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Abstract

Background—Eosinophils are hallmark cells of allergic Th2 respiratory inflammation. 

However, the relative importance of eosinophil activation and the induction of effector functions 

such as the expression of IL-13 to allergic Th2 pulmonary disease remain to be defined.

Methods—Wild type or cytokine deficient (IL-13−/− or IL-4−/−) eosinophils treated with 

cytokines (GM-CSF, IL-4, IL-33) were adoptively transferred into eosinophil-deficient recipient 

mice subjected to allergen provocation using established models of respiratory inflammation. 

Allergen-induced pulmonary changes were assessed.

Results—In contrast to the transfer of untreated blood eosinophils to the lungs of recipient 

eosinophildeficient mice, which induced no immune/inflammatory changes either in the lung or 

lung draining lymph nodes (LDLNs), pretreatment of blood eosinophils with GM-CSF prior to 

transfer elicited trafficking of these eosinophils to LDLNs. In turn, these LDLN eosinophils 

elicited the accumulation of dendritic cells and CD4+ T cells to these same LDLNs without 

inducing pulmonary inflammation. However, exposure of eosinophils to GM-CSF, IL-4 and IL-33 

prior to transfer induced not only immune events in the LDLN, but also allergen-mediated 

increases in airway Th2 cytokine/chemokine levels, the subsequent accumulation of CD4+ T cells 

as well as alternatively activated (M2) macrophages, and the induction of pulmonary 

histopathologies. Significantly, this allergic respiratory inflammation was dependent on 

eosinophil-derived IL-13 whereas IL-4 expression by eosinophils had no significant role.
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Conclusion—The data demonstrate the differential activation of eosinophils as a function of 

cytokine exposure and suggest that eosinophil-specific IL-13 expression by activated cells is a 

necessary component of the subsequent allergic Th2 pulmonary pathologies.
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INTRODUCTION

Allergic respiratory inflammation is commonly associated with an induced airway 

eosinophilia that is often considered a characteristic feature of the Th2 polarized pulmonary 

immune microenvironment in these patients. This polarization of immune responses in the 

lung is highlighted by the accumulation of Th2 lymphocytes, increased levels of Th2 

cytokines (e.g., IL-4, -5, and IL-13)) and Th2 chemokines (e.g., MDC and TARC), antibody 

switching leading the production of allergen-specific IgE and IgG1, and the transition of 

macrophages from the classical inflammatory (M1) phenotype to the alternatively activated 

(M2) phenotypes (reviewed in (1)). The historical role of eosinophils as part of these Th2 

responses is almost universally associated with the dogmatic perspective of eosinophils as 

downstream mediators of destructive activities (e.g., toxic cationic granule protein release 

(2)). However, an increasing number of studies have highlighted roles for eosinophils that 

are far more complex than that of exclusively end-stage destructive cells (reviewed in (3, 

4)). For example, specific eosinophilmediated events occurring in the lung now include 

contributions to remodeling/repair (5, 6) and the resolution of inflammation through release 

of mediators such TGF-β (7), IL-10 (8) and 12/15- lipoxygenase mediators (e.g., protectin 

D1) (9), respectively. Eosinophils have also been demonstrated to induce T cell proliferation 

(10, 11), increase the pulmonary levels of TARC and MDC (12), and promote the 

recruitment of effector T cells (12–14) to the lung in response to allergen provocation. More 

importantly, a deficiency in eosinophils results in ablation of these activities and in 

corresponding reductions in the Th2 immune responses occurring in mouse models of 

respiratory inflammation (reviewed in (15)). Thus, accumulating pulmonary eosinophils are 

capable of modulating the Th2 immune microenvironment and may contribute to important 

negative and positive regulatory loops modulating Th2 immune/inflammatory responses 

following allergen provocation.

In this report, we performed a series of eosinophil adoptive cell transfer studies into the 

lungs of allergen-challenged eosinophil-deficient mice (i.e., PHIL (16)). Our goal was to 

define mechanisms by which pulmonary eosinophils elicit the recruitment of allergen-

specific effector T cells and the subsequent establishment of a Th2-polarized inflammatory 

milieu and the development of allergic pulmonary inflammation. These studies showed that 

peripheral blood eosinophils recruited to the lung likely undergo activation events stratifying 

these eosinophils into functional groups that mediate unique effector functions, including an 

ability to traffic to the LDLNs, promote T cell proliferation, and also the induction of IL-13 

expression. This eosinophil-derived IL-13 was shown to be critical for lung expression of 

the Th2 chemokines MDC and TARC, the recruitment of pulmonary effector T cells, 

accumulation of M2 macrophage, and the development of allergic respiratory inflammation 
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(17, 18). Significantly, the data presented establish the importance of this eosinophil-derived 

IL-13 expression and suggest that eosinophils accumulating in the lungs differentially 

mediate activities as immune responses evolve following allergen provocation.

