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Abstract

Cardiac manifestations are a major cause of morbidity and mortality in patients with eosinophil-
associated diseases. Eosinophils are thought to play a pathogenic role in myocarditis. We
investigated the pathways that recruit eosinophils to the heart using a model of eosinophilic
myocarditis, in which experimental autoimmune myocarditis (EAM) is induced in
IFNy~/~IL-17A~"~ mice. Two conditions are necessary for efficient eosinophil trafficking to the
heart: high eotaxin (CCL11, CCL24) expression in the heart and expression of the eotaxin receptor
CCR3 by eosinophils. We identified cardiac fibroblasts as the source of CCL11 in the heart
interstitium. CCL24 is produced by F4/80* macrophages localized at inflammatory foci in the
heart. Expression of CCL11 and CCL24 is controlled by Th2 cytokines, IL-4 and IL-13. To
determine the relevance of this pathway in humans, we analyzed endomyocardial biopsy samples
from myocarditis patients. Expression of CCL11 and CCL26 was significantly increased in
eosinophilic myocarditis compared to chronic lymphocytic myocarditis and positively correlated
with the number of eosinophils. Thus, eosinophil trafficking to the heart is dependent on the
eotaxin-CCR3 pathway in a mouse model of EAM and associated with cardiac eotaxin expression
in patients with eosinophilic myocarditis. Blocking this pathway may prevent eosinophil-mediated
cardiac damage.
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Introduction

Cardiac manifestations are a major cause of morbidity and mortality in patients with
eosinophilia. In hypereosinophilic syndrome (HES), 20-50% of patients develop fibrosis or
inflammation of the endocardium, myocardium, or pericardium [1-3]. Similarly, one third of
patients with eosinophilic granulomatosis with polyangiitis (EGPA) suffer from
cardiovascular manifestations [4, 5]. Eosinophilic myocarditis can also develop in the
absence of prolonged peripheral eosinophilia, for example, in the potentially fatal form of
acute necrotizing eosinophilic myocarditis, in patients with parasitic diseases, or as
hypersensitivity myocarditis in response to drugs [6, 7]. No specific biomarkers or
treatments are currently available for eosinophilic myocarditis; patients usually receive
immunosuppressive therapy and symptomatic treatment in later stages [7-9]. A recent report
from the NIH taskforce on the Research Needs of Eosinophil-Associated Diseases
underscored the need for animal models to study organ-targeted eosinophil accumulation
[10].

Given the strong association of eosinophils with cardiac disease, eosinophils are believed to
play a pathogenic role in the heart [2, 11, 12]. Eosinophils may be directly cytotoxic to
cardiomyocytes [13-15], activate cardiac mast cells [16], or release pro-thrombotic tissue
factor [17]. Eosinophil granule proteins are deposited in the myocardium during eosinophilic
myocarditis [18]. They are thought to damage the endocardium, resulting in thrombosis and
endocarditis, and eventually in endomyocardial fibrosis and valvular complications [1, 3].
Animal studies further strengthen the evidence that eosinophils contribute to pathology and
mortality in eosinophilic myocarditis [19-21].

Despite the clear link between eosinophils and cardiac damage, the pathways that recruit
eosinophils to the heart have not been described. Eosinophils develop in the bone marrow
and are released into the blood in response to IL-5. From there, they migrate into tissues
[22]. Eosinophils express numerous receptors for chemokines and other mediators that can
direct trafficking [23]. The eotaxins are the strongest eosinophil attracting chemokines [24]
and the most studied [25-28]. Whether eotaxins play a role in eosinophil trafficking to the
heart, however, is not known.

To discover the signals responsible for eosinophil trafficking to the heart, we used a mouse
model of eosinophilic myocarditis previously established by our group [20]. Induction of
experimental autoimmune myocarditis (EAM) in mice lacking the key Th1l and Th17
cytokines IFN-y and IL-17A results in a fatal, Th2-driven form of myocarditis that is
characterized by a predominantly eosinophilic infiltrate [20]. We identified the signaling
pathway controlling eosinophil trafficking to the inflamed heart and the cell types producing
the required chemoattractants. We then validated our findings in patients with eosinophilic
myocarditis.
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Eosinophils migrate to the heart in response to eotaxin-CCR3 signaling

We hypothesized that the eotaxin-CCR3 pathway is important for eosinophil trafficking to
the heart based on our previous observations that Cc/11 (eotaxin-1) and Cc/24 (eotaxin-2)
expression are substantially increased in IFN-y~~1L-17A~~ mice with eosinophilic
myocarditis compared to WT mice during EAM [20]. By including additional groups, we
determined that this expression pattern also occurs in the absence of eosinophils in
AdbIGATAL and IFN-y™~1L-17A~~ AdbIGATAL mice (Fig. 1A). IFN-y " IL-17A~~
AdblIGATAL mice showed substantially higher cardiac expression of Cc/11and Cc/24than
AdbIGATAL mice at day 21 of EAM. This finding establishes that eosinophils are not
required for eotaxin expression in the heart during EAM.

