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Abstract

Background—Eosinophils are immunomodulatory leukocytes that contribute to the 

pathogenesis of Th2 driven asthma and allergic lung diseases.

Objective—Our goal was to identify unique properties of eosinophils recruited to the lungs and 

airways of mice in response to challenge with asthma-associated fungal allergens.

Methods—Mice were challenged intranasally on days 0, 3 and 6 with a filtrate of Alternaria 
alternata. Recruited eosinophils were enumerated in bronchoalveolar lavage fluid. Eosinophils 

were also isolated from lungs of mice sensitized and challenged with Aspergillus fumigatus and 

evaluated ex vivo in tissue culture.

Results—Eosinophils persist in the airways for several weeks in response to brief provocation 

with A. alternata in wild-type, Gm-csf- and eotaxin-1-gene-deleted mice, while eosinophils are 

recruited but do not persist in the absence of IL-13. Eosinophils isolated from the lungs A. 
alternata-challenged mice are cytokine-enriched compared to those from IL5tg mice, including 

800-fold higher levels of eotaxin-1. Furthermore, eosinophils from the lungs and spleen of fungal-

challenged wild-type are capable of prolonged survival ex vivo, in contrast to eosinophils from 

both un-treated and fungal-allergen challenged IL5tg mice, which undergo rapid demise in the 

absence of exogenous cytokine support. TNFα (but not IL5, IL-3, eotaxin-1 or GM-CSF) was 

detected in supernatants of ex vivo eosinophil cultures from the lungs of fungal-allergen 

challenged wild-type mice. However, neither TNFα gene-deletion nor anti-TNFα neutralizing 

antibodies had any impact sustained eosinophil survival ex vivo.

Conclusion and Clinical Relevance—Eosinophils are phenotypically and functionally 

heterogeneous. As shown here, eosinophils from fungal-allergen challenged wild-type mice 

maintain a distinct cytokine profile, and, unlike eosinophils isolated from IL5tg mice, they survive 

ex vivo in the absence of exogenous pro-survival cytokine support. As treatments for asthma 
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currently in development focus on limiting eosinophil viability via strategic cytokine blockade, the 

molecular mechanisms underlying differential survival merit further investigation.

Introduction

Eosinophils are immunomodulatory leukocytes with complex roles in health in disease that 

have not been fully characterized [1, 2]. For example, eosinophils have long been linked to 

the asthma and airways dysfunction, although their role in promoting disease was initially 

difficult to establish [3]. The recent reconsideration of asthma, and its reclassification as a 

set of intersecting phenotypes or endotypes, has at the same time served to clarify the role of 

eosinophils in disease pathogenesis [4]. Notably, not all asthma is eosinophil-driven; 

however, individuals with severe eosinophilic asthma, distinguished by the relative 

abundance of eosinophils (>2%) in the airways and peripheral blood, respond 

symptomatically to anti-eosinophil (ie., anti-IL5) therapy [5].

Mouse models of allergic airways disease have been used extensively to explore specific 

features of the human asthmatic response (reviewed in [6]). One of the most popular models 

features the inert antigen, ovalbumin, introduced via an intraperitoneal sensitization and 

intranasal challenge strategy. Ovalbumin sensitization and challenge typically results in 

pronounced eosinophil recruitment to the lungs and airways in association with remodeling 

and airways hyper-responsiveness (reviewed in [7]). Other asthma models feature eosinophil 

recruitment and activation in response to chemoattractant and/or eosinophil-activating 

cytokines [8 – 11]. In recent years, it has become clear that clinically relevant information 

may result from the use of environmental allergens and airway challenge via more 

physiologic means. As such, current models utilize intranasal provocation strategies that 

feature antigens and extracts from pollens, cockroach, house dust mites, and fungi (reviewed 

in [12 – 14]).

In this study, we examined the responses of wild-type and gene-deleted mice to a brief 

period of repetitive stimulation with a filtrate of the fungus, Alternaria alternata. A 

saprophyte of the Family Pleosporaceae, A. alternata is primarily an outdoor allergen, found 

in the soil and aerosolized seasonally. A. alternata has also been identified indoors, notably 

in homes with moisture or insect infestation [15]. For reasons that are not fully understood, 

repetitive sensitization to A. alternata is among the major risk factors for developing asthma 

and other allergic manifestations [16]. Sixteen independent A. alternata allergens have been 

identified, at least nine of which share cross-reactive epitopes with allergens from other 

fungal species [16, 17].