MATERIALS AND METHODS

Mice

All studies were performed with 8–16 week old male and female mice on the C57BL/6 

background. Eosinophil-deficient PHIL (16) and IL-5 transgenic NJ.1638 (19) mice were 

generated from established institutional colonies. IL-4−/− mice (C57BL/6-Il4tm1Nnt/J) were 

purchased from the Jackson Laboratories (Jackson Research Laboratories, Bar Harbor, ME). 

IL-13−/− mice were a gift of Andrew McKenzie (20). Mice were maintained in ventilated 

micro-isolator cages housed in the specific pathogen-free animal facility at the Mayo Clinic 

Arizona. Protocols and studies involving animals were performed in accordance with 

National Institutes of Health and Mayo Foundation institutional guidelines.

OVA sensitization/challenge protocols

Mice were sensitized with 100µl intraperitoneal (i.p.) injections of 400µg/mL OVA grade VI 

(Sigma- Aldrich) and 2.25mg Imject Alum (Thermo Scientific) on days 0 and 14 of the 

protocol and challenged with aerosolized OVA (1% (w/v) in saline) for 30 minutes on days 

24, 25, 26 (i.e., OVA-treated). Mice were assessed on day 28 as described previously (12). 

In some groups of mice, eosinophils (0.5–1×107 eosinophils in 25µl of PBS) were 

adoptively transferred via the trachea (i.t.), as described previously (21) and Figure 1(A), on 

days 24, 25, 26, and 27 of the protocol. Controls include saline challenged mice and mice 

receiving saline transfers rather than cell transfers.

Isolation and culture of mouse peripheral blood eosinophils

Eosinophils were isolated from IL-5 expressing transgenic mice (NJ.1638/+/+), NJ.1638/

IL-4−/−, or NJ.1638/IL-13−/− as described previously (10). In brief, eosinophils were 

separated by density gradient centrifugation using Histopaque 1119 (Sigma-Aldrich), 

followed by water lysis of contaminating red blood cells, washes with MACS buffer (PBS, 

0.5% (w/v) BSA, 2mM EDTA), and cell depletion with magnetic beads (Miltenyi Biotech) 

conjugated with antibodies to CD45R/B220 (i.e., B cells) and CD90.2/Thy1.2 (i.e., T cells 

and ILC2s). As shown in Supplementary Figure 1, these isolated peripheral blood eosinophil 

populations were >98% pure by both examination of Diff-Quick stained (Siemens 

Healthcare Diagnostics) cytospin preparations and flow cytometry assessment (Gr1+/

CCR3+/Siglec-F+). Eosinophils were transferred to recipient mice following pre-treatment 

with various cytokines in culture prior to adoptive transfer; control eosinophils were simply 

cultured in the absence of cytokines (Untreated). Specifically, eosinophils were cultured 

(5×106/mL) in complete RPMI-1640 media [RPMI-1640 (supplemented with GlutaMax and 

25mM HEPES (72400-120; Life Technologies)), 10% FBS (HyClone Technologies), 50µM 

beta-mercaptoethanol, 10µg/ml penicillin, 10µg/ml streptomycin, and 2mM L-glutamine 

(Life Technologies)] for 24–48 hours. Cytokine pretreated eosinophils were generated by 

either culturing cells with GM-CSF (10ng/mL (Peprotech)) alone or with a cytokine cocktail 

(Th2-cc) that included GMCSF (10ng/mL) + IL-4 (10ng/mL) + IL-33 (30ng/mL) 
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(Peprotech) (22). The viability of eosinophils following ex vivo culture was assessed by 

Trypan blue exclusion and revealed that untreated blood eosinophils displayed 90–95% 

viability following 24 hours of culture; this decreased only slightly (85–90% viability) after 

48 hours of culture. Ex vivo cultures of eosinophils pre-treated with either GM-CSF alone or 

the Th2-cc cytokine cocktail displayed ≥95% viability following culture for 24 and 48 

hours. Eosinophils derived from IL-4−/− or IL-13−/− knockout mice, respectively, did not 

display any Th2-cc cocktail-induced changes in cytokine expression (Eve Technologies, 

Alberta, Canada) relative to wild type eosinophils (other than the specific loss of either IL-4 

or IL-13 expression, data not shown). Cells were washed with PBS/0.5% (w/v) BSA three 

times prior to suspending in PBS (2–4 × 108 cells/mL) for intratracheal transfer (i.t.).