We employed adoptive cell transfer to determine the importance of the eotaxin receptor
CCR3 in eosinophil trafficking to the heart (Fig. 1B). Eosinophils were isolated from IL-5
transgenic mice (IL-5Tg) because these mice develop massive eosinophilia [29]. Recipient
AdbIGATAL and IFN-y™~1L-17A~~ AdbIGATA1 mice deficient in eosinophils were
immunized on days 0 and 7 to induce EAM. On day 20, eosinophils were isolated from
peripheral blood of IL-5TgCCR3*/* and IL-5TgCCR3~/~ donor mice and 107 donor cells
were injected intravenously into recipients. The following day, recipients were sacrificed.
Eosinophil infiltration in multiple organs was quantified by flow cytometry (Fig. 1C-E,
Supporting Information Fig. 1A and B). All eosinophils recovered in the recipients were
necessarily donor-derived because the AdbIGATA1 mutation blocks eosinophil development
in the bone marrow [30]. Only when CCR3-expressing eosinophils were injected into IFN-
v 7IL-17A~"~ AdbIGATAL1 recipients, could significant numbers of eosinophils be retrieved
from the heart (Fig. 1C, D). This combination of donor and recipient alone resulted in a
significant increase in cardiac eosinophils in both frequency (Fig. 1C, E) and absolute
numbers (Fig. 1D). Use of bone marrow-derived eosinophils from WT and CCR3~/~ donors
for adoptive transfer yielded the same results (aata not shown). Expression of CCR3 by
eosinophils allowed for substantial eosinophil trafficking to the heart, but only in the
presence of high cardiac eotaxin expression. Therefore, two conditions are required for
efficient eosinophil trafficking to the heart: substantial eotaxin expression in the heart as in
the IFN-y~/~IL-17A~"~ AdbIGATA1 mice and expression of the CCR3 receptor on
eosinophils. These data led us to conclude that the CCR3-eotaxin pathway is essential for
eosinophil trafficking to the heart.

Eosinophils reach the highest frequency in the hearts of IFN-y"‘IL-l?A"‘ AdbIGATA1 mice

To determine whether eosinophil migration into tissues in response to the eotaxin-CCR3
pathway was intact in AdbIGATA1 recipients, we analyzed eosinophil numbers in the small
intestine in parallel with the heart. The intestine harbors eosinophils under steady-state
conditions in mice and humans [27, 31]. Eosinophil trafficking to the intestine is known to
be dependent on the eotaxin-CCR3 pathway [25]. CCR3-expressing eosinophils were found
at significantly higher frequencies in the intestines of both recipients compared to CCR3-
deficient eosinophils (Fig. 1E). Adoptively transferred eosinophils were also retrieved from
peripheral blood, spleen, and bone marrow at low frequencies (Fig. 1E, Fig. 2, Supporting
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Information Fig. 1B). A role for the eotaxin-CCR3 pathway has not been described for these
organs, and we did not find more CCR3*/* eosinophils compared to CCR3~/~ eosinophils in
any of these tissues (Fig. 1E, Supporting Information Fig. 1B).

Importantly, transferred CCR3*/* eosinophils in IFN-y™~1L-17A~~ AdbIGATAL1 recipients
reached higher frequencies in the heart than any other organ (Fig. 2A). Eosinophil frequency
in the heart was about 10- to 20-fold higher than in the blood or spleen and about twofold
higher than in the intestine. In contrast, in AdblIGATAL1 recipients transferred CCR3*/*
eosinophils were increased in the small intestine compared to all other organs, including the
heart (Fig. 2B). Thus, eosinophils are specifically recruited to the heart by the Th2-driven
myocarditis that develops in the absence of IFN-y and IL-17A.

Genetic ablation of CCR3 in IFN-y"‘IL—l?A"‘ mice blocks eosinophil trafficking to the

heart

To further test our hypothesis that eosinophil trafficking to the heart is mainly CCR3-
dependent in eosinophilic myocarditis, we crossed IFN-y~/~IL-17A~~ mice with CCR37/~
mice. Eosinophil frequencies in the heart were dramatically reduced from 24% in IFN-

vy FIL-17A= mice to 2% in IFN-y"IL-17A~~CCR3~~ mice on day 21 of EAM (Fig.
3A, B). Eosinophil frequencies in the spleens did not differ between the two strains (Fig.
3C). Although considerably diminished, eosinophils were not entirely absent from the hearts
of IFN-y"IL-17A~~CCR3~~ mice (Fig. 3A, B) and accounted for similar frequencies in
heart and spleen on day 21 of EAM (Fig. 3B, C). This suggests that there is no specific
recruitment of eosinophils to the heart in the absence of CCR3.

