
1insight.jci.org      https://doi.org/10.1172/jci.insight.96455

R E S E A R C H  A R T I C L E

Authorship note: O.O. Onyema and Y. 
Guo contributed equally to this work. 
J.J. Lee is deceased.

Conflict of interest: The authors have 
declared that no conflict of interest 
exists.

Submitted: July 28, 2017 
Accepted: November 15, 2017 
Published: December 21, 2017

Reference information: 
JCI Insight. 2017;2(24):e96455. 
https://doi.org/10.1172/jci.
insight.96455.

Eosinophils promote inducible  
NOS–mediated lung allograft acceptance
Oscar Okwudiri Onyema,1 Yizhan Guo,1 Qing Wang,1 Mark H. Stoler,2 Christine Lau,1 Kang Li,1 
Christopher Daniel Nazaroff,3 Xingan Wang,4 Wenjun Li,5 Daniel Kreisel,5 Andrew E. Gelman,5  
James J. Lee,3 Elizabeth A. Jacobsen,3 and Alexander Sasha Krupnick1

1Department of Surgery, Carter Center for Immunology, and 2Department of Pathology, University of Virginia, 

Charlottesville, Virginia, USA. 3Division of Pulmonary Medicine, Department of Biochemistry and Molecular Biology,  

Mayo Clinic, Scottsdale, Arizona, USA. 4Division of Pulmonary, Allergy and Critical Care Medicine, Department of Medicine, 

University of Pittsburgh, Pennsylvania, USA. 5Department of Surgery, Washington University in St. Louis, Missouri, USA.

Introduction
Recent work has suggested that myeloid cells may play an important role in mediating allospecific toler-
ance. DC-SIGN+ macrophages, for example, are necessary for heart allograft acceptance (1). Bone mar-
row–derived CD11b+CD115+Gr1+ monocytes, a type of  myeloid-derived suppressor cells, similarly have 
the capacity to downregulate the adaptive immune response during tolerance induction in the heart (2). A 
group of  DCs, described as tolerogenic DCs, can potentiate solid organ acceptance in other models as well 
(3). The presence of  granulocytic cells, however, is generally considered deleterious for successful organ 
engraftment. Neutrophilia associated with ischemia/reperfusion injury has been associated with costim-
ulatory blockade–resistant (CSB-resistant) lung allograft rejection (4), and eosinophils can contribute to 
rejection of  multiple solid organs (5, 6). Furthermore, eosinophils are suggested to promote damaging 
inflammation in many other disease processes, specifically in mucosal barrier organs (7, 8).

The lung allograft is unique in its immune response after transplantation. For example, while the local pro-
duction of NO correlates with rejection of kidney (9) and heart allografts (10), recent work from our laborato-
ries has demonstrated that NO plays a critical role in amelioration of lung allograft pathology (11). Specifically, 
the expression of recipient-derived type II NOS, or inducible NOS (iNOS), is a critical factor for CSB-mediated 
lung allograft acceptance (11). Myeloid cells have the capacity to express iNOS and were thus suspected as con-
tributing to iNOS-mediated lung allograft acceptance (12). Here, we describe the surprising observation that 
acceptance of allogeneic lung allografts depends on the transient presence of recipient-derived iNOS+ eosino-
phils. The generation of iNOS+ eosinophils is facilitated by cytokine patterns that are expressed locally within 
the lung during tolerance induction. Thus, our work uncovers a potentially unrecognized role for eosinophils as 
a mechanistic link between inflammation associated with early graft responses and tolerance. Our data further 
extend the notion that the immunologic environment associated with lung allograft acceptance is unique and 
challenge current immunosuppressive strategies for lung transplant recipients.

Lungs allografts have worse long-term survival compared with other organ transplants. This 
is most likely due to their unique immunoregulation that may not respond to traditional 
immunosuppression. For example, local NO generation by inducible NOS (iNOS) is critical for 
lung allograft acceptance but associates with rejection of other solid organs. The source of NO 
in accepting lung allografts remains unknown. Here, we report that, unlike the case for other 
pulmonary processes in which myeloid cells control NO generation, recipient-derived eosinophils 
play a critical and nonredundant role in iNOS-mediated lung allograft acceptance. Depletion of 
eosinophils reduces NO levels to that of recipients with global deletion of iNOS and leads to a 
costimulatory blockade–resistant form of rejection. Furthermore, NO production by eosinophils 
depends on Th1 polarization by inflammatory mediators, such as IFN-γ and TNF-α. Neutralization 
of such mediators abrogates eosinophil suppressive capacity. Our data point to what we believe 
to be a unique and previously unrecognized role of eosinophil polarization in mediating allograft 
tolerance and put into perspective the use of high-dose eosinophil-ablating corticosteroids after 
lung transplantation.
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Results
Tolerance is associated with an influx of  recipient-derived iNOS+ cells into the lung allografts. Consistent with our 
previous reports that recipient iNOS expression is critical for promoting lung allograft acceptance (11), 
we detected a relative increase in iNOS transcripts in CSB-treated lung allografts compared with resting 
lungs (Figure 1A). Flow cytometric analysis demonstrated a relative increase in iNOS+ hematopoietic 
cells within the graft (Figure 1B). We observed an early rise in this cell population, peaking on days 4–7 
after transplantation, which returned to baseline by day 30 after engraftment (Figure 1C). Transplanta-
tion of  CD45.2+ BALB/c lungs into CD45.1+ congenic C57BL/6 recipients (B6CD45.1) confirmed that the 
iNOS+ cells were exclusively of  recipient origin (Figure 1D).