Airway inflammation measurements

Lung, LDLN, and BAL flow cytometry and cell number determinations and cytokine levels 

are detailed in this article’s Supplementary Methods and Data.

Histology and immunohistochemistry

Immunohistochemistry methods are detailed in this article’s Supplementary Methods and 

Data.

Statistics

All data are derived from a minimum of three independent experiments that included one to 

six mice per experiment. Data were analyzed using GraphPad Prism 5 statistics program. 

Statistical analysis was performed using Student’s t-tests with error bars representing the 

mean ± SEM. Differences between means were considered significant when p<0.05.

RESULTS

Cytokine treatment of eosinophils leads to a differentially activated phenotype that elicits 
unique pulmonary immune responses upon transfer into the lungs of OVA-treated PHIL 
mice

The contributory role of eosinophils to allergen-induced Th2 pulmonary inflammation was 

assessed using eosinophil-deficient mice and adoptive transfer techniques. In particular, 

eosinophils were either untreated (i.e., cultured without cytokines) or pre-treated with 

various cytokines to induce differential states of activation prior to transfer into the lungs of 

eosinophil-deficient PHIL mice. Blood-derived eosinophils (>98% pure) from IL-5 

transgenic mice were specifically chosen to avoid complications associated with peritoneal 

cavity-derived or splenic eosinophils (i.e., partial activation occurring with peritoneal-

derived eosinophils (23) or the contamination of purified splenic eosinophils with immature 

metamyelocytes as well as macrophages/DCs(19)). Moreover, the use of blood-derived 

eosinophils avoids the potential artefacts of cultured bone marrow-derived eosinophils (24, 

25). OVA-treated PHIL mice were given 0.5–1 ×107 eosinophils by intratracheal 

administration (i.t.) each day of allergen challenge (days 24–26) as well as day 27 of the 

protocol (Figure 1(A)). Significantly, i.t. adoptive transfer of untreated eosinophils into the 

lungs of OVA-treated PHIL mice was insufficient to induce immune responses in the LDLN 

relative to wild type levels. This included a failure of eosinophils to migrate to the LDLN 
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(Supplementary Figure 2) and a failure to induce accumulation of CD4+ T cells (Figure 

1(B)) and myeloid DCs (Figure 1(C)) in the LDLN of these mice. We have shown 

previously that transfer of eosinophils to the periphery via intraperitoneal injection (i.p.) 

resulted in the migration of eosinophils to the LDLN and the subsequent accumulation of 

DCs as well as the T cell activation occurring in the LDLN of allergen challenged PHIL 

mice (10). Thus, the failure of blood eosinophils to elicit any of these LDLN cellularity 

changes suggested that the pulmonary microenvironment of OVAtreated PHIL mice was not 

sufficient to activate i.t. transferred blood eosinophils; particularly in the absence of 

circulating eosinophils (21) and effector Th2 cells (12).

The hypothesis that eosinophils required ‘priming’ or activation in the lung prior to 

executing effector functions leading to Th2 pulmonary immune responses was tested by 

exposing blood-derived eosinophils to pulmonary innate cytokines (26) prior to adoptive 

transfer to the lungs of OVA-treated PHIL mice. Blood-derived eosinophils were cultured in 

the absence of exogenous cytokines (i.e., Untreated), cultured with GM-CSF (10ng/ml), or 

cultured with a cytokine cocktail (Th2-cc) that included GM-CSF (10ng/ml), IL-4 (10ng/ml) 

and IL-33 (30ng/ml) for 24–48 hours prior to i.t. transfer. As shown in Figures 1(B) and (C), 

culture with GM-CSF alone or with Th2-cc was sufficient to induce T cell and DC 

accumulation in the LDLN of OVA-treated PHIL mice at levels similar to OVA-treated wild 

type mice. These data demonstrated that unlike untreated eosinophils, culture with GM-CSF 

promoted eosinophil recruitment to the LDLN (Figure 1(D)) as well as T cell and DC 

activation within the lymph nodes. The number of eosinophils recruited to the LDLN in 

these PHIL mice was comparable to the number of eosinophils found in the LDLN of OVA-

treated IL-5−/− mice (Supplementary Figure 3(A)) that have less than 10% of the number of 

eosinophils as wild type mice. This low number of eosinophils was sufficient to induce T 

cell activation in the LDLN of these mice (Supplementary Figure 3(B) and (10)). Despite the 

ability of GM-CSF treated eosinophils to induce T cell activation in the LDLN, T cells were 

not found to accumulate in the lungs of OVA-treated PHIL mice (Figure 1(E)). This 

suggested GM-CSF treatment of eosinophils failed to fully activate these cells at a level 

sufficient to induce Th2 pathways within the lung microenvironment, including the 

recruitment of T cells and an increase of IL-13 in the BAL from the lungs of these mice 