Expression of CCR3 has also been reported on human Th2 cells [32]. We observed similar
CD4* T cell frequencies in the presence or absence of CCR3 during EAM (Fig. 3D). This
indicates that reduced eosinophil trafficking to the heart in IFN-y~/~IL-17A~~CCR3~/~
mice is not a consequence of decreased T cell infiltration. Moreover, all 3 strains developed
myocarditis of similar histopathologic severity (data not shown). Taken together, these
findings demonstrate that in eosinophilic myocarditis without peripheral eosinophilia, as is
observed in IFN-y~/~IL-17A~/~ mice, eosinophil trafficking to the heart is dependent on the
eotaxin-CCR3 pathway.

CCL11 and CCL24 are expressed by different cell types in the heart

Immunohistochemical staining for eotaxins on serial heart sections revealed interstitial
expression of CCL11 at day 21 of EAM in IFN-y~/"IL-17A~/~ AdbIGATA1 mice (Fig. 4A),
AdbIGATAL mice (Fig. 4E), and naive mice of both strains (data not showr). Only single
CCL11* cells were observed in inflammatory foci (Fig. 4B, F). This pattern is consistent
with expression by fibroblasts. CCL24 was not detected interstitially between
cardiomyocytes (Fig. 4C, G). Instead, CCL24 localized to areas of inflammation in IFN-
v~ 7IL-17A~"~ AdbIGATA1L mice (Fig. 4D), consistent with expression by heart infiltrating
cells. CCL24 was not detectable in AdbIGATAL mice (Fig. 4G, H) or naive mouse hearts of
either genotype (data not shown). This demonstrates that CCL11 and CCL24 are expressed
by different cell types in the heart and under different conditions.
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Cardiac fibroblasts are the major CCL11 producers in the heart

Next, we sought to establish which cell types were responsible for eotaxin production. We
used a Cc/11 mRNA probe for flow cytometry to address this question in an unbiased
manner. We included surface markers for the identification of tissue resident cells and
infiltrating hematopoietic-lineage cells (Supporting Information Fig. 2). Out of the different
cell populations in the heart at day 21 of EAM, the highest expression of Cc/11 was detected
in CD45-CD31~CD140a* cardiac fibroblasts (Fig. 41, J). This fibroblast subset showed
significantly higher Cc/11 expression compared to total viable cells for both IFN-

v 7IL-17A7"~ AdbIGATA1L and AdbIGATAL mice (Fig. 4J). Low levels of Cc/11 expression
could be detected by gPCR even in naive hearts. The highest Cc/11 signal in naive heart
cells was also in the CD140a" fibroblast subset (data not shown). Thus, cardiac fibroblasts
are the major producer of Cc/11 in the heart during steady-state and in myocarditis. To
confirm these results with an independent method, we sorted several cell populations from
AdbIGATAL and IFN-y™~1L-17A™~ AdbIGATA1 mice at day 21 of EAM and analyzed
eotaxin expression by qPCR. CD31* endothelial cells were depleted before cells were sorted
by FACS (Supporting Information Fig. 3A). Again, CD45-CD140a* fibroblasts showed the
highest expression of Cc/11 compared to all other sorted cells (Fig. 4K). In conclusion, the
major producers of CCL11 are CD140a* cardiac fibroblasts located interstitially between
myocytes. These CCL11-expressing fibroblasts were found in both AdbIGATAL and IFN-
v~ 7IL-17A~"~ AdbIGATA1L mice at steady-state and in EAM.

CCL24 is produced by F4/80* macrophages during myocarditis

Unlike Cc/11, which was upregulated 4-fold during EAM in AdblIGATAL compared to naive
mice, Cc/24 did not increase in EAM in AdbIGATA1 mice (Supporting Information Fig.
3B). In the IFN-y"1L-17A~/~ AdbIGATA1 mice, however, Cc/24 was highly upregulated
during EAM (Fig. 4L, Supporting Information Fig. 3B). The populations shown in Figure
4K did not conclusively reveal the major Cc/24 expressing cell type (Supporting Information
Fig. 3B). Therefore, we sorted 10 overlapping populations (Supporting Information Fig. 4)
and assayed them for Ccl24 expression. CD45*CD11b*Ly6G~F4/80*" macrophages were the
major Ccl24 expressing cells in EAM in IFN-y"IL-17A~/~ AdbIGATA1 mice (Fig. 4L).
Expression of CCL24 by macrophages is consistent with localization to inflammatory foci
observed by immunohistochemistry (Fig. 4D). The staining for eotaxin proteins on serial
sections (Fig. 4A—-H) and gPCR from different sorted cell populations (Fig. 4K, L,
Supporting Information Fig. 5) clearly demonstrated that CCL11 and CCL24 were
expressed by different cell types during EAM. CCL24 was produced by F4/80*
macrophages, localized in foci of inflammation, and detected as protein only in immunized
IFN-y~~IL-17A~~ AdbIGATA1 mice.