Several distinct mouse models of allergic airways inflammation have been developed 

featuring A. alternata spores and filtrates [18, 19]. Among recent findings, Kim and 

colleagues [20] found that a single intranasal inoculum of A. alternata amplified eosinophil 

recruitment secondary to primary sensitization to rye grass antigens. Similarly, Kita and 

colleagues [21, 22] reported that eosinophilic inflammation in response to A. alternata 
challenge was largely due to activation of innate type 2 lymphoid cells (ILC2s) and that 

allergen-dependent reactive eosinophil hematopoiesis was likewise related to the actions of 

the epithelial cytokine and alarmin, IL-33. Recently, Valladao and colleagues [23] reported 
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that mice unable to mount a Th2 response (ie, IL-4, IL-13 or Stat6 gene-deleted mice) 

respond to A. alternata sensitization and challenge by recruiting neutrophils (as opposed to 

eosinophils) to the airways.

In this study, our intent was to identify the unique features of eosinophils recruited to the 

lungs and airways in response to challenge with fungal antigens. We found that eosinophils 

were recruited to and maintained in lung tissue in the absence of GM-CSF, a cytokine 

previously considered to be critical for eosinophil survival in response to this provocation. 

Furthermore, eosinophils isolated from the lungs of fungal-allergen challenged wild-type 

mice are intrinsically different from eosinophils isolated from the lungs of interleukin-5 

transgenic mice, as they are not only cytokine-enriched, they release TNFα, and they survive 

for prolonged periods ex vivo in the absence of exogenous cytokine support.

Methods

Mice

Wild-type BALB/c and C57BL/6 mice (8 – 10 weeks old, male and female) were from 

Charles River Laboratories, Frederick, MD. Rag1−/− mice on the BALB/c background were 

from the Jackson Laboratory (stock 003145); colonies of eotaxin-1−/− [24] and Gm-
csf−/− [25] mice were maintained in the 14BS vivarium, and IL-5 transgenic (tg; [26]), 

IL-13−/− [27] and Tnfα−/− [28] mice were maintained by the NIAID/Taconic consortium. 

Studies were carried out on age and gender matched mice. The National Institute of Allergy 

and Infectious Diseases Division of Intramural Research Animal Care and Use Committee, 

as part of the National Institutes of Health Intramural Research Program, approved all the 

experimental procedures as per protocol LAD 8E.

Allergen challenge and evaluation of cells and cytokines in the airways

Mice under isoflurane anesthesia were inoculated intranasally with a reconstituted filtrate of 

A. alternata (Greer Allergy Immunotherapy; 10 mg/mL, 50 μg/mouse in 50 μL phosphate 

buffered saline (PBS) with 0.1% bovine serum albumin (BSA)) on days 0, 3 and 6 as shown 

in Fig. 1A. At time points indicated, mice were sacrificed and subjected to bronchoalveolar 

lavage (BAL) with PBS with 0.1% BSA, twice each with 0.8 mL. Cytospins were prepared 

and stained with modified Giemsa (Diff-Quik; ThermoScientific); the fraction of eosinophils 

was determined by visual inspection and scoring of minimum of 100 stained cells/mouse. 

Cytokine levels in BAL fluid were initially screened by Proteome profiler cytokine array kit 

(ARY006; R&D Systems) performed as per manufacturer’s instructions. The array includes 

capture antibodies (Abs) which are spotted in duplicate on nitrocellulose membranes. 

Eosinophil lysates were incubated with biotinylated detection antibodies for 1 hr at room 

temperature. The sample/antibody mixture is then incubated with the nitrocellulose 

membrane at 4°C overnight with rocking. Membranes are washed and then incubated with 

800CW streptavidin, which binds to the membrane-bound capture Ab/sample/biotinylated 

detection Ab complex for 30 minutes followed by washing and then scanned on a LiCor 

Odyssey CLx to generate outcomes as mean pixel density. Cytokines of interest were 

confirmed by Quantikine or DuoSet ELISA (R&D Systems). In some experiments, mice 

were sensitized with an extract of A. fumigatus (Af, 20 μg per mouse) emulsified with 
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aluminum/magnesium hydroxide (ImjectAlum, ThermoFisher) on days 0 and 7, followed by 

intranasal inoculation with Af (25 μg/mouse in PBS with 0.1% BSA) on days 12, 13 and 14; 

eosinophils were isolated as described below on day 17.