(Figure 1(F)). However, treating eosinophils with the Th2-cc cytokine cocktail (GM-CSF, 

IL-4, and IL-33) increased both T cell recruitment to the lung as well as IL-13 expression to 

wild type levels. Cytokine measurements of cultured eosinophils demonstrated that 

untreated cells were found to constitutively expressed IL-4 and IL-5 after 48 hours in culture 

(234.0 ± 25.6pg/mL and 212 ± 7.0pg/mL, respectively). The addition of GM-CSF 

significantly enhanced production of IL-5 (953 ± 9.9pg/mL) but not IL-4 (187 ± 27.1pg/mL) 

and did not induce expression of IL-13 (which remained undetectable). As reported 

previously (22, 27, 28), the addition of IL-33 (i.e., Th2-cc culture conditions) led to an 

increase of IL-13 from these cells (Untreated: ND, GM-CSF: ND, Th2-cc 894.5 ± 28.8pg/

mL). Thus, exposure of eosinophils to this more complex array of cytokines differentially 

activates these granulocytes, expanding their potential effector functions.
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Eosinophils activated with an IL-33 containing cytokine cocktail are primed to induce Th2 
histopathological inflammation in the lungs of OVA-treated PHIL mice

Th2-cc treatment of eosinophils prior to adoptive transfer (i.t.) of eosinophils into OVA-

treated PHIL mice induced significant pulmonary histopathologies (Figure 2), including 

cellular infiltration of the central airways and distal airspaces (H & E staining) as well as 

increased goblet cell metaplasia/airway epithelial mucin accumulation (PAS staining). As 

expected based on the lack of induced lung immune responses (i.e., T cell recruitment and 

IL-13 expression), GM-CSF treated eosinophils had histopathologies that were 

undistinguishable from PHIL mice receiving (i.t.) untreated blood-derived eosinophils 

during OVA challenge, and are comparable to previously reported responses of OVA-

treated PHIL mice (16). These data demonstrate that different levels of eosinophil activation 

induce different eosinophil effector functions in allergen models of allergic respiratory 

inflammation. One level of activation (i.e., GM-CSF exposure) promoted eosinophil 

recruitment to LDLN and eosinophildependent T cell activation in the LDLN while another 

level of activation (Th2-cc) was able to induce eosinophil effector phenotypes that induced 

both Th2 immune pathologies as well as lung histopathologies.

Eosinophil-derived IL-13, and not IL-4, is required to induce Th2 pulmonary immune 
responses during allergen challenge

The unique ability of adoptively transferred Th2-cc treated eosinophils to induce significant 

BAL IL-13 production and Th2 pulmonary inflammation in OVA-treated PHIL mice 

suggested a possible link between eosinophils and IL-13 expression in the lung. This was 

confirmed by flow cytometry (Supplementary Figure 4) demonstrating that eosinophils 

represented the largest cell population of IL- 13 expressing lung leukocytes in OVA-treated 

wild type mice (~10–15% of total lung leukocytes). In addition, these data also showed that 

the majority of lung eosinophils (~70%) stain positive for IL-13 expression.

Eosinophils deficient in IL-13−/− or IL-4−/− were pre-treated with a Th2-cc cytokine cocktail 

(i.e., GM-CSF, IL-4, IL-33) and transferred i.t. into OVA-treated PHIL mice at the time of 

allergen challenge to test the unique significance of these cytokines. These data showed that 

IL-13-deficient eosinophils were unable to induce wild type levels of IL-13 in the BAL 

(Figure 3(A)), suggesting eosinophils were a potentially significant source of airway IL-13. 

The Th2 cell chemokines MDC (CCL22) and TARC (CCL17), which are targets of 

IL-13(29), also increased to similar levels upon transfer (i.t.) of either Th2-cc treated wild 

type and IL-4−/− eosinophils into OVA-treated PHIL mice (Figures 3(B) and (C)). However, 

no increases in either chemokine were observed following the transfer of IL-13-deficient 

eosinophils. As anticipated, OVA-treated PHIL mice that receive IL-13-deficient 

eosinophils were unable to recruit CD4+ T cells to the lung compartment (Figure 3(D)), 

despite the proliferation of T effector cells in the LDLN of these mice (Supplementary 