Primary cardiac fibroblasts produce eotaxins in vitro in response to IL-4 and IL-13

We isolated primary fibroblasts from the hearts of naive adult WT mice to determine if
cardiac fibroblasts could produce CCL11 in response to Th2 cytokines. In vitro culture of
fibroblasts with the Th2 cytokines IL-4 and 1L-13, but not IL-5, induced Cc/11 mRNA
expression (Fig. 5A) and secretion into the cell culture medium (Fig. 5B). The Thl and
Th17 cytokines IFN-y and IL-17A did not induce CCL11 (data not showr). This confirms
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that cardiac fibroblasts produce CCL11 and do so in response to key Th2 cytokines IL-4 and
IL-13.

Surprisingly, IL-4 and IL-13 also induced CCL24 expression in cardiac fibroblasts (Fig. 5C,

D) although at a much lower magnitude than CCL11. This is consistent with the observation
that higher expression of CCL24 was detected in CD140a" fibroblasts of IFN-y™~IL-17A~~
AdbIGATAL mice compared to AdbIGATAL mice (Supporting Information Fig. 3B).

IL-4 and IL-13 induce CCL24 secretion in macrophages

To determine if Th2 cytokines could also induce eotaxins in macrophages, we cultured bone
marrow-derived macrophages with different cytokines. As expected, IFN-y and IL-17A did
not induce eotaxins in macrophages (data not showrn). CCL11 was not induced in
macrophages in response to Th2 cytokines (Fig. 5E, F). However, they secreted large
amounts of CCL24 after stimulation with IL-4 and I1L-13 (Fig. 5G, H). These data support
macrophages as potent producers of CCL24. The increased expression of IL-4 and IL-13
from T cells in IFN-y~/~IL-17A~/~ compared to WT mice [20] may explain the increased
eotaxin expression in these mice.

Cardiac eotaxin expression is increased in patients with eosinophilic myocarditis

To test whether eotaxins are also important for eosinophil trafficking in patients with
eosinophilic myocarditis, we analyzed endomyocardial biopsy samples. Patients with
eosinophilic myocarditis had increased numbers of heart-infiltrating eosinophils compared
to patients with chronic lymphocytic myocarditis (Fig. 6A, B). Expression of CCL11 and
CCL 26 (an eotaxin specific to humans and a pseudogene in mice) was increased in
eosinophilic myocarditis patients compared to chronic lymphocytic myocarditis patients
(Fig. 6C). CCL 11 was detected in all samples regardless of diagnosis. In contrast, CCL26
was detected in 75% of eosinophilic myocarditis patients but only in 50% of chronic
lymphocytic myocarditis patients (Fig. 6C). CCL24 was detected in some of the eosinophilic
myocarditis biopsies but in none of the chronic lymphocytic myocarditis samples (Fig. 6C).
It is possible that CCL24is expressed in the heart only in the context of eosinophilic
myocarditis. Expression of CCL11and CCLZ26 correlated positively with the number of
infiltrating eosinophils in the biopsies (Fig. 6D). The significant increase in eotaxin
expression in the hearts of patients with eosinophilic myocarditis and the correlation of
eotaxin expression with eosinophil infiltration suggest that eotaxins are important for
eosinophil trafficking to the human heart during eosinophilic myocarditis.

Discussion

Eosinophils can infiltrate many different organs in response to multiple local stimuli, such as
chemokines and lipid mediators [23]. In this study, we present evidence that eosinophil
trafficking to the heart in eosinophilic myocarditis depends on the chemokine receptor
CCR3 and expression of its ligands CCL11, CCL24, and CCL26 in the heart in a mouse
model and in patients with eosinophilic myocarditis. This is the first description of a precise
pathway that recruits eosinophils to the heart. We identified the cell types producing
eotaxins in the heart and showed that eotaxin expression in cardiac fibroblasts and
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macrophages is controlled by two cytokines, IL-4 and 1L-13. These findings enhance our
understanding of how eosinophils contribute to cardiac pathology and provide insights into
the regulation of eosinophilic heart disease and eosinophilic autoimmune diseases in
general. Moreover, it opens new therapeutic avenues to prevent eosinophil-mediated heart
damage.

We demonstrated that CCR3 is required for eosinophil trafficking to the heart using adoptive
transfer and genetic methods. IFN-y~/~IL-17A~~CCR3~/~ mice showed a dramatic
reduction of eosinophils in the heart compared to IFN-y~/~IL-17A~~ mice. In addition, only
CCR3*'*, but not CCR37/~, adoptively transferred eosinophils were recovered from the heart
of eosinophil-deficient recipients with myocarditis. Using an adoptive transfer system
permitted us to exclude effects of local eosinophil proliferation and positive feedback loops,
such as eosinophil-derived IL-4 and IL-13 increasing local eotaxin production by other cell
types. Additionally, this approach allowed us to distinguish between consequences of CCR3
expression in eosinophils versus other cell types, which is still a controversial issue in the
mouse [33, 34].