Flow cytometry, FACS, and analysis of eosinophil contents

Eosinophils in BAL fluid from mice challenged with A. alternata or from IL5tg mice were 

counted on a hemocytometer, and viability determined by trypan blue exclusion; cells were 

collected by centrifugation and frozen (90% fetal calf serum with 10% DMSO) at 106 

cells/mL prior to analysis. Single cell suspensions were prepared from whole lung tissue of 

mice described [29]; upon thawing, cells were washed, stained for viability (live-dead) and 

eosinophils were isolated as CD45+SiglecF+Gr1−CD11c−MHCII− cells as components of 

the full myeloid panel as shown in Suppl. Fig. 1. Freshly isolated eosinophils identified in 

this manner were isolated by fluorescence-activated cell sorting (FACS), rinsed with PBS 

and re-suspended in lysis buffer (1% Igepal CA-630, 20 mM Tris-HCl (pH 8.0), 137 mM 

NaCl, 10% glycerol, 2mM EDTA, and protease inhibitors (10 ug Aprotinin, 10 ug/m 

Leupeptin, and 10 ug.ml Pepstatin)) at 107 cells/mL. Lysates were rocked gently for 30 min 

at 4°C. Supernatants were clarified by centrifugation (14,000g × 5 min) and final protein 

concentration was determined by BCA assay. Cytokine contents were determined using 185 

μg of total protein (= 2.7 × 106 cells) from each sample to probe a Cytokine profiler 

(ARY006; R&D Systems) as per manufacturer’s instructions as described above. Eotaxin-1 

levels were confirmed by DuoSet ELISA assay (R&D systems).

Eosinophil survival ex vivo

Eosinophils were isolated from lungs of IL5tg mice, from lungs of mice challenged with A. 
alternata, and lungs of mice sensitized and challenged with A. fumigatus as described above 

as follows: After perfusion in situ via the right ventricle with PBS with 500 mM EDTA, the 

lungs were removed from the body cavity, minced and incubated for 90 min at 37°C RPMI 

with 5% fetal calf serum with DNase I (20 mg/mL; Sigma-Aldrich) and Collagenase D (40 

mg/mL; Sigma-Aldrich). Red blood cells were lysed with sterile distilled H2O, and 

eosinophils were isolated by negative selection by removal of lymphocytes and neutrophils 

via magnetic bead separation methods (anti-CD45R, anti-CD90.2, and anti-Ly6B.2 

conjugated beads) using a LS column (Miltenyi); purity > 90% eosinophils was determined 

by Diff-Quik stained cytospin preparations. Single cell suspensions were prepared from 

spleens of IL5tg and fungal-allergen challenged mice as previously described [30]; 

eosinophils were isolated to > 95% purity by magnetic bead separation methods using anti-

CD45R and anti-CD90.2 conjugated beads and LS columns as described above. Isolated 

eosinophils from all sources were plated in growth medium (RPMI + 20% FCS) in 24 well 

plates at 106 cells/mL either with or without recombinant mouse IL-5 (5 ng/mL; R&D 

Systems), IL-13 (20 ng/mL; R&D Systems), goat anti-mouse TNFα (0.3 μg/mL, R&D 

Systems #AF-410-NA) or control Ig (R&D Systems, #AB-108C). Cells were evaluated on 

days indicated and viability determined by trypan blue exclusion. Cytokine levels in cell-free 

supernatants were determined by Quantikine or DuoSet ELISA (R&D Systems) as per 

manufacturer’s instructions.
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Statistics

All quantitative findings were from at least two replicate datasets. Flow plots shown are 

representative of typical results. Data were analyzed via appropriate algorithms (Mann-

Whitney u-test, Student’s t -test, ANOVA) utilizing GraphPad PRISM.