Eosinophils are the dominant iNOS-expressing cells in the lung allograft. We next set out to identify the 
iNOS+ lung-resident cells after transplantation. In resting murine lungs, iNOS was detectable in a het-
erogeneous cell population containing a mixture of  myeloid and granulocytic cells (Figure 2A). With-
in 1 week of  transplantation, however, iNOS+ cells in the lung were a homogeneous population of  

Figure 1. Accepting lung allografts are infiltrated by recipient-derived iNOS+ cells. (A) Quantitative RT-PCR revealed a significant increase in iNOS tran-
script levels 7 days after transplantation of BALB/c lungs to B6 recipients with CSB immunosuppression. (B) Flow cytometric analysis demonstrated that 
lung allografts are infiltrated by iNOS+ hematopoietic cells (representative of 8 separate transplants). (C) Time-course analysis demonstrated a gradual 
increase in iNOS+ cells, which decrease to baseline levels 1 month after transplantation (representative of at least 4 transplants per time point).  
(D) Transplantation of a BALB/cCD45.2+ lung grafts to a B6CD45.1+ recipient demonstrated that all iNOS+ graft-infiltrating cells are of recipient origin (represen-
tative of 3 separate transplants). *P <.05, **P < 0.01. Comparison by Friedman’s test was used for paired data, while the Kruskal-Wallis test was used 
for the unpaired group of observations. Post-hoc analysis of differences and comparison of differences between pairs of data were performed with the 
Wilcoxon rank test and the Mann-Whitney U test for paired and unpaired observations, respectively.
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Figure 2. Phenotype of iNOS+ cells from resting lung and lung allografts. (A) iNOS+ cells in resting 
B6 left lung are a heterogeneous population (representative of 7 transplants). (B) iNOS+ cells in 
BALB/c→B6 lung transplantation with CSB immunosuppression (representative of 7 transplants). 
(C) Cytospin preparation and Romanowsky staining of iNOS+ cells in accepting lung grafts, demon-
strating an eosinophil phenotype. Original magnification, ×400.
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SiglecF+F4/80+CD11b+CD11c–CCR3+CCR2–CD68–CD115–GR1+ cells, consistent with an eosinophil 
phenotype (Figure 2B) (13, 14). Romanowsky staining of  flow cytometrically sorted cells demonstrated 
an intense eosinophilic cytoplasmic staining, with a characteristic eosinophil-defining ring-shaped nucle-
us (Figure 2C). Eosinophils from both resting lungs and accepting lung allografts (CSB-treated) expressed 
very low levels of  CD62L, while neither of  the two expressed CD101, indicating a possible regulatory 
capacity of  the eosinophil from both models (15) (Supplemental Figure 1A; supplemental material avail-
able online with this article; https://doi.org/10.1172/jci.insight.96455DS1). Furthermore, the accepting 
lung eosinophils expressed high levels of  CXCL13 transcript without any significant expression of  IL-27 
and, therefore, might differ from the Gr-1hi eosinophils that are associated with increased CXCL13+ and 
IL-27 transcripts (Supplemental Figure 1B) (13). We next examined lung allograft by both histology and 
eosinophil major basic protein-1–based immunohistochemistry and determined that eosinophils were 
located primarily within the alveolar space as well as alveolar septa (Figure 3A). Quantitative analysis 
of  accepting left lung allografts revealed an increase in both the relative percentage and total number of  
lung-infiltrating eosinophils over that in resting lungs (Figure 3B). Such eosinophil influx was evident, 
with graft acceptance induced by CSB as well as cyclosporine (CsA) and low-dose methylprednisolone 
(MP) (16) (Figure 3B). Thus, despite the prevailing notion that eosinophils promote deleterious inflam-
matory responses in the lung, eosinophils represent the dominant iNOS-producing cells in the lung 
allograft, and pulmonary eosinophilia is associated with allograft acceptance.

