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Abstract
Background—The importance and specific role(s) of eosinophils in modulating the immune/
inflammatory phenotype of allergic pulmonary disease remain to be defined. Established animals
models assessing the role(s) of eosinophils as contributors and/or causative agents of disease have
relied on congenitally deficient mice where the developmental consequences of eosinophil
depletion are unknown.

Methods—We developed a novel conditional eosinophil-deficient strain of mice (iPHIL)
through a gene knock-in strategy inserting the human diphtheria toxin (DT) receptor (DTR) into
the endogenous eosinophil peroxidase genomic locus.

Results—Expression of DTR rendered resistant mouse eosinophil progenitors sensitive to DT
without affecting any other cell types. The presence of eosinophils was shown to be unnecessary
during the sensitization phase of either ovalbumin (OVA) or house dust mite (HDM) acute asthma
models. However, eosinophil ablation during airway challenge led to a predominantly neutrophilic
phenotype (>15% neutrophils) accompanied by allergen-induced histopathologies and airway
hyperresponsiveness in response to methacholine indistinguishable from eosinophilic wild type
mice. Moreover, the iPHIL neutrophilic airway phenotype was shown to be a steroid-resistant
allergic respiratory variant that was reversible upon restoration of peripheral eosinophils.

Conclusions—Eosinophil contributions to allergic immune/inflammatory responses appear to
be limited to the airway challenge and not the sensitization phase of allergen provocation models.

Corresponding Author: James J. Lee, Ph.D., Professor Mayo Clinic School of Medicine, Department of Biochemistry and Molecular
Biology, Director of Special Animal Services Laboratory, Postal Address: Division of Pulmonary Medicine, MCCRB-RESEARCH;
Cr-2-213, Mayo Clinic Arizona, 13400 E. Shea Blvd., Scottsdale, AZ85259, Telephone number: (480) 301-7183, FAX Number: (480)
301-7017, jjlee@mayo.edu.

The authors have no conflicting financial interests.

NIH Public Access
Author Manuscript
Allergy. Author manuscript; available in PMC 2015 March 01.

Published in final edited form as:
Allergy. 2014 March ; 69(3): 315–327. doi:10.1111/all.12321.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The reversible steroid-resistant character of the iPHIL neutrophilic airway variant suggests
underappreciated mechanisms by which eosinophils shape the character of allergic respiratory
responses.
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INTRODUCTION
The inability to specifically define the roles and importance of eosinophils in allergic
respiratory responses has contributed to the complexity of disease management approaches
for patients (reviewed in (1, 2). This complexity, in part, occurs as a consequence of the
apparently multi-faceted roles eosinophils have in allergic inflammatory responses in both
animal models of disease and human asthma patients (reviewed in (3)). In particular, various
transgenic and knockout strains of mice with exaggerated or depleted peripheral eosinophil
levels have demonstrated that these granulocytes are likely to have several contributory roles
in the modulation of immune and inflammatory responses occurring in mice following
allergen challenge. Studies using either of the available congenitally eosinophil-deficient
strains of mice, PHIL (4) and ΔdblGATA (5), suggested that pulmonary eosinophils
modulate lung inflammatory T cell recruitment ((6, 7)) and polarize the immune response by
suppression of Th1/Th17 pathways (8). Unfortunately, these strains of mice also displayed
significant differences regarding the roles of eosinophils in allergic pulmonary responses
that have been attributed to background strain variability (e.g., C57BL/6J (6) vs. BALB/cJ
(7), use of different allergens (OVA (4, 5) vs. HDM (9)), the consequences of additional
environmental cues (10, 11), and developmental effects on other immune cells (12, 13) or
tissues (14, 15) as result of the life-long loss of eosinophils associated with congenitally
eosinophil-deficient mice.