Results

Eosinophils persist in the airways in the absence of ongoing allergen provocation

As shown in Fig. 1A, BALB/c mice were challenged three times (days 0, 3, and 6) via 

intranasal inoculation with a filtrate of the fungus, A. alternata (Aa). Few to no eosinophils 

were detected immediately after the first and second inoculations (days 0 and 3). Prominent 

eosinophil recruitment to the airways was observed only after the third inoculation (day 6; 

13 ± 5.2 % total leukocytes; [Fig. 1B and 1C]). Eosinophils were detected in the airways on 

day 10 (27 ± 4.4%) and remained through 24 (34 ± 9.8%) in the absence of any further 

allergen provocation. In experiments performed in recombinase-deficient Rag1−/− mice, 

eosinophil recruitment and persistence in the airways in response to Aa inhalation-only 

challenge was shown to be lymphocyte dependent even in the absence of a distinct 

sensitization period [Fig. 1C]. These results are consistent with those reported by Valladao 

and colleagues [23] who also found that eosinophil recruitment was blunted in response to 

A. alternata in Rag1−/− mice, in a protocol that included full sensitization as well as 

challenge with A. alternata. At the same time, our results are not fully consistent with those 

of Bartemes and colleagues [21], who reported that eosinophil recruitment in response to Aa 
provocation at early time points was dependent on IL-33 and the actions of type 2 innate 

lymphoid cells (ILC2s) alone. While we did detect IL-33 in the airways in response to 

challenge with Aa, levels over background were reached during the brief interval after the 

first intranasal inoculation only [Supplemental Fig. 2].

Interleukin-13 contributes to eosinophil persistence in the airways of Aa challenged mice

Cytokines in bronchoalveolar lavage (BAL) fluid were evaluated in samples from control 

mice and from mice subjected to Aa challenge on days 0, 3, and 6 (as in Fig. 1A) and 

evaluated on days 7, 10 and 17 [Table 1]. Among the canonical eosinophil pro-survival 

cytokines, peak levels of IL-5 (348 ± 95 pg/mL) were detected at day 7; no IL-3 and no GM-

CSF were detected. Other cytokines that have been implicated in promoting eosinophil 

survival include eotaxin-1, detected at 170 ± 69 pg/mL at day 7, while no IL-23 nor IL-27 

were detected. Aa challenge also resulted in prominent expression of IL-13 (3240 ± 593 

pg/mL at day 7), with elevated levels persisting through day 17; by contrast, IL-4 remained 

below detectable limits throughout.

We also detected relatively high levels of anti-inflammatory cytokines IL-10 and the IL-1R-

antagonist (IL-1Ra/IL1F3), the latter remaining above baseline levels through day 17. IL-10 

is produced by eosinophils [31, 32] but there are no published reports describing of any 

direct impact of this mediator on eosinophil survival. Likewise, IL-1Ra has no known direct 

effects on eosinophils, although Hallsworth and colleagues [33] reported that this factor 

limited production of eosinophil pro-survival cytokines from airway smooth muscle cells.
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In order to explore the impact of individual cytokine mediators on eosinophil persistence in 

the airways, we challenged specific gene-deleted mice with Aa as in Fig. 1A. As shown in 

Fig. 2A, wild-type C57BL/6 mice respond to Aa challenge as do BALB/c mice with 

eosinophil recruitment and persistence in the airways; Gm-csf deficiency had no impact on 

this response. Neutrophils detected in the airways of these mice, present at day 0 and 

unrelated to Aa provocation, most likely relate to strain-specific defects in alveolar 

macrophages [25]. Similarly, the extent of eosinophil recruitment to and persistence in the 

airways of eotaxin-1 gene-deleted mice was indistinguishable from that observed in the 

wild-type BALB/c [Fig. 2B]. By contrast to the responses observed in C57BL/6 mice, 

intranasal inoculation with Aa in BALB/c mice elicits prominent recruitment of neutrophils 

as well as eosinophils at these time points. As shown in Fig. 2C, mice devoid of IL-13 

remained capable of recruiting eosinophils to the airways in response to Aa challenge, but 

eosinophils disappeared rapidly; very few remained by day 17.