While CCR3 in humans can bind ligands other than eotaxins, mouse CCR3 is only known to
bind the mouse chemokines CCL11 and CCL24 [23, 24]. Together with the results from our
adoptive transfer experiments, this implies that the high eotaxin expression in IFN-

v 7IL-17A7"~ AdbIGATA1L mice is responsible for eosinophil accumulation in the heart.
This is consistent with our previous findings that NK cell depletion results in increased
eotaxin expression and eosinophil infiltration in the heart [19]. We only observed these
differences between AdbIGATA1 and IFN-y~/~IL-17A~~ AdbIGATA1 mice in the heart. The
intestine showed efficient CCR3*/* eosinophil trafficking in both recipients. This suggests
that the severe, Th2-driven EAM developing in the absence of IFN-y and IL-17A is
necessary for high cardiac eotaxin expression and eosinophilic myocarditis.

We identified the cellular sources of eotaxins in the heart. CCL11 was produced by
interstitial CD140a* cardiac fibroblasts and was detectable in AdbIGATAL and IFN-

v~ 7IL-17A~"~ AdbIGATA1 mice. While not studied in the heart, CCL11 expression in
experimental asthma was found in the peribronchial and perivascular regions, perhaps
consistent with expression by fibroblasts, and in areas of severe inflammation [28]. In DSS-
induced colitis, intestinal macrophages expressed CCL11 [35]. Using
immunohistochemistry, we detected CCL24" cells only in the hearts of immunized IFN-

v 7IL-17A~"~ AdbIGATA1 mice where they localized to inflammatory foci. We identified
these cells as F4/80* macrophages. A previous study noticed Cc/24 expression by
microarray in CX3CR1* cardiac macrophages, although other cell types were not analyzed
[36]. In experimental asthma, CCL24 was expressed in the same areas as CCL11 and in
bronchoalveolar lavage fluid [28]. Thus, multiple cell types are capable of CCL11 and/or
CCL24 expression and differ between organs.

Our in vitro experiments showed that cardiac fibroblasts expressed CCL11 and, to a much
lesser extent, CCL24 in response to I1L-4 or 1L-13 stimulation. Macrophages responded to
IL-4 and IL-13 stimulation with CCL24 expression; CCL11 was not induced. The ability of
IL-4 and IL-13 to elicit eotaxins is known [37-39], but has not been tested in cardiac
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fibroblasts. We speculate that T cells and type 2 innate lymphoid cells are major producers
of IL-4 and IL-13, respectively and control eotaxin production in the heart.

Analyzing endomyocardial biopsies, we found that CCL11 and CCL26 expression was
increased in patients with eosinophilic myocarditis compared to chronic lymphocytic
myocarditis (17-fold and 47-fold, respectively) and was positively correlated with the
number of infiltrating eosinophils. We conclude that eosinophil trafficking to the heart in
myocarditis patients likely occurs in response to eotaxin signaling. CCL11 and CCL26 may
both recruit eosinophils to the heart. An upregulation of CCL11 and CCL26 is also observed
in patients with atopic dermatitis [40-42], while only CCL26 is upregulated in eosinophilic
esophagitis and asthma [43, 44].

Eotaxin expression in the heart has not been studied in the context of disease. In healthy
human heart tissue CCL11 and CCL26, but not CCL24, were detected by northern blot [45-
47]. CCL24 mRNA was detectable in 2/11 eosinophilic myocarditis biopsies at a low level
but in none of the chronic lymphocytic myocarditis biopsies. In this aspect, the mouse model
of myocarditis, where CCL11 and CCL24 are highly upregulated, differs from the patient
samples. We did not determine eotaxin protein levels in endomyocardial biopsies. Follow-up
studies should measure eotaxin in the heart and serum.

The cellular source and regulation of eotaxins has not been studied in the human heart. In
ulcerative colitis, CCL26 was expressed in intestinal nerve ganglia [48] and CCL11 in
intestinal macrophages and epithelial cells [35]. In EGPA, CCL26 was detected in
endothelial cells, nasal epithelium, and other cells [49]. In asthmatics, CCL26 is expressed
in bronchial epithelial cells [43]. Similar to our observations in the mouse, eotaxin
production in various human cell types is induced by 1L-4 and/or IL-13 [37, 38, 41, 43, 50,
51]. Depending on the cell type, this stimulation results in CCL11, CC24, or CCL26
production. This pathway likely also regulates eotaxin production in the human heart during
myocarditis.

In this study, we demonstrate the importance of eotaxins and CCR3 for eosinophil
localization to the heart. Several therapeutics blocking this pathway are being evaluated in
allergic diseases [52-54], where they decrease tissue eosinophilia. Ongoing trials are
assessing CCL11 blockade in the eosinophilic autoimmune diseases ulcerative colitis and
bullous pemphigoid (ClinicalTrials.gov identifiers: NCT01671956, NCT02226146).
However, none of the treatments have been studied in eosinophilic myocarditis, HES or
EGPA. The potential of targeting eotaxins or CCR3 to prevent eosinophil-mediated heart
damage remains to be tested.