Figure 5(A)). These findings were confirmed in OVA-treated IL-5−/− mice, whereby 

eosinophil-derived IL-13 from adoptively transferred eosinophils (i.t.) was necessary to 

induce the recruitment of CD4+ T cells into the lungs of OVA-treated IL-5−/− mice to wild 

type levels (Supplementary Figure 6). Significantly, IL-5−/− mice do not require Th2-cc 

cytokine treatment for this IL-13-dependent Th2 induced pulmonary inflammation, 

suggesting that the partial ablation of eosinophils in these cytokine knockout mice (~8% of 
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wild type levels following OVA provocation (21)) was sufficient to induce activation of 

“resting” eosinophils following adoptive transfer. In contrast to IL- 13, eosinophil-derived 

IL-4 did not play an apparent role in the recruitment of T cells to the lungs of OVA-treated 

PHIL mice or in the accumulation of myeloid DCs in the lung or LDLN (Figures 3(E) and 

Supplementary Figure 5(B)).

Eosinophil-derived IL-13, and not IL-4, contributes to the Th2 histopathological 
inflammation in the lungs of OVA-treated PHIL mice

Eosinophil-derived IL-13 expression induced specific effects on the histopathological 

responses to allergen challenge. The induced cellular infiltration of the airways and distal 

airspaces (H and E stain) by Th2-cc treated eosinophils in OVA-treated PHIL mice was 

attenuated in OVA-treated PHIL mice receiving (i.t.) IL-13-deficient Th2-cc treated 

eosinophils (Figure 4). Moreover, the goblet cell metaplasia (PAS staining) in the airways of 

OVA-treated PHIL mice receiving IL-13-deficient Th2-cc treated eosinophils was 

attenuated as compared to mice receiving IL-13-proficient Th2-cc treated eosinophils during 

allergen challenge. The histopathologies occurring in OVA-treated PHIL mice receiving 

(i.t.) IL-4-deficient Th2-cc treated eosinophils were comparable to those occurring in wild 

type and PHIL mice following the transfer (i.t.) of wild type Th2-cc treated eosinophils, 

indicating a role for eosinophil-derived IL-13, but not IL-4, for the induction of 

histopathologies in this model of allergic asthma.

Eosinophil-derived IL-13 is a mediator of alternatively activated (M2) macrophage 
accumulation in the lungs of OVA-treated PHIL mice

The dependence of allergen-mediated M2 macrophage accumulation on eosinophils and 

eosinophil-derived IL-13 was determined via two strategies. As shown in Figure 5(A), Th2-

cc treated eosinophils were uniquely capable of inducing accumulation of M2 macrophages 

in the lungs of OVA-treated PHIL mice to levels similar to that of OVA-treated wild type 

mice as determined by flow cytometry identifying CD206+ macrophage (i.e, M2 (18)). A 

second method of detection was used to visualize the presence of arginase I-positive (i.e., 

M2 macrophages (18)) in the lungs of OVA-treated mice by immunohistochemistry (Figure 

5(B)). Arginase I+ cells that were morphologically identified as macrophages (mononuclear 

cells with large cytoplasm to nucleus ratio) were counted per unit area of distal airspaces 

(mm2) in wild type and PHIL mice (Figure 5(C)). In agreement with the flow cytometry 

data, total cell counts per unit area of lung sections showed a significant increase in the 

numbers of M2 macrophages in mice receiving Th2-cc treated eosinophils. By using both 

methods, M2 macrophage accumulation in the pulmonary compartment was shown to be 

attenuated in OVA-treated PHIL mice receiving (i.t.) IL-13-deficient Th2-cc treated 

eosinophils. The role of eosinophil-derived IL-13 in this process was confirmed by 

demonstrating similar changes in CD206+ macrophages and arginase I+ cells in IL-5−/− mice 

(Supplementary Figure 7). IL-4 from eosinophils did not contribute to the accumulation of 

pulmonary M2 macrophages (data not shown and Supplementary Figure 7), thus 

demonstrating a unique role for eosinophil-derived IL-13 in inducing the accumulation of 

M2 polarized macrophage upon allergen challenge.
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DISCUSSION

The adoptive transfer of eosinophils into allergen-provoked recipient mice congenitally 

deficient of eosinophils described here and elsewhere (e.g., (10, 12–14)) highlight the utility 

of this reductionist approach to test pathways and events that promote allergic pulmonary 

inflammation. The strategy employed here using this approach to identify eosinophils 

displaying different levels of activation represents a unique conceptual tactic worth noting: 

Instead of attempting to stratify eosinophils on the basis of physical properties (i.e., unique 

cell surface phenotype (30), sedimentary density (i.e., hypodense activated vs resting 

normodense eosinophils (31)), or a unique event (i.e., degranulation (32)), activation states 

were identified based on functionality. Specifically, the activities mediated by resting 

eosinophils (and therefore the identifiable functions) are inherently distinctive as compared 

to differentially activated eosinophils. We suspect that these differential activities mediate a 

transition from localized innate inflammatory/immune responses to allergen-specific T2 

polarized acquired immunity that culminates in the accumulation in the lung of eosinophils, 

allergen-specific CD4+ effector T cells, and the development of characteristic 

histopathologies and lung dysfunction.

