acceptance depends on donor IL-33 expression in donor.
(A) Relative abundance of eosinophils and T cells as well as eosinophil/T cell ratio in B6 

IL-33−/− vs. wildtype grafts transplanted into CSB-treated Balb/c recipients. (B) Rejection 

grade of B6 IL-33−/− vs. wildtype donor grafts transplanted into CSB-treated Balb/c 

recipients. Top panel shows representative histology (200x, H&E) and bottom panel shows 

ISHLT A grade. Blue arrows indicate perivascular lymphocytic infiltration. Green arrows 

indicate obliterative arteritis observed in some B6 IL-33−/− to Balb/c lung grafts. Lung 

tissue was collected and analyzed on post-engraftment day 7. Each dot represents a single 

mouse lung transplant. CSB=co-stimulatory blockade. ns=p>0.05; * =p<0.05; **=p<.01; 

****=p<.0001
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