Materials and methods

Patients

Endomyocardial biopsies were taken at multiple centers for routine diagnostic purposes to
evaluate the pathologic basis of unspecified congestive heart failure. Samples were
investigated in the Department of Molecular Pathology at the University Hospital of
Tubingen, Germany by histology, immunohistochemistry and molecular pathology to
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identify infectious agents in the myocardium as described [55]. Written informed consent for
further examination was obtained from all patients. We analyzed remaining de-identified
tissue. Diagnosis of myocarditis was based on established criteria [56] and all samples were
negative for viral infections. Patient age and gender are summarized in Supporting
Information Table 1.

Wildtype (WT, JAX 0651), AdbIGATA1 (JAX 5653 [30]), IFN-y~/~ (JAX 2286), and
CCR37~~ mice (JAX 5440), all on the BALB/c background, were obtained from Jackson
Laboratories (Bar Harbor, ME). IL-5 transgenic (IL-5Tg) founder mice [29] were kindly
provided by James Lee and Nancy Lee (Mayo Clinic Arizona, Scottsdale, AZ). IL-17A™/~
founder mice were generously provided by Yoichiro Iwakura (University of Tokyo, Tokyo,
Japan). IFN-y™~ mice were crossed with IL-17A~/~ mice and bred to homozygosity.
Resulting IFN-y~~IL-17A~~ mice were then crossed with AdbIGATA1 mice or with
CCR3™~ mice and offspring were intercrossed to generate mice homozygous at all loci. All
mice were maintained at the Johns Hopkins University School of Medicine specific
pathogen-free animal vivarium. The number of animals used in each experiment and the
number of repeats are listed in the figure legends. Experiments were performed in
accordance with the guidelines set forth in the Guide for the Care and Use of Laboratory
Animals and approved by the Animal Care and Use Committee of the Johns Hopkins
University.

Experimental autoimmune myocarditis

To induce myocarditis, male mice age 6-9 weeks were immunized on days 0 and 7 with 100
Hg MyHCag14-629 peptide emulsified in Complete Freund’s Adjuvant (Sigma-Aldrich)
supplemented to 5 mg/ml with heat-killed Mycobacterium tuberculosis strain H37Ra
(Difco). Mice were also administered 500 ng pertussis toxin (List Biologicals) /o on day 0.

Eosinophil isolation

Blood from female IL-5Tg and CCR3™~1L-5Tg donors was collected into phosphate
buffered saline (PBS) with 100 U/ml Heparin, layered over Histopaque-1119 (Sigma-
Aldrich), and centrifuged. Interphase cells were collected and washed in PBS. Red blood
cells were lysed with ACK buffer (Quality Biologicals). Eosinophils were enriched by
negative MACS selection with anti-CD90.2 and anti-CD45R beads (Miltenyi Biotech).
Eosinophil purity (87%-93%) was determined by flow cytometry.

Flow cytometry and cell sorting

Hearts were perfused through the ventricles with PBS for 3 min. Single-cell suspensions
were generated by digestion with Collagenase Il and DNase | (Worthington) in HBSS in
GentleMACS C Tubes (Miltenyi Biotech). Splenocytes were isolated into single-cell
suspension, and bone marrow cells were collected from femurs followed by red blood cell
lysis with ACK buffer. Intestinal lamina propria cells were isolated from the distal 5 cm of
the small intestine. Intestines were flushed, cut into <1 cm pieces, and incubated twice in
HBSS, 5% fetal bovine serum (FBS), 5mM EDTA, 10 mM HEPES, and Penicillin/
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Streptomycin for 20 min at 37°C. Supernatants were discarded between incubations. Tissues
were incubated for 60 min at 37°C in HBSS with Ca?* and Mg?*, 10 mM HEPES, 5% FBS,
1 mg/ml collagenase D, 0.1 mg/ml DNase I, and 3 mg/mL Dispase 11 (Roche). Using
GentleMACS C Tubes, cells were mechanically separated according to the manufacturer’s
instructions (Miltenyi Biotech). Following filtration through 70 um filters, single-cell
suspensions were stained with LIVE/DEAD stain (Molecular Probes), washed, FcyRII/I11
blocked with a-CD16/CD32, and stained with fluorochrome-conjugated antibodies
(eBioscience, BioLegend, BD Pharmingen). For detection of Cc/Z1Z mRNA, samples were
processed using the FIowRNA Il Assay kit (Affymetrix eBioscience). In brief, samples were
stained with fluorochrome-conjugated antibodies, fixed and permeabilized, and hybridized
with a type 1 Cc/11 probe or Actb control probe. A signal-amplifying branched DNA
structure was then hybridized to a probe conjugated to Alexa Fluor647. Samples were
acquired on a LSRII 4-laser cytometer running FACSDiva 6.0 (BD Immunocytometry) and
analyzed using FlowJo 10.0.8 (TreeStar Software). For cell sorting, single cell suspensions
were layered over a Histopaque-1119 gradient, stained, and sorted on an Ari-allu cell sorter.