This study demonstrated that exposure to two early innate cytokine candidates associated 

with Th2 inflammation, GM-CSF and IL-33, were likely to have significant effects on the 

eosinophils accumulating in the lungs following allergen provocation. (Table 1) For 

example, the demonstration that GM-CSF treated eosinophils migrated to the LDLN 

correlated with findings by others that GM-CSF, and the up-regulation of IL-5, induced 

adhesion molecule expression on eosinophils (33). Moreover, increases in adhesion and 

motility did not appear to require exposure to IL-4/13 (34) demonstrating a unique immune 

function for eosinophils that are “primed” to migrate in the absence of significant pulmonary 

Th2 signals. The induced lymphatic trafficking ability of GM-CSF “primed” eosinophils is 

potentially significant given earlier studies that demonstrated LDLN eosinophils promoted T 

cell polarization in response to allergen challenge, even in the absence of pulmonary 

eosinophilia (10). Collectively, the ability of GM-CSF treated eosinophils to migrate from 

the lung to the LDLN and induce accumulation of mDCs and stimulate T cell proliferation 

suggests a unique immune regulatory function for these “primed” granulocytes. In contrast, 

eosinophils treated with a cocktail of GM-CSF, IL-33 and IL-4 (i.e., Th2-cc) promoted the 

induction of local pulmonary innate pathways that are representative of allergen 

provocation. These Th2-cc “activated” eosinophils were capable of both contributing to the 

expansion of allergen-specific T cells but also to the recruitment of effector T cells to the 

lung. This T cell accumulation was associated with induced lung pathologies, providing a 

mechanistic link among eosinophils, T cells, and allergic pulmonary pathologies. Thus, in a 

larger perspective this stratification suggests that eosinophil activities are not just present or 

absent, but instead represent a continuum of specific effector functions that have 

independent modulatory roles in the evolving allergic immune responses associated with 

asthma.

Recent studies have implicated eosinophil induced IL-4 and/or IL-13 expression as key 

regulatory events mediated by these granulocytes in an expanding array of inflammatory/

disease settings (15, 35–37). In particular, airway allergen studies using eosinophil-deficient 
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mouse models (e.g., ΔdblGATA-1 (38), PHIL (12), and IL-5−/−eotaxin-1−/− (39)) highlight 

defects in IL-13 and IL-4 production upon allergen challenge that correlate with attenuated 

allergic inflammatory responses that occur in IL-13 and IL-4 deficient mice (17). 

Interestingly, in the current studies eosinophil deficiencies in either IL-4 or IL-13 expression 

had no role in the expansion of T cells in LDLN following allergen provocation (including 

the recruitment of mDC to these lymph nodes), suggesting the link among IL-13/IL-4, 

eosinophils, T cells, and allergic inflammation is restricted to events in the lung. We have 

shown in a previous report that eosinophil-dependent up-regulation of the chemokines 

TARC and MDC was likely responsible for the recruitment of effector Th2 T cells to the 

lungs of allergen challenged mice (12). The present studies provide a specific mechanism 

for this earlier observation. TARC and MDC are downstream targets of IL-13 (29), 

suggesting that “activated” pulmonary eosinophils likely lead to the recruitment of 

allergenspecific lung effector T cells through this IL-13 expression. The importance of 

eosinophil-derived IL-13 in T cell recruitment has now been demonstrated in three different 

strains of mice (PHIL, IL-5−/−, and ΔdblGATA-1 (14)), indicating it is a not an artifactual 

observation of either the allergen protocol used or the specific strain of eosinophil-deficient 

understudy. Our studies also highlight a role for eosinophilderived IL-13, and not IL-4, in 

the accumulation of M2 macrophages in the airways upon allergen provocation. This 

observation is noteworthy because M2 macrophages not only amplify immune responses by 

up-regulating expression of eotaxin-2, TARC, and MDC(40), (18), but are also intermediate 

cells that contribute to resolution of inflammation (41).