Eosinophils isolated from the lungs of Aa challenged mice remain viable ex vivo in the 
absence of pro-survival cytokines

Eosinophils isolated from the lungs of Aa challenged mice, IL5tg mice, and mice sensitized 

and challenged with A. fumigatus (Af) were placed in culture medium (RPMI with 20% 

FCS) either with recombinant mouse IL5 (5 ng/mL) or without additional cytokines. As 

shown in Fig. 3A, all eosinophils were sustained in culture in the presence of IL5. However, 

eosinophils from the lungs of IL5tg mice underwent rapid demise in the absence of 

exogenous IL5, and were minimally viable (3.1 ± 3.3%) after 2 days in culture. By contrast, 

a substantial fraction of the eosinophils (64 ± 11%) from the lungs of Aa-challenged mice 

remained viable at day 2 and remained similarly viable (57 ± 14%) after 4 days in culture 

without added IL5. Analogous results were obtained from eosinophils isolated from spleens 

of IL5tg mice [Fig. 3B], and lungs and spleens of wild-type mice subjected to Af 
sensitization and challenge [Fig. 3A and 3B]. Interestingly, although IL-13 gene-deletion led 

to diminished survival of eosinophils recruited to the airways in vivo, recombinant IL-13 (20 

ng/mL) had no impact on survival of eosinophils ex vivo [Fig. 3C and 3D].

Eosinophils from the lungs of fungal-allergen challenged mice are phenotypically distinct 
from those from the lungs of IL5tg mice

Eosinophils store cytokines in their cytoplasmic granules; these mediators are released in 

response to endogenous or exogenous provocation [32, 33]. As shown in Table 2, 

eosinophils isolated from the lungs of fungal-allergen challenged mice maintain a complex 

cytokine profile, and are more enriched overall in pro-survival, proinflammatory and anti-

inflammatory mediators than are eosinophils isolated from IL5tg mice. For example, 

eotaxin-1 was detected at high concentration in eosinophils from the lungs of fungal 

challenged mice, confirmed by ELISA at 787 ± 210 pg/107 eosinophils, while little to no 

eotaxin-1 was detected in lung eosinophils from IL5tg mice (1.3 ± 1.3 pg/107 cells). 

Interestingly, the only mediator that was significantly more prominent in eosinophils isolated 

from IL5tg mice was IL-16, a chemoattractant for cells that express CD4, including 

lymphocytes, monocytes, dendritic cells; IL-16 is also a strong chemoattractant for 

eosinophils themselves [34].
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Given the results in Table 2, we evaluated culture supernatants of eosinophils isolated from 

the lungs of fungal-challenged mice vs. those from IL5tg mice for immuno-reactive 

cytokines capable of sustaining eosinophil viability ex vivo. Of the canonical pro-survival 

cytokines, we detected no immuno-reactive IL5, IL3, eotaxin-1, IL-13 or GM-CSF at levels 

above medium control any of the cell culture supernatants [Supp. Table 1]. By contrast, 

immuno-reactive TNFα, a factor that can support eosinophil survival at low concentrations 

[35, 36] was detected at in culture supernatants of eosinophils isolated from lungs of fungal-

allergen challenged mice only, at 35 ± 6 pg/mL and 18 ± 2 pg/mL at t = 24 and 72 hrs, 

respectively [Fig. 4A]. However, we found that survival of eosinophils isolated from the 

lungs of fungal-challenged TNFα gene-deleted mice was indistinguishable from wild-type 

[Fig. 4B], and addition of anti-TNFα neutralizing antibodies to the fungal-derived ex vivo 
eosinophil cultures had no impact on survival [Fig. 4C]. Additionally, eosinophils were 

detected in the airways of TNFα gene-deleted mice in response to fungal challenge, and 

persisted to an extent indistinguishable from wild-type [Suppl. Fig. 3]. These results indicate 

that, while release of TNFα is a distinguishing feature of eosinophils isolated from the lungs 

of fungal-allergen challenged wild-type mice, this cytokine does not play a singular role in 

maintaining survival of these cultures ex vivo.

Finally, we asked if IL5tg mice might respond as do the wild-type to fungal allergen 

challenge. We found that eosinophils isolated from the lungs of IL5tg mice subjected to Af 
sensitization and challenge responded as did the eosinophils from unchallenged IL5tg mice; 

the eosinophils isolated from the lungs of these mice underwent rapid demise ex vivo in the 

absence of exogenous IL5 [Fig. 5].

Discussion

In this study, we examined the responses of wild-type, gene-deleted, and IL5tg mice to 

challenge with Alternaria alternata (Aa) and Aspergillus fumigatus (Af), both prominent 

environmental allergens associated with the pathogenesis of human asthma. Our specific 

intent was to explore unique properties of eosinophils recruited to the lungs in response to 

fungal antigen allergen challenge.