Primary adult cardiac fibroblast isolation and culture

Hearts were cannulated through the aorta and perfused for 3 min at 37°C and 4 mL/min with
perfusion buffer: 7.03g/L NaCl, 1.1 g/L KCI, 0.082 g/L. KHoPQy, 0.085 g/L NayHPOy,
0.144 g/L. MgSOy, 2.38 g/L HEPES, 0.39 g/L NaHCOg3, 1 g/L glucose, 3.74 g/L Taurine, 2
g/L 2,3-Butanedione monoxime (all Sigma). Next, hearts were perfused for 4 min with
perfusion buffer supplemented with 12 g/L Collagenase Il and 0.5 g/L Protease XIV (Sigma-
Aldrich), and for 8 min with addition of digestion enzymes and 0.03M CaCl,. Hearts were
cut into small pieces and cells separated by repeated pipetting for 3 min. Cells were filtered
through a 70 um filter and washed in DMEM (Gibco). Cells were plated in DMEM with
20% FBS (GE Healthcare Life Sciences), nonessential amino acids (Sigma), Penicillin/
Streptomycin, 2mM L-Glutamine, and 25mM HEPES (all Quality Biological). Non-
adherent cells were washed away after 1h. Fibroblasts of passage 2—3 were used in
experiments. Cells and supernatants were harvested at the indicated time points after
addition of recombinant mouse cytokines at 100 ng/mL (R&D Systems).

Bone marrow-derived macrophage culture

Bone marrow was isolated from adult WT male mice, red blood cells lysed with ACK buffer,
and cells cultured in complete DMEM as above with 20 ng/mL M-CSF and 10 ng/mL GM-
CSF (R&D Systems) for 10 days. Media was replaced on days 3 and 6. On day 10, cells
were seeded in media without cytokines. Cells and supernatants were harvested 24 h after
stimulation with cytokines at 100 ng/mL on day 11 (R&D Systems).

Quantitative real-time PCR

Mouse tissue and cell MRNA was extracted in TRIzol (Invitrogen), quantitated by
spectrophotometry, reverse transcribed (High-Capacity cDNA Reverse Transcription Kit,
Applied Biosystems), and amplified with Power SYBR Green PCR Master Mix (Bio-Rad)
on a MyiQz2 thermocycler running iQ5 software (Bio-Rad). Primers for mouse genes
(Gapadh. 5"-TCCTCCTCAGACCGCTTTT-3and 5 -TCTGCTGGAGTCCCCTTG-3’,
Ccl11: 5'-GAATCACCAACAACAGATGCAC-3” and 5'-
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TCCTGGACCCACTTCTTCTT-3', Cc/24:5’-TCTTAGGGCCCTTCTTGGTG-3" and 5'-
AATTCCAGAAAACCGAGTGG-3") were commercially synthesized (Integrated DNA
Technologies). Data were analyzed using the 2"2ACt method by normalizing threshold cycles
to Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and controls. RNA from
endomyocardial biopsies was isolated using the PureLink FFPE RNA lIsolation Kit
(Invitrogen) from three to five 5-um-thick sections per sample, reverse transcribed, and
amplified using the iTag Universal Probes Supermix (Bio-Rad) with TagMan Gene
Expression Assay (Applied Biosystems) for HPRT7, CCL11, CCL24, and CCL26. Threshold
cycles were normalized to HPRT.

Cell culture supernatants were assayed for CCL11 using the Mouse CCL11/Eotaxin
Quantikine ELISA Kit (R&D systems) and for CCL24 using the Eotaxin-2 (CCL24) Mouse
ELISA Kit (Abcam).

Histology and immunohistochemistry

Statistics

Mouse hearts were cut in half, fixed in SafeFix (Thermo Fisher Scientific), paraffin
embedded, and cut into 5-um-thick sections (Histoserv). Serial sections were stained with 5
pg/mL polyclonal goat anti-mouse CCL11 or CCL24 antibodies (R&D Systems) using the
Anti-Goat HRP-DAB Cell & Tissue Staining Kit (R&D Systems) and counterstained with
Hematoxylin. The number of infiltrating eosinophils was determined by counting
eosinophils on 40ximages of H&E-stained biopsy sections. The number of eosinophils was
averaged over the area observed.

Two groups were analyzed using Student’s #test for normally distributed data or Mann—
Whitney test for nonparametric data. Multiple group analysis was performed by one-way
ANOVA followed by Tukey’s multiple comparisons test or Dunnett’s multiple comparisons
test. Calculations were performed in Prism 6 (GraphPad Software Inc.). pvalues < 0.05 were
considered statistically significant and are denoted by asterisks: *p < 0.05, **p < 0.01, ***p
< 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CCR3 is required for eosinophil

were analyzed at day 21 of expe

trafficking to the heart in eosinophilic myocarditis. Mice
rimental autoimmune myocarditis (EAM). (A) Expression

of Ccl11and Ccl24in heart homogenates was analyzed by qPCR (2722Ct values relative to

Gapadhand naive WT mice). (B)
recipient mice for data in (C-E).