Significantly, a recent report (43) demonstrated that many of the IL-13 expressing cells in 

asthma patients are also major basic protein positive, suggesting that these cells in humans 

are eosinophils; a contention supported by the observations that human eosinophils have the 

ability to produce IL-13 (44). These studies suggest eosinophils are potentially primary 

modulators of allergen-induced immune responses and not simply downstream end-stage 

effectors unilaterally regulated by other cells (e.g., innate type 2 lymphoid cells (ILC2s) or 

CD4+ T cells (reviewed in (45)). Indeed, based on the studies presented here, we suggest 

that eosinophils themselves are an important source of IL-13 that contributes directly to the 

Th2 polarized immune microenvironment of the lung following allergen provocation. The 

self-promoting character of this proposed hypothesis and its implications on the 

development of allergic respiratory inflammation have not escaped us. Namely, by linking 

eosinophil mediated activities with mechanisms of allergen-specific T cell recruitment to the 

lung, a sustaining positive regulatory loop between eosinophils and acquired/adaptive 

immune responses is created. Moreover, if left unchecked this regulatory loop would be able 

to promote and sustain the pulmonary histopathologies and lung dysfunction associated with 

an allergic provocation. Thus, along with CD4+ T cells, ILC2s, dendritic cells, alveolar 

macrophages, and an equally long list of other immunity-modulating leukocytes found in the 

lung following allergen provocation, eosinophils are important contributors to pathways 

promoting the development of Th2 immune/inflammatory responses linked with allergen 

provocation. That is, eosinophils likely represent one of multiple immune cells in the lung 

that synergistically mediate immune responses leading to, and perhaps sustaining, allergic 

respiratory inflammation in respiratory patients.
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Figure 1. Differentially activated airway eosinophils induce unique immune responses in the 
pulmonary compartments of OVA challenged PHIL mice following eosinophil adoptive transfer
(A) Schematic diagram of the allergic respiratory model and the eosinophil adoptive transfer 

strategy. Wild type and PHIL mice were subjected to OVA sensitization on day 0 and 14, 

acute OVA challenge on days 24–26 (OVAtreated), and assessed on day 28. Control animals 

were treated with saline alone. PHIL mice received eosinophils that were untreated (no 

cytokines), pre-treated with GM-CSF, or pre-treated with a Th2-cc cytokine cocktail (i.e., 

GM-CSF, IL-4, IL-33) for 24–48 hours prior to adoptive transfer (i.t.) into the lungs of mice 

on days 24–27 of the protocol. The resulting accumulations in the LDLNs of (B) eosinophils 
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(Gr1+/CCR3+/Siglec-F+), (C) CD4+ T cells (CD4+/TCR-β+), and (D) myeloid DCs 

(F4/80−/Gr1−/CD11c+) as well as the accumulation in the lungs of (E) CD4+ T cells (CD4+/

TCR-β+) were determined by flow cytometry. (F) BAL levels of IL-13 were measured from 

each group of mice. IL-17 and FN-γ levels were not detectable in the BALs of these mice. 

All data are derived from at least three independent experiments each with a total of least 5 

mice per group (Mean ± SEM.). *p<0.05.
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Figure 2. Differentially activated eosinophils induce Th2-associated histopathologies in the lungs 
of OVA challenged PHIL mice following eosinophil adoptive transfer
Histopathologies in OVA-treated PHIL mice were determined following adoptive transfer 

(i.t.) of untreated eosinophils (i.e., no cytokine pre-treatments) as well as eosinophils pre-

treated with GM-CSF or a Th2-cc cytokine cocktail (i.e., GM-CSF, IL-4, IL-33). 

Representative images of lung sections (compared to OVA-treated wild type mice) are 

shown for assessment of cellular inflammation (hematoxylin-eosin staining) and goblet cell 

metaplasia/airway epithelial cell mucin accumulation (PAS staining - dark purple cells). 

Scale bar = 100µm.
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Figure 3. Eosinophil-derived IL-13, and not IL-4, contributes to the larger immune responses 
occurring in the lungs of OVA challenged PHIL mice following eosinophil adoptive transfer
Immune responses in OVA-treated wild type and PHIL mice were determined relative to 

responses occurring OVA-treated PHIL mice following adoptive transfer (i.t.) of wild type 

eosinophils that were untreated (no cytokines), pre-treated with GM-CSF, or pre-treated 

with a Th2-cc cytokine cocktail (i.e., GM-CSF, IL-4, IL-33) for 24–48 hours prior to 

adoptive transfer (i.t.) into the lungs of mice on days 24–27 of the protocol. Additional 

groups of OVA-treated PHIL mice were adoptively transferred (i.t.) with IL-13−/− or IL-4−/− 

eosinophils pre-treated with a Th2-cc cytokine cocktail (i.e., GM-CSF, IL-4, and IL-33). 
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BAL levels of (A) IL-13 and the Th2-associated chemokines (B) MDC and (C) TARC were 

determined by ELISA. IL-17 and IFN-γ were not detectable in the BAL of these mice. The 

accumulation of CD4+ T cells (CD4+/TCR-β+) and myeloid DCs (F4/80−/Gr1−/CD11c+) in 

the lungs (panels (D) and (E), respectively) were determined by flow cytometry. All data are 

derived from at least three independent experiments each with cohort sizes of 2–6 mice 