Eosinophils play a critical role in NO production and lung allograft acceptance. We next set out to examine whether 
eosinophils are necessary for tolerance induction after lung transplantation. IL-5 is the critical factor for eosin-
ophil generation, migration, maintenance, and survival (17). Neutralization of  this cytokine is a commonly 
accepted method for global eosinophil ablation in experimental murine models (15, 18) and therapeutic inter-
vention for asthma (19) and hypereosinophilic patients (20). We thus neutralized IL-5 in immunosuppressed 
B6 recipients of  BALB/c lung allografts. This treatment resulted in the near-complete elimination of  graft-res-
ident SiglecF+CD11b+ eosinophils but did not alter SiglecF+CD11b– alveolar macrophages, SiglecF–CD11b+ 
myeloid cells, or SiglecF–CD11b– nonmyeloid cells (Figure 4A). Depletion of  eosinophils also led to the 

Figure 3. Tissue distribution and quantification 
of eosinophils. (A) Seven days after transplan-
tation of BALB/c to B6 lung allografts with CSB 
immunosuppression eosinophils were distribut-
ed throughout the periphery of the lung in the 
alveolar space and septae, as indicated by the 
arrows. H&E staining and major basic protein-1 
immunohistochemistry are shown. Scale bars: 
μm. (B) Quantitative analysis of eosinophils in 
resting B6 and BALB/c mice and BALB/c→B6 
lung transplantation with CSB or CsA/MP immu-
nosuppression as a percentage and total number 
of lung-resident cells. **P < 0.01. Comparison by 
Friedman’s test was used for paired data, while 
the Kruskal-Wallis test was used for the unpaired 
group of observations. Post-hoc analysis of dif-
ferences and comparison of differences between 
pairs of data were performed with the Wilcoxon 
rank test and the Mann-Whitney U test for 
paired and unpaired observations, respectively.



5insight.jci.org      https://doi.org/10.1172/jci.insight.96455

R E S E A R C H  A R T I C L E

Figure 4. Eosinophil depletion eliminates NO production and potentiates a CSB-resistant form of lung allograft rejection. (A) Recipient IL-5 
neutralization virtually eliminates all eosinophils in the lung allograft with minimal effect on other cell types (8–9 transplants per group). (B) IL-5 
neutralization also eliminates iNOS-expressing graft-resident cells and (C) reduces lung graft NO production to levels statistically comparable to 
B6iNOS–/– recipients. (D) Depletion of eosinophils results in lung allograft rejection, as measured by gross changes, histologic evidence of inflammation, 
and ISHLT grade. Original magnification, ×100. ns, P > 0.05; **P < 0.01, ***P < 0.001. Comparison by Friedman’s test was used for paired data, while 
the Kruskal-Wallis test was used for the unpaired group of observations. Post-hoc analysis of differences and comparison of differences between pairs 
of data were performed with the Wilcoxon rank test and the Mann-Whitney U test for paired and unpaired observations, respectively.
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Figure 5. Lung allograft acceptance is associated with Th1-like polarization. (A) Gene expression analysis of lungs demonstrated a Th1-like polariza-
tion 4 days after transplantation (representative of 6 separate transplants, with BALB/c→B6 allografts outlined in blue, BALB/c resting lungs out-
lined in black with black dots, and B6 resting lungs outlined in black). (B) Eosinophils flow cytometrically sorted from BALB/c→B6 lung grafts 7 days 
after transplantation with CSB immunosuppression demonstrated an E1-like gene fingerprint pattern that resembles that of eosinophils exposed 
to IFN-γ and TNF-α ex vivo (data are from 5 separate transplants). **P < 0.01, ***P < 0.001. Comparison by Friedman’s test was used for paired data, 
while the Kruskal-Wallis test was used for the unpaired group of observations. Post-hoc analysis of differences and comparison of differences between 
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near-complete elimination of  iNOS+ cells in the lung allograft (Figure 4B) and reduced graft NO production 
to levels comparable to those of  B6iNOS–/– recipients (Figure 4C). Most importantly, lung allografts were 
acutely rejected after IL-5 neutralization despite CSB (Figure 4D). These data demonstrate that eosinophils 
are the dominant NO-producing cells in the lung after transplantation, and, in their absence, other cells are 
not able to produce sufficient NO to promote tolerance. To evaluate these results in an independent model of  
eosinophil deficiency, we transplanted B6 lung allografts to either wild-type BALB/c or ΔdblGATA eosino-
phil mice on a BALB/c background with CSB. We noted a significant increase in graft rejection in ΔdblGA-
TA recipient mice, with near-complete graft destruction and severe rejection by day 7 after transplantation 
compared with BALB/c controls (Supplemental Figure 1C). Taken together with data described above, we 
can conclude that eosinophils play a crucial role in lung allograft acceptance.

Accepting lung allografts demonstrate Th1 polarization. We have previously identified that environmental 
polarization can alter the phenotype and function of  eosinophils in asthma models, which are Th2 (IL-
33, GM-CSF, IL-4) cytokine producing (21). In fact, eosinophils can undergo either Th1- or Th2-induced 
polarization based on environmental cytokine milieu (22). While we and others have previously noted that 
IFN-γ and TNF-α, Th1-related cytokines, induce iNOS in several experimental models (11, 23, 24), very 
limited data exist on iNOS induction in eosinophils (25). In fact, some have suggested that Th2-polarizing 
cytokines, such as IL-4, may induce iNOS in this cell population (26). We thus considered the possibility 
that the cytokine milieu in the lung allograft may generate iNOS-expressing eosinophils with regulatory 
potential after transplantation.

We thus evaluated the cytokine profile of  lungs from resting BALB/c, B6, and CSB-treated BALB/
c→B6 lung allografts 4 days after engraftment. We noted a significant increase in Th1-like cytokines, such 
as IFN-γ and TNF-α, as well as the eosinophil survival factor IL-5 in accepting lungs. Th2-specific cyto-
kines, such as IL-4, IL-33, and GM-CSF, did not significantly increase after transplantation (Figure 5A). 
Next, we flow cytometrically sorted graft-infiltrating eosinophils from CSB-treated BALB/c→B6 lungs 
and compared their gene expression profiles to peripheral blood-derived eosinophils polarized by overnight 
exposure to a Th1 (IFN-γ and TNF-α), Th2 (IL-4, IL-33, and GM-CSF) or IL-5 alone (Th0) cytokine 
milieu, as previously described (21, 22). The gene expression profile of  lung graft-infiltrating eosinophils 
closely resembled the profile of  eosinophils that were exposed to IFN-γ and TNF-α (designated as E1), 
with high levels of  CXCL9, CXCL10, and CXCL11 and with lower levels of  E2 signature genes, such as 
CCL17, IL-13, CCL22, and GM-CSF (Figure 5B). Similar to eosinophils polarized toward an E1 pheno-
type, ex vivo eosinophils isolated from accepting lung grafts expressed high levels of  iNOS mRNA (Figure 
5B), consistent with their role as the dominant NO-producing cell after transplantation (as demonstrated 
in Figure 4, B and C).

To further delineate whether Th1-polarizing cytokines contribute to iNOS production in eosinophils, 
we immunophenotyped this cell population from graft recipients in which IFN-γ and TNF-α were neutral-
ized by antibody blockade. Lung-resident eosinophils from grafts where IFN-γ and TNF-α were neutralized 
produced less iNOS and expressed lower levels of  Th1-like transcripts compared with IgG-treated control 
mice (Figure 6). Furthermore, we have previously described that such Th1 cytokine neutralization results 
in graft rejection despite immunosuppression (11). Thus, data further strengthened our assumption that E1 
polarization contributes to iNOS upregulation in eosinophils and is thus responsible for downregulating 
alloreactivity in the lung allograft.

E1 polarization of  eosinophils contributes to the downregulation of  alloreactivity. To evaluate this assump-
tion in a more stringent fashion, we used a reductionist approach, relying on mixed lymphocyte reactions 
(MLRs) of  alloreactive T cell activation. We thus purified eosinophils from the peripheral blood of  mice, 
which are of  the E0 phenotype (21), and polarized them toward an E1 phenotype by overnight exposure 
to IFN-γ, TNF-α, and IL-5 or left them in the resting E0 state by exposure to IL-5 alone. Such eosinophils 
were then added as regulators to MLRs consisting of  BALB/cCD45.2+ splenocyte stimulators and B6CD45.1+ 
congenic CD8+ T cell responders. T lymphocyte proliferation was measured by Ki67 expression and the 
activation evaluated by surface expression of  CD44 and CD62L. While resting T cells showed minimal 
proliferation and maintained mostly a naive CD62LhiCD44lo phenotype, exposure to BALB/c allogenic 

pairs of data were performed with the Wilcoxon rank test and the Mann-Whitney U test for paired and unpaired observations, respectively. For the box 
plots, the bottom and top of the boxes represent the lower and upper quartiles, respectively; the dark band inside the box represents the median; 
and the top and bottom whiskers represent the maximum and minimum observed values, respectively.
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antigen-presenting cells resulted in Ki67 upregulation in the majority 
of  the cells and activation to the CD62LloCD44hi effector phenotype 
in a large portion of  CD8+ T cells (Figure 7, A and B). Addition of  
E1-polarized eosinophils as regulators to the MLR significantly inhib-
ited CD8+ T cell proliferation and differentiation. Surprisingly, E0 
eosinophils also suppressed the alloimmune response, albeit at a slight-
ly lower rate than E1 (Figure 7A). We found this somewhat perplex-
ing, as we have demonstrated that NO elaboration directly influences 
downregulation of  alloreactivity (11) and E0 eosinophils express very 
low levels of  iNOS (Figure 5B). We thus considered the possibility that 
Th1 cytokines produced during the MLRs might alter the polarization 
of  resting eosinophils and upregulate iNOS. To this end, we evaluated 
iNOS levels in E0 eosinophils prior to, as well as after, their addition 
to MLRs. Indeed, eosinophils upregulated iNOS after coculture with 
T cells, which was suggestive of  E1 polarization during the MLR. Sim-
ilar to in vivo studies described above, such polarization was inhibit-
ed by IFN-γ and TNF-α blockade (Figure 7C). Consistent with these 
data, IFN-γ and TNF-α neutralization during the MLR abrogated the 
suppressive capacity of  E0 eosinophils, while eosinophils polarized 
toward the E1 phenotype prior to the MLR maintained their capaci-
ty to suppress CD8+ T cell proliferation (Figure 7D). Taken together, 
our data suggest that a feedback loop exists between the inflammatory 
mediators that are produced within the allograft early after implan-
tation and downregulation of  alloreactivity through the tolerogenic 
polarization of  graft-resident eosinophils (Figure 7E).

Discussion
The role of  eosinophils in health and disease is often summarized by pervasive consensus opinions that 
their activity is primarily destructive and cytocidal in nature (27). Thus, traditional therapeutic strategies 
have focused on the destruction of  this cell population for modulation of  inflammatory disease processes. 
However, the wealth of  recently available studies investigating the role(s) of  eosinophils in both health and 
disease demonstrate that the activities of  these granulocytes are far more expansive than previously appre-
ciated (14, 17, 28–32). Masterson and colleagues recently demonstrated a protective role of  eosinophils in 
downregulating colonic inflammation through the production of  antiinflammatory lipid mediators (33), 
while Mesnil and colleagues identified a distinct regulatory eosinophil subset with key homeostatic func-
tion in the lung (15). Our group has suggested that eosinophils are important regulators of  local immunity 
and/or remodeling/repair in both health and disease i.e., the LIAR hypothesis (34). In this paradigm, 
eosinophils are neither singularly destructive nor penultimate regulatory. Instead, they mediate activities 
whose effects are wide in scope. Consistent with this notion, we now demonstrate that eosinophils are 
participants in the immune responses leading to allograft tolerance.

Figure 6. Modulation of Th1 signature genes in lung graft eosinophils. 
Expression of Th1 signature genes in lung graft eosinophils after IFN-γ and 
TNF-α blockade. Blue boxes represent eosinophils isolated from BALB/c→B6 
transplanted lung grafts with CSB, and black boxes represent eosinophils iso-
lated from BALB/c→B6 transplanted lung grafts with CSB in the presence of 
IFN-γ and TNF-α neutralization (representative of a minimum of 4 transplants 
per group). ns, P > 0.05; **P < 0.01. Comparison by Friedman’s test was used 
for paired data, while the Kruskal-Wallis test was used for the unpaired group 
of observations. Post-hoc analysis of differences and comparison of differenc-
es between pairs of data were performed with the Wilcoxon rank test and the 
Mann-Whitney U test for paired and unpaired observations, respectively. For 
the box plots, the bottom and top of the boxes represent the lower and upper 
quartiles, respectively; the dark band inside the box represents the median; 
and the top and bottom whiskers represent the maximum and minimum 
observed values, respectively.
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Unlike most solid organs, the lungs are continuously exposed to the external environment and thus have 
developed mechanisms to downregulate aberrant inflammation induced by inflammatory lymphocytes (35, 36). 
Based on data presented here, and those described in previous experimental models (11), we can conclude that 
such negative feedback loops are critical for tolerance induction in lungs. This notion is supported by experi-
mental models demonstrating that depletion of CD8+ T cells, and neutralization of Th1-type cytokines, actu-
ally prevents rather than facilitates lung allograft tolerance (11, 37). We now demonstrate that the E1-polarized 
eosinophil is a critical mediator in the feedback loop downregulating graft-deleterious inflammatory responses.

Figure 7. Modulation of CD8+ T cell proliferation and differentiation by E1-polarized eosino-
phil. (A) Proliferation, as measured by Ki67 expression among B6 CD45.1+ CD8+ T cells activated 
with BALB/c allogenic splenocytes, with or without the addition of E1 or E0 eosinophils. Data 
represent 1 of 2 experiments with 4 separate replicates per experiment. (B) In vitro differen-
tiation, as measured by CD44 and CD62L expression on B6CD45.1+ CD8+ T cells stimulated by 
BALB/c allogenic splenocytes, with or without the addition of E1 or E0 eosinophils. (C) iNOS 
expression in CD8+ T cells activated with BALB/c allogenic splenocytes, with or without the 
addition of IFN-γ– and TNF-α–blocking antibodies (representative experiment of 4 separate 
MLRs). (D) Modulation of CD8+ T cell proliferation by E0 and E1 eosinophils in MLR of BALB/c 
allogenic splenocyte stimulators with IFN-γ and TNF-α blockade. (E) Schematic represen-
tation of the regulatory feedback loop between alloreactive lymphocytes and eosinophils in 
lung grafts. ns, P > 0.05; **P < 0.01. Comparison by Friedman’s test was used for paired data, 
while the Kruskal-Wallis test was used for the unpaired group of observations. Post-hoc anal-
ysis of differences and comparison of differences between pairs of data were performed with 
the Wilcoxon rank test and the Mann-Whitney U test for paired and unpaired observations, 
respectively. For the box plot, the bottom and top of the boxes represent the lower and upper 
quartiles, respectively; the dark band inside the box represents the median; and the top and 
bottom whiskers represent the maximum and minimum observed values, respectively.
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Unlike the case for T lymphocytes and macrophages, the functional significance of  environmental 
polarization of  eosinophils is poorly described. The finding that the Th1-like pulmonary environment and 
E1 polarization of  eosinophils play a critical role in lung allograft tolerance is further surprising based on 
the association of  Th2 polarization with CSB-induced tolerance in heart and kidney allografts (38, 39). 
Such differences further point to the unique immunologic environment of  the lung. Nevertheless, these 
data help explain the critical role of  undifferentiated CD44hiCCR7hiCD62Lhi central memory T cells in lung 
allograft tolerance (11). Unlike CD44hiCCR7loCD62Llo effector CD8+ T cells, which are able to destroy 
cellular targets via direct cytotoxicity, central memory CD8+ T cells elaborate proinflammatory cytokines 
but fail to mediate direct cytotoxicity. Thus, this cell population can initiate the tolerogenic eosinophil-iN-
OS–mediated feedback loop described above but is unable to directly destroy allogeneic grafts.

While limited data exist regarding NO production by eosinophils, this cell population has been demon-
strated to contribute to asthma-related protein nitration (40, 41). Along those lines, our data demonstrate 
that the unique NO dependence of  the lung allograft for tolerance induction takes advantage of  this 
iNOS-dependent aspect of  eosinophil biology. It is important to point out that local NO produc-
tion may be important during the initial phases of  tolerance induction but may not be as critical for 
long-term maintenance. This is evidenced by the gradual reduction of  iNOS-expressing cells in the 
accepted graft (Figure 1C), despite the fact that local immunoregulatory circuits facilitate acceptance 
upon retransplantation into a secondary, nonimmunosuppressed host (42). It is possible that eosino-
phil-dependent NO production is important in the early perioperative period, while other suppressive 
cell populations, such as regulatory T cells, contribute to maintenance of  tolerance. Nevertheless, 
our data strongly suggest that clinical interventions targeting all alloreactive cytotoxic lymphocytes or 
eosinophils, such as through the use of  high-dose corticosteroids, may have unpredictable and hidden 
deleterious effects for the lung allograft’s long-term survival.

Methods
Animals. C57BL/6(B6)CD45.2+ (H2b), B6.SJL/BoyJB6CD45.1+ (H2b), and BALB/c (H2d) mice were obtained 
from The Jackson Laboratory. ΔdblGATA (C.129S1(B6)-Gata1tm6Sho/J) GATA mutant mice on a 
BALB/C background were purchased from The Jackson Laboratory as well but were then 
bred and expanded at the University of  Virginia along with BALB/c wild-type control mice. 
NJ1638 IL-5–overexpressing hypereosinophilic transgenic mice were developed in our laboratory at Mayo 
Clinic (43) and breed in the same laboratory or colonies were bred and maintained at the vivarium facility 
at the University of  Virginia School of  Medicine. The animals passed all necessary genotyping screening 
or quarantine serological tests for those that were transported from one university to the other, before they 
were used in this study. All mice used in this study were between 8 and 10 weeks old.

Surgery and transplantation. Orthotopic transplantation of  a left lung allograft was carried out according 
to our previous reports (4, 11, 42, 44). To achieve allograft acceptance, mice were treated either with double 
CSB of  the CD28/B7 and the CD40/CD40L pathways as previously described (11, 45) or with high-dose 
cyclosporine A and low-dose methylprednisolone as previously described (16).

Histology. Lungs were fixed in formaldehyde, sectioned, and stained with H&E. A lung pathologist 
blinded to the experimental conditions graded graft rejection using standard criteria (International Society 
for Heart and Lung Transplantation [ISHLT] A Grade) developed by the Lung Rejection Study Group (46).

Preparation of  lung cells. Lung tissue derived from resting or graft recipient mice was well minced with scis-
sors and digested by placing them into RPMI 1640 medium (Thermo Fisher) containing 0.5 mg/ml collage-
nase II (Worthington Biochemical Corporation) and 5 U/ml DNAse (MilliporeSigma) for 60 minutes at 37°C 
in a shaker. The digested lung tissue was passed through a 70-μm cell strainer and treated with ACK lysing 
buffer (Lonza) to remove red cell contamination. This digestion methods have been previously described (11).

Flow cytometry. All antibodies for flow cytometry were primarily fluorochrome-conjugated rat anti-
mouse monoclonal antibodies. Thus, staining of  samples was by direct immunofluorescence. Intracellu-
lar staining was performed as previously described (44).The following antibodies were purchased from 
BD Biosciences: anti-iNOS FITC, anti-Ly6G (clone IA8) APC, anti-integrin β7 PE, anti-SiglecF PE or 
PerCPCy5.5, anti-Gr-1 PE or APC, and anti-CD127 APC. Antibodies purchased from Biolegend include 
anti-Ly6C PE-Cy7, anti-CCR3 PE or PE-Cy7, and anti-CD49d APC, while the following antibodies were 
purchased from Thermo Fisher–eBiosciences: anti-CD45 eFluor-450, anti-CD45.2 eFluor-450 or elu-
or-506, anti-CD45.1 APC-eFluor-780, anti-CD11b PerCPCy5.5 or APC-eFluor-780, anti-CD8a FITC or 
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APC-eFluor-780, anti-CD90.2 FITC or APC-eFluor-780, anti-CD11c PerCPCy5.5 or APC-eFluor-780, 
anti-F4/80 PE or PerCPCy5.5, anti-CD206 PE, anti-CD68 PE, anti-CD38 PE, anti-CD31 APC, anti-
CD4 APC or eFluor 506, anti-CD44 PerCPCy5.5, anti-CD62L PE-Cy7, and anti-Ki-67 PE. All fluoro-
chrome-conjugated antibodies were matched with the corresponding rat IgG isotypes as antibody con-
trols. In addition, FMO controls were also used to separate the negative and positive populations. Dead 
cells were excluded with Live/Dead Fixable Stain (Thermo Fisher). To block nonspecific binding to Fc 
receptors, we used anti-CD16/CD32 (Thermo Fisher). Cells expressing various markers of  interest were 
acquired in a BD Canto II, equipped with 3 lasers for 10-parameter detection; or in BD LSR Fortessa, 
equipped with 4 lasers for 18-parameter detection (BD Biosciences); or in FACS Scan, upgraded with 3 
lasers for 10-parameter detection capacity (Cytek Development). Quality controls were performed daily on 
the flow cytometers according to the manufacturers’ instructions.

FACS for lung eosinophil. Eosinophils were sorted as CD45+CD11b+Siglec–F+CD11c– cells following the 
staining of  digested lungs with a panel of  fluorochrome-conjugated antibodies similar to the ones used for 
flow cytometry. Sorting was done using the BD Influx (BD Biosciences) or Sony SY3200 “Synergy” Cell 
Sorter (Sony Biotechnology).

Differential staining for leukocytes. Cytospin slides of  sorted CD45+CD11b+Siglec–F+CD11c–recipient 
mouse lung graft cells were stained using the Hema 3 staining kit (Fischer Scientific); Hema 3 is a Roma-
nowsky stain variant. Staining was done according to the manufacturer’s instruction.

NO measurement. The Nitric Oxide Assay Kit (Colorimetric) (Abcam), based on the Greiss reagent, 
was used for the measurement of  NO concentration in the lung. Lung tissues were homogenized using 
a GentleMacs Dissociator (Miltenyi Biotec), and other sample preparation procedures were according to 
the manufacturer’s recommendations. Prepared samples were analyzed in a iMark Microplate Absorbance 
Reader (Bio-Rad).

Isolation, culture, and polarization of  mouse peripheral blood eosinophil. Eosinophils were isolated from 
peripheral blood of  hypereosinophilic IL-5–transgenic mice (NJ.1638) after density-dependent separation 
of  the eosinophil-rich white blood cells using a combination of  Histopaque 1119 and 1083 (MilliporeSig-
ma) at a ratio of  1:9, followed by negative selection of  a >98% pure eosinophil population after incubation 
of  white blood cells with immunomagnetic beads conjugated with CD45R/B220 and CD90.2/Thy.2 anti-
bodies (Miltenyi Biotech). The purity of  eosinophils was confirmed by flow cytometry (CD45+CD11b+Si-
glecF+CCR3+ cells). Details of  the cell preparation and eosinophil purification protocol are as previously 
described (21). To obtain polarized eosinophils, purified eosinophils were cultured at a 5 × 105/ml concen-
tration for 18–24 hours in RMPI-1640 media (containing glutamine and 25 mM HEPES) (Thermo Fisher) 
supplemented with 10% FBS, 10 U/ml penicillin, 10 μg/ml streptomycin, 29.2 μg/ml L-glutamine, and 55 
μM β-mercaptoethanol; in addition, E0 culture also included 10 ng/ml IL-5, E1 included 10 ng/ml IL-5, 
15 ng/ml IFN-γ, and 15 ng/ml TNF-α, while E2 culture also had IL-5 10 ng/ml, IL-33 30 ng/ml, IL-4 10 
ng/ml, and GM-CSF 10 ng/ml. All cytokines and growth factors used for eosinophil polarization culture 
were purchased from Peprotech.

In vitro MLR. Stromal cells from BALB/cJ mice (CD45.2) and CD90.2-positive cells from B6.SJL/BoyJ 
mice (CD45.1) were obtained by negative and positive selection, respectively, by manual activated cell separa-
tion using CD90.2 MicroBeads (Miltenyi Biotech). Labeled or unlabeled CD45.1+CD90.2+ cells were cultured 
together with the CD45.2+ stromal cells in a round-bottomed 96-well plate at a ratio of 1:3 (CD90.2+ cells: 
stromal cells). In some cases, CD45.2+ eosinophils isolated from IL-5–transgenic (NJ. 1638) mice were also 
added to the culture at the same number as the CD90.2+ cells isolated from B6.SJL/BoyJ (CD45.1+) mice. Pro-
liferation of the CD90.2+ cells were analyzed flow cytometrically by Ki-67 expression after 5 days of culture.