Schematic of adoptive eosinophil transfer into immunized
(C) Representative bivariate flow cytometry plots showing

SiglecF*Ly6G!° eosinophils from 3-7 mice/group as a proportion of viable CD45* heart-
infiltrating cells following transfer. (D) Total number of heart-infiltrating eosinophils after
eosinophil transfer. (E) Frequency of eosinophils in heart, small intestine and blood
following adoptive transfer. Data points represent individual animals, bars indicate means.
Data are representative of 2—4 independent experiments, with 3—7 mice/group. *p < 0.05,
**p<0.01, ***p < 0.001; one-way ANOVA followed by Tukey’s multiple comparison.
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Figure 2.

Agoptively transferred eosinophils reach highest frequency in the heart. (A and B)
Eosinophils were adoptively transferred into (A) IFN-y™~1L-17A~~ AdbIGATAL1 and (B)
AdbIGATAL recipients (3—7 mice/group) on day 20 of EAM. Eosinophil frequency in
indicated organs one day following adoptive transfer is shown. The same experiment as in
Figure 1E is shown. Data points represent individual animals, bars indicate means. Data are
representative of 2 independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001; one-way
ANOVA followed by Tukey’s multiple comparison.
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Figure 3.

Genetic ablation of CCR3 in IFN-y~/~IL-17A~~ mice reduces eosinophil frequency in the
heart. Mice were analyzed at day 21 of EAM. (A) Representative bivariate flow cytometry
plots of heart-infiltrating CD45* cells. Gates show frequency of SiglecF*SSCM eosinophils.
(B and C) Eosinophil and (D) T helper cell frequency in heart and spleen in the indicated
mouse strains. Data points represent individual animals, bars indicate means. Data are
representative of 2 independent experiments with 5-8 mice/group. ***p < 0.001; one-way

ANOVA followed by Tukey’s multip

le comparison.
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Figure 4.
CCL11 is expressed by cardiac fibroblasts while CCL24 is expressed by F4/80*

macrophages during eosinophilic myocarditis. Mice were analyzed at day 21 of EAM. (A-
H) Immunohistochemistry staining for CCL11 (A-B, E-F) and CCL24 (C-D, G-H) of heart
sections from day 21 of EAM in IFN-y™~1L-17A™~ AdbIGATA1 mice (A-D) and
AdbIGATAL mice (E-H) showing areas without (A, C, E, G) and with inflammation (B, D,
F, H). (A-H) Images are representative of two to three mice per group from a single
experiment. Black scale bars: 20 um, red scale bars: 5 um. (I-J) Cc/11 expression was
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detected using a probe against Cc/7Z mRNA in the FlIowRNA |1 Assay on day 21 of EAM in
5-6 mice per group from one experiment. (1) Cc/11 expression in total viable cells (blue)
and CD140a* fibroblasts (red) from concatenated samples. (J) Mean fluorescence intensity
(MFI) for Cc/11 probe in total viable cells and indicated cell populations. (K) Cc/11
expression in cells sorted as shown in Supporting Information Fig. 3 from 3 AdbIGATA1 and
3 IFN-y7IL-17A~"~ AdbIGATA1L mice. (L) Ccl24 expression in cells sorted as shown in
Supporting Information Fig. 4 from 4 individual IFN-y~/~IL-17A~"~ AdbIGATA1 mice. (K,
L) Eotaxin expression was analyzed by qPCR and normalized to Gapadh and naive mouse
heart homogenates. Naive and immunized mice are included for comparison. (J-L) Data are
shown as mean = SD from a single experiment. *p < 0.05, ***p < 0.001; one-way ANOVA
followed by Dunnett’s multiple comparison test comparing all subsets to total viable cells (J)
or to naive heart (K, L) for each genotype.
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Figureb.
IL-4 and IL-13 induce CCL11 in cardiac fibroblasts and CCL24 in macrophages. (A-D)

Adult mouse cardiac fibroblasts and (E-H) bone marrow-derived macrophages from naive
WT mice were cultured with IL-5, IL-4, IL-13 or without (control). (A, C, E, G) Cc/11and
Ccl24 mRNA expression was measured by gPCR and normalized to Gapadh and controls. (B,
D, F, H) Eotaxin concentrations in cell culture supernatants were measured by ELISA at
indicated time points. All groups were compared to controls at day 1. (A—H) Data are shown
as mean + SD (technical triplicates) and are representative of two to three independent
experiments. **p < 0.01, ***p < 0.001; one-way ANOVA followed by Dunnett’s multiple
comparison.
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Figure®6.
Eotaxins are increased in the hearts of patients with eosinophilic myocarditis. (A) Eosinophil

infiltration was quantified on H&E-stained biopsy sections from 14 chronic lymphocytic
myocarditis (CLM) and 16 eosinophilic myocarditis (EoM) patients. (B) Representative
images of (A). Scale bars: 20 um. (C) Eotaxin mRNA expression in endomyocardial biopsy
samples is shown as fold expression relative to HPRT (272CY), (D) Linear regression of
eotaxin mMRNA expression on the number of infiltrating eosinophils. Dashed lines indicate
95% confidence intervals. **p < 0.01, ***p < 0.001; Mann—-Whitney (-test.
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