We developed a novel inducible eosinophil-deficient strain of mice (iPHIL) with the
objective of demonstrating that the “on-demand” targeting of eosinophils provides a model
system to define the specific role of eosinophils in allergic pulmonary inflammation without
the inescapable caveats associated with congenital eosinophil-deficiency. Moreover, the
availability of this model now will permit the definition of anti-inflammatory effector
functions involved in disease resolution and, in turn, the definition of eosinophil activities in
studies investigating the efficacy of therapies targeting eosinophils in established disease. To
these ends, the selective depletion of eosinophils during allergen sensitization, airway
challenge, and later during memory challenge provocations were performed to define the
roles of eosinophils during each stage of the immune response to allergen exposure. These
data showed that eosinophils are not required for polarization or progression of the immune
response during sensitization to antigen in acute OVA or HDM allergen provocation models.
Conversely, the loss of eosinophils during the allergen challenge phase of each allergen
protocol resulted in a lung inflammatory phenotype that displayed a neutrophilic airway
infiltrate with allergen-dependent airway histopathologies and induced airway
hyperresponsiveness (AHR) virtually identical to those observed in allergen provoked
eosinophil-sufficient wild type mice. Significantly, secondary allergen challenges (memory
recall assessments) of iPHIL mice after restoration of their peripheral eosinophils levels
reversed the induced lung phenotype from airway neutrophilic inflammation to an
inflammatory response dominated by eosinophils. More importantly, the neutrophilic
inflammation linked with allergen provocation of iPHIL mice was found to be steroid-
resistant. Thus, our studies using iPHIL mice suggest that eosinophils contribute to the
character of allergen-induced pathologies and the underlying immune responses and
highlight that allergen provocation of eosinophil-deficient mice may replicate some of the
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complexities of the inflammatory phenotypes displayed by asthma patient subgroups (e.g.,
steroid refractory neutrophilic subjects (16)).

MATERIALS AND METHODS
Mice

All studies were performed with mice on 6–14 week old animals on a C57BL/6J
background. Inducible eosinophil-deficient knock in mice (iPHIL) were generated via a
knock in strategy (Ozgene (Bentley DC, WA, Australia)). Briefly, the human HB-EGF
(DTR) open reading frame was inserted by homologous recombination in C57BL/6J
embryonic stem (ES) cells at the start codon of the eosinophil peroxidase gene (epx) (17)
(Supplementary Figure 1 (A)). This engineered locus also included an Internal Ribosomal
Entry Site (IRES) upstream of the otherwise intact epx gene, allowing for the expression of a
dicistronic mRNA ostensibly encoding both DTR and EPX. Homozygous or heterozygous
iPHIL mice were bred to C57BL/6J mice from Jackson Laboratories (Jackson Research
Laboratories, Bar Harbor, ME) with wild type littermates as controls to heterozygous iPHIL
mice. Mice in these studies were maintained in ventilated micro-isolator cages housed in the
specific pathogen-free animal facility at the Mayo Clinic in Arizona under “low barrier”
(www.jax.org) conditions (see Supplementary Methods). All protocols and studies involving
animals were performed in accordance with National Institutes of Health and Mayo
Foundation institutional guidelines.

Hematologic assays: Blood/Bone marrow isolation, Cell counts/Differentials of blood
films, Cytospins, and Bone Marrow smears

All assays/assessments were performed as previously described (18, 19). Unless otherwise
indicated, cell counts and differentials were performed using ≥300 cells per sample.

Bone Marrow Culture
The ex vivo differentiation/proliferation of eosinophil lineage-committed progenitors was
performed using a marrow culture system (20) with modifications that have been previously
described (21).

Allergen Sensitization/Airway challenge protocols
The OVA sensitization/airway challenge model was performed as described previously (8).
Briefly, two similar protocols were used to assess the role of eosinophils in OVA
sensitization vs. airway challenge. Mice were sensitized with (i.p.) injections of 40μg OVA
(grade VI; Sigma) emulsify in 2.25mg of Imject™ adjuvant (Thermo Scientific) either on
OVA-protocol days 0 and 5 (sensitization studies) or protocol days 0 and 14 (airway
provocation studies). Sensitized mice were challenged with aerosolized 1% (w/v) OVA
(grade VI, Sigma) solution (control animals received saline alone) for 20 minutes either on
OVA-protocol days 13–16 prior to assessment of pulmonary pathologies on protocol day 17
(sensitization studies) or OVA-protocol days 24–26 prior to assessment of pulmonary
pathologies on protocol day 28 (allergen challenge studies). In experiments with steroid
administration, dexamethasone (DEX) (Sigma) at 5mg/kg mouse weight was (i.p.) injected
on day 27 of the allergen protocol (airway provocation studies) and mice were assessed on
day 28.