As such, we were initially surprised to find that eosinophils persist in the airways for nearly 

a month after only a brief period of repetitive intranasal challenge with Aa. Among the 

cytokines implicated in promoting eosinophil survival, GM-CSF has been considered as 

providing critical support for eosinophil survival upon recruitment from blood into the 

tissues [12, 37]. In our study, we detected no GM-CSF in BAL fluid of mice treated with Aa 
(limit of detection, 7.8 pg/mL) and Gm-csf gene-deletion had no impact on eosinophil 

recruitment or prolonged survival in response to Aa challenge. Of additional interest, Gm-
csf gene-deleted mice sustain a developmental block and have no mature, functional alveolar 

macrophages (AMs) [25]; this finding suggests that AMs are likewise not singularly crucial 

in promoting eosinophil recruitment or persistence in the lungs and airways. Similarly, 

eotaxin-1 gene deletion had no impact on eosinophil recruitment or persistence in response 

to Aa challenge. Rothenberg and colleagues [24] reported similar findings in mice subjected 

to the standard ovalbumin sensitization and challenge protocol.
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By contrast, mice devoid of IL-13 were capable of recruiting eosinophils in response to Aa, 

although eosinophils did not persist in the airways of these mice, and levels returned to 

baseline by day 17. IL-13 is a well-characterized Th2 cytokine and a prominent secretory 

mediator from CD4+helper T lymphocytes. IL-13 is also generated by a large assortment of 

structural cells and numerous leukocyte lineages, including eosinophils themselves. 

Likewise, IL-13 has numerous and varied targets, and transduces signals via the IL-13Rα1/

IL-4Rα complex on macrophages, fibroblasts, and epithelial cells [38]. Myrtek and 

colleagues [39] identified interleukin-13RαR1 on human peripheral blood eosinophils and 

characterized IL-13-dependent responses. By contrast, findings from Heller and colleagues 

[40] suggest that IL-13 may have no direct impact on the responses of isolated mouse 

eosinophils, a finding consistent with our observations here. Nonetheless, both human and 

mouse model data support a prominent and complex role for IL-13 in the pathogenesis of 

asthma, including recruitment of eosinophils to the airways [39]; monoclonal antibodies 

directed against IL-13 and its receptor are currently in development as asthma therapies [41].

Interestingly, Valladao et al. [23] reported that Aa sensitization and challenge in IL-13 gene-

deleted mice led to neutrophil, as opposed to eosinophil recruitment to the lungs and 

airways. Although we detect neutrophils, together with eosinophils, in Gm-csf gene-deleted 

mice at baseline and in Aa-challenged mice on the BALB/c background [see Fig. 2], we 

found no neutrophil recruitment to the airways of Aa-challenged IL-13 gene-deleted mice 

(on the C57BL/6 background), perhaps because our model did not include a formal 

sensitization phase. It is also possible that variations in the vivarium facilities (ie…high vs. 
low barriers to pathogens) may result is divergent responses of this nature.

We also determined that a significant fraction of the eosinophils isolated from lungs and 

spleen of fungal-allergen challenged mice survive ex vivo in the absence of exogenous 

cytokine support, while eosinophils isolated from IL5tg mice alone, and IL5tg mice 

subjected to fungal allergen-challenge, all undergo rapid demise unless supplemented with 

IL5. Our findings build on those from Sedgwick et al. [42] who first reported prolonged 

survival responses from bronchoalveolar lavage (BAL) and peripheral blood eosinophils, 

specifically those isolated from allergic rhinitis patients subjected to segmental 

bronchopulmonary challenge with with ragweed antigen. Although no GM-CSF was 

detected in culture medium, ex vivo survival of human BAL eosinophils was reduced by 

addition of anti-GM-CSF antibodies [43].

Our findings are notable for several reasons. First, while IL5 is detected at high 

concentrations in the airways in response to fungal-allergen challenge (Table 1, at 348 ± 95 

pg/mL) these observations highlight the fact that exposure to an environment enriched in IL5 

alone, as in IL5tg mice, clearly drives eosinophils along a distinct developmental pathway. 