(Mean ± SEM). *p<0.05
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Figure 4. Eosinophil-derived IL-13 uniquely contributes to the Th2-associated pulmonary 
histopathologies occurring in the lungs of OVA challenged PHIL mice following eosinophil 
adoptive transfer
Th2-associated pulmonary histopathologies in OVA-treated PHIL mice were determined 

following adoptive transfer (i.t.) of wild type, IL-13−/− or IL-4−/− eosinophils pre-treated 

with GM-CSF [wild type eosinophils] or a Th2-cc cytokine cocktail (i.e., GM-CSF, IL-4, 

IL-33) [wild type, IL-13−/− or IL-4−/− eosinophils]. Representative images of lung sections 

(compared to OVA-treated wild type mice) are shown for assessment of cellular 

inflammation (hematoxylin-eosin staining) and goblet cell metaplasia/airway epithelial cell 

mucin accumulation (PAS staining - dark purple cells). Scale bar = 100µm.
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Figure 5. Eosinophil-derived IL-13, but not IL-4, contributes to accumulation of alternatively 
activated (M2) macrophages in the lungs of OVA challenged PHIL mice following eosinophil 
adoptive transfer
(A) M2 macrophage (CD206+/F4/80+/Gr1−/CD11b+) accumulation in the lung of OVA-

treated wild type and PHIL mice was determined by flow cytometry relative to OVA-treated 

PHIL mice following adoptive transfer (i.t.) of wild type eosinophils that were untreated (no 

cytokines), pretreated with GM-CSF, or pretreated with a Th2-cc cytokine cocktail (i.e., 

GM-CSF, IL-4, IL-33) for 24–48 hours prior to adoptive transfer (i.t.) into the lungs of mice 

on days 24–27 of the protocol. Additional groups of OVA-treated PHIL mice were 
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adoptively transferred (i.t.) with IL-13−/− or IL-4−/− eosinophils pre-treated with a Th2-cc 

cytokine cocktail (i.e., GMCSF, IL-4, and IL-33). These data are derived from at least three 

independent experiments each with cohort sizes of 2–6 mice (Mean ± SEM). *p<0.05

(B) Representative images of lungs sections stained for Arginase I by 

immunohistochemistry. Arginase I+ macrophages (arrows) were identified as positive 

staining (brown color) cells with a unique morphology (large mononuclear cells with a high 

cytoplasm to nucleus ratio).

(C) Arginase I+ macrophages were counted in the airspaces of entire mid-coronal lung 

sections, counting sections derived from >3 mice per cohort in three independent 

experiments. The histogram shows the number of Arginase I+ cells per mm2 of distal air 

space. Scale bar = 100µm.
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Table 1

Cytokine-dependent Activation of Pulmonary Eosinophil Effector Functions and Their Role Upon Transfer 

(i.t.) into OVA-treated PHIL mice

Eosinophil Activation Cytokine Trigger Defining Functional Activity(ies)

Resting Untreated • Limited cell autonomous cytokine expression (constitutive IL-4 and IL-5)

• Unable to induce Th2 chemokine/cytokine expression in the lung

• Unable to traffic via lymphatic circulation

Primed GM-CSF • Limited cell autonomous cytokine expression (increased IL-5 expression)

• Unable to induce Th2 chemokine/cytokine expression in the lung

• Trafficking via lymphatic circulation leading to mDC accumulation in LDLNs 
and allergen-dependent T cell proliferation

Activated GM-CSF, IL-4, IL-33 • Robust cell autonomous cytokine expression (IL-13 increased)

• Eosinophil induced Th2 chemokine/cytokine expression in the lung- promotes 
the recruitment of CD4+ effector T cells and the accumulation mDCs and M2 
alternatively activated macrophages

• Trafficking via lymphatic circulation leading to mDC accumulation in 
LDLNs, and allergen-dependent T cell proliferation

Lung draining lymph node (LDLN), alternatively activated macrophage (M2), ovalbumin (OVA), myeloid dendritic cells (mDC)
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