OVA-specific memory recall assessments of inflammation were performed in iPHIL mice
that were sensitized (i.p.) with OVA/Imject® adjuvant protocol days 0 and 14. These mice
were administered DT ((i.p.) - 15ng/gram body weight) prior to, and during, an initial
airway challenge phase on days 20, 21, and 24–27. Mice were assessed at two time points in
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this protocol: (i) Two days following the last of the initial OVA airway challenges - day 28.
(ii) OVA sensitized mice that were previously rendered eosinophil-deficient during the
initial airway challenge phase (day 24–27) were allowed to “rest” (i.e., DT administration
was discontinued) 12 days to allow restoration of the peripheral eosinophils prior to re-
challenge with 1% OVA (control mice received saline alone) on day 39 and assessed on day
41 (OVA Day 41).

Diphtheria toxin (DT) administration to mice
Diphtheria toxin (DT, (D0564, Sigma)) was administered to mice (control animals received
saline vehicle alone) by injection (1.5ng/μl (i.p.)) at a final dosage of 15ng/gram body
weight. Kinetic assessments of eosinophil ablation were completed by i.p. injection of DT
(15ng/gram body weight) on protocol days 0 and day 1. Ablation of eosinophils during the
sensitization phase of the OVA provocation protocol was completed by administration of
DT ((i.p.) - 15ng/gram body weight) on days -5,-4 and 0, 1, 2, 3, and 4 of the 17 day
protocol. Ablation of eosinophils during the airway challenge phase was accomplished by
DT administration ((i.p.) - 15ng/gram body weight) on days 20, 21, 24, 25, 26, and 27 of the
28 protocol. Wild type controls also received DT injections. Long-term eosinophil ablation
studies were performed by initially administering DT ((i.p.) - 15ng/gram body weight) on
protocol days 0 and 1 followed by additional administration of DT ((i.p.) - 15ng/gram body
weight) every 3 days thereafter for up to 28 days total.

Collection of airway luminal cells and bronchoalveolar lavage fluid
Isolation of bronchoalveolar lavage (BAL) fluid, determination of total cell numbers, and
cell differential assessments were performed as previously described (8).

Histology and MBP-immunohistochemistry
Femurs and lungs were collected as described previously (22, 23). Serial sections of mouse
lungs were either stained with hematoxylin and eosin (HE) or Periodic Acid Schiff (PAS) or
immunohistochemistry using an eosinophil-specific rat anti-mouse MBP monoclonal
antibody also as described previously (24, 25).

Assessments of Cytokines
Mouse IL-17, IL-13, and IFN-γ levels were assessed using immunoassay kits (R&D
Systems) according to the manufacturer’s instructions. The limits of detection for each
ELISA assay were 5–10pg/mL.

Assessments of Lung Function
Airway hyperresponsiveness (AHR) in response to increasing doses of nebulized
methacholine (0, 6, 12, 25, 50 mg/mL) was determined on day 28 of the OVA allergen
protocol as previously described (24) using a small animal mechanical ventilator (flexivent;
SCIREQ).

Statistical analysis
All data are derived from ≥2 independent experiments with (n) of two to six mice per
experiment. Data were analyzed using GraphPad Prism 5 statistics program using Student’s
t-tests with error bars representing the mean ± SEM. Differences between means were
considered significant when p<0.05.
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RESULTS
Generation of iPHIL

A strain of mice (iPHIL) capable of conditional (i.e., “on-demand”) eosinophil deficiency
was created by a gene knock in strategy that inserted the complete open reading frame
encoding the human DTR at the endogenous start codon of the eosinophil peroxidase (epx)
gene on chromosome 11 (Supplemental Figure 1(A)). iPHIL-derived eosinophil progenitors
showed eosinophil-specific expression of DTR-EPX transcripts (Supplementary Figure
1(B)), but failed to replicate EPX protein expression despite the inclusion of an IRES
element designed to mediate EPX expression from the dicistronic mRNA from the knock in
locus (Supplementary Figure 1(C)). Thus, all subsequent studies described here were
performed with iPHIL heterozygous (+/−) mice, which displayed EPX expression levels
comparable to wild type C57BL/6J animals.

Eosinophil lineage-committed progenitors but not mature terminally differentiated
metamyelocytes are targeted by DT

The ability of DT to mediate the killing of eosinophil lineage committed progenitors in
iPHIL mice was tested by exposing ex vivo bone marrow cultures to DT during selected
windows of time. In these cultures, eosinophil progenitors expand through culture-day 12–
14 upon which 90–95% of the cells present are terminally differentiated eosinophils (20,
21). DT (5ng/mL) was added to and maintained in the culture media in two distinct time
frames to target immature (day 4–14) versus differentiated