Eosinophils isolated from the lungs of IL5tg mice are not only phenotypically distinct (Table 

2), they respond differently to cytokine withdrawal and are thus functionally distinct from 

eosinophils isolated from fungal-allergen challenged wild-type mice.

Taken together, these findings in their entirety suggest that eosinophils have substantial 

plasticity, and can adapt and change in response to signals in the environment. While 

eosinophils isolated from the peripheral blood of naïve human subjects certainly undergo 
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apoptosis in the absence of pro-survival cytokines [44], a significant fraction of eosinophils 

isolated from peripheral blood and BAL of allergen-challenged human subjects can survive 

for 72 hours ex vivo without exogenous cytokine support [42, 43]. We have replicated these 

findings in part in wild-type mice, and found that a substantial fraction of eosinophils from 

the lungs and spleen of fungal-allergen challenged mice survive without addition of pro-

survival cytokines, and, comparable to what has been reported for human BAL eosinophils 

[43], no IL5, IL3 or GMCSF was detected in the culture medium. In mice, a full 

understanding of eosinophil survival and responses ex vivo has been complicated by the fact 

that major source of these cells has been IL5tg mice [26, 45] and IL5-driven in vitro culture 

systems [46]; limited attention has been paid to intrinsic differences between responses of 

eosinophils accumulating in response to IL5 alone vs. those that develop and that are 

recruited to the lungs and airways in response to a more complex cytokine-enriched 

microenvironment.

In summary, we have elucidated several unanticipated properties of eosinophils recruited to 

the lungs in response to respiratory challenge with asthma-associated fungal allergens. First, 

we report eosinophil persistence in the lungs for up to a month after a brief period of 

repetitive challenge, a finding dependent not on GM-CSF, but on the Th2 cytokine, IL-13. 

Equally important, eosinophils recruited the lungs of fungal allergen-challenged mice are not 

phenotypically or functionally equivalent to those isolated from IL5tg mice. Specifically, 

eosinophils isolated from the lungs of fungal-allergen challenged mice are cytokine enriched 

and can survive ex vivo in the absence of exogenous cytokine support, in profound contrast 

to eosinophils isolated from the lungs of IL5tg mice, which undergo rapid demise under 

these conditions. As much of next generation asthma therapy is focused on limiting 

eosinophil recruitment and viability via strategic cytokine blockade, the molecular basis of 

persistence in tissue and differential survival is certainly worthy of further investigation.
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Figure 1. Eosinophils are recruited to and are sustained in the airways after intranasal challenge 
with allergens from the fungus, A. alternata
A. Basic protocol: mice are inoculated intranasally with a filtrate of the fungus, Alternaria 
alternata (Aa) on days 0, 3 and 6 (50 μg/mouse in 50 μL per inoculation) followed by 

evaluation at multiple time points thereafter. B. Airway eosinophils recovered from wild-

type mice have typical morphology, including a ring-shaped nucleus and red granules when 

stained with modified Giemsa, original magnification, 40X. C. Airway eosinophils (% of 

total leukocytes) detected at days indicated after Aa challenge of wild-type (BALB/c) and D. 
lymphocyte-deficient Rag1−/− mice (BALB/c); n = 3 – 7 mice per point, **p < 0.01, *p < 

0.05 vs. % eosinophils at day 3.
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Figure 2. Persistence of eosinophils in the airways in response to fungal allergen challenge 
requires IL-13
A. Airway granulocytes (% of total leukocytes) at days indicated after challenge with Aa as 

above; wild type (C57BL/6) vs. Gm-csf−/− mice. B. wild-type (BALB/c) vs. eotaxin-1−/− 

mice, C. wild-type (C57BL/6) vs. IL-13−/− mice; n = 3 – 6 mice per time point, **p < 0.01, 