In vivo antibody-mediated cytokine neutralization. All neutralization antibodies are of  rat origin and were 
purchased from BioXcell. For the targeted depletion of  eosinophils in allograft recipients, 200 μg anti-IL5 
(clone TRFK5) was administered to each mouse on days –2, –1, +1, and 2 after transplantation. For the 
neutralization of  IFN-γ and TNF-α, 500 μg each of  the blocking antibodies, clones XMG1.2 and XT3.11, 
respectively, were administered, together in a cocktail twice every other day before transplant and twice 
every other day after transplant for a total of  4 doses. Each control animal for all the antibody-mediated 
cytokine neutralization experiments received an equivalent concentration of  rat IgG control (clone HRPN).

In vitro antibody-mediated cytokine neutralization. IFN-γ and TNF-α were neutralized in vitro using 10 μg/
ml and 25 μg/ml, respectively, of  the same blocking antibodies used for in vivo neutralization experiments. 
The antibodies were added twice on the culture setup days and on day 3 after setups.
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Quantitative PCR. RNA was extracted from lung digests and eosinophils were isolated from the lung 
or in vitro–polarized eosinophils using the TRIzol-based technique according to the manufacturer’s guide-
lines (Thermo Fisher). cDNA was reverse transcribed from RNA samples using the High-Capacity cDNA 
Reverse Transcription Kit in accordance with the manufacturer’s instructions (Thermo Fisher, Applied Bio-
system). Quantitative PCR was run on the cDNA samples using Power Syber Green PCR Master Mix 
(Thermo Fisher, Applied Biosystem) in a CFX-96 Real-Time PCR Detection System (Bio-Rad). Cycling 
and reaction conditions were as provided by the manufacturer. The primers used are provided as follows 
(forward [FW], reverse [RV]): IFN-γ FW: ATGAACGCTACACACTGCATC, RV: CCATCCTTTTGC-
CAGTTCCTC; TNF-α FW: CCCTCACACTCAGATCATCTTCT, RV: GCTACGACGTGGGCTACAG; 
IL-5 FW: CTCTGTTGACAAGCAATGAGACG, RV: TCTTCAGTATGTCTAGCCCCTG; IL-33 FW: 
TCCAACTCCAAGATTTCCCCG, RV: CATGCAGTAGACATGGCAGAA; IL-4 FW: GGTCTCAAC-
CCCCAGCTAGT, RV: GCCGATGATCTCTCTCAAGTGAT; GM-CSF FW: GGCCTTGGAAGCAT-
GTAGAGG, RV: GGAGAACTCGTTAGAGACGACTT; iNOS FW: GTTCTCAGCCCAACAATA-
CAAGA, RV: GTGGACGGGTCGATGTCAC; B-ACTIN FW: CGTGCGTGACATCAAAGAG, RV: 
TGCCACAGGATTCCATAC; CCL17 FW: TACCATGAGGTCACTTCAGATGC, RV: GCACTCTC-
GGCCTACATTGG; IL-13 FW: CCTGGCTCTTGCTTGCCTT, RV: GGTCTTGTGTGATGTTGCT-
CA; CXCL9 FW: GGAGTTCGAGGAACCCTAGTG, RV: GGGATTTGTAGTGGATCGTGC; 
CXCL10 FW: CCAAGTGCTGCCGTCATTTTC, RV: GGCTCGCAGGGATGATTTCAA; CXCL11 
FW: GGCTTCCTTATGTTCAAACAGGG, RV: GCCGTTACTCGGGTAAATTACA; and CCL22 FW: 
AGGTCCCTATGGTGCCAATGT, RV: CGGCAGGATTTTGAGGTCCA.

Statistics. Friedman’s test was used for paired data, while the Kruskal-Wallis test was used for 
the unpaired group of  observations. Post-hoc analysis of  differences and comparison of  differences 
between pairs of  data were performed with the Wilcoxon rank test and the Mann-Whitney U test for 
paired and unpaired observations, respectively. Differences were considered significant at P < 0.05. The 
primary outcome measures are presented in scatter or dot plots. For the scatter plots, the inner dark line 
represents the mean value, while the whiskers above and below the mean represent the SEM. For the 
box plots, the bottom and top of  the boxes represent the lower and upper quartiles, respectively; the dark 
band inside the box represents the median; and the top and bottom whiskers represent the maximum 
and minimum observed values, respectively. Data analysis and preparation of  figures were done with 
GraphPad Prism 7.0b software.

Study approval. All animal procedures were approved by the Animal Studies Committee at the Univer-
sity of  Virginia School of  Medicine, Charlottesville, Virginia, USA.
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