*p < 0.05, vs. % eosinophils at day 7.
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Figure 3. Eosinophils recruited to the lungs in response to fungal allergens do not depend on 
exogenous cytokine support for survival
A. Survival of eosinophils isolated from lungs of IL5tg mice vs. eosinophils isolated from 

lungs of mice challenged with Aa (as in Fig. 1A) or sensitized and challenged with A. 
fumigatus (Af, see Methods); eosinophils were cultured in medium ex vivo without 

additional cytokines; n = 4 – 5 mice per time point, **p < 0.001, 2-way ANOVA. B. Survival 

of eosinophils isolated from the spleens of mice sensitized and challenged with A. fumigatus 
as in A. vs. spleens of IL5tg mice cultured ex vivo in medium without additional cytokines; 

n = 3 – 4 mice per time point, **p < 0.001, 2-way ANOVA. C. Survival of eosinophils 

isolated from lungs of IL5tg mice or D. isolated from the lungs of mice sensitized and 

challenged with Af, and cultured in medium with or without IL-13 (20 ng/mL); n = 5 mice 

per time point, *p < 0.05, **p < 0.001, 2-way ANOVA.
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Figure 4. TNFα is detected in cultures of eosinophils from lungs of fungal-challenged mice, but 
this cytokine is not critical for ex vivo survival
A. Immuno-reactive TNFα (but not IL5, IL-3, IL-13, eotaxin-1 or GM-CSF, see Suppl. 

Table 1) was detected in culture supernatants of eosinophils (106 cells/mL) from lungs of Af 
sensitized and challenged, but not IL5tg mice; n = 3 – 6 per point, **p < 0.01, *p < 0.05 vs. 

medium alone. Lower limit reported by manufacturer at 31.2 pg/mL; linear range was 

extended experimentally. B. Addition of anti-TNFα neutralizing antibody had no impact on 

sustained survival, n = 3 mice per point. C. Lung eosinophils isolated from TNFα gene-

deleted mice were similarly capable of sustained survival, notably more robust on the 

C57BL/6 background; n = 5 – 10 mice per point.
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Figure 5. Eosinophils from the lungs of fungal-challenged IL5tg mice cannot sustain survival ex 
vivo
Survival of eosinophils isolated from lungs of fungal-challenged wild-type vs. fungal-

challenged IL5tg mice vs. eosinophils isolated from lungs of mice challenged with Aa (as in 

Fig. 1A) or sensitized and challenged with A. fumigatus (Af, see Methods); eosinophils 

were cultured in medium ex vivo without additional cytokines; n = 4 – 5 mice per time 

point, **p < 0.001, 2-way ANOVA.
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Table 2
Cytokine contents from lung eosinophils

Cytokine profiling of lysates of eosinophils isolated from lungs of mice challenged with A. alternata vs. 
eosinophils from IL5tg mice;

Mean pixel density

Cytokine A. alternata IL5-tg Ratio**

IL-2 889 1a 889

IL1-Ra 234737 149118 1.57

IL1-beta 2508 3061 0.82

IL1-alpha 4309 3650 1.18

IFN-gamma 2840 1248 2.28

Eotaxin-1 978 1a 978b

CCL1 1696 77 22.0

GM-CSF 2310 905 2.55

G-CSF 2076 530 3.92

C5-C5a 28487 4135 6.89

CXCL13 3307 1560 2.12

IL-27 1438 1105 1.30

IL-23 3395 25 136

IL-17 1898 1429 1.33

IL-16 2419 23265 0.10

IL-12p70 568 1a 568

IL-13 2177 1088 2.0

IL-7 2022 1294 1.56

IL-6 2011 1029 1.95

IL-5 756 1a 756

IL-4 1874 454 4.13

IL-3 2729 528 5.17

CXCL12 3014 2162 1.39

CCL5 3170 2132 1.49

CXCL2 18673 9720 1.92

CCL4 967 326 2.97

CCL3 10571 7359 1.44

CXCL9 2460 1674 1.45

CCL12 1096 102 10.7

CCL2 2177 549 3.97

M-CSF 6586 8433 0.78

KC 8053 1a 8050

I-TAC 2335 255 9.16
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Mean pixel density

Cytokine A. alternata IL5-tg Ratio**

IP10 2389 410 5.83

TREM-1 9031 4860 1.86

TNF-alpha 4915 2895 1.70

TIMP-1 4722 2267 2.08

CCL17 448 1a 448

n = 5 mice (pooled lysates) per group as described in the Methods;

a
background signal,

b
ratio confirmed by DuoSet ELISA at 787 ± 210 pg eotaxin-1 per 107 eosinophils from A. alternata challenged mice vs. 1.3 ± 1.3 pg eotaxin-1 per 

1 × 107 eosinophils from IL5tg mice, n = 3 – 4 mice per group,

**
p < 0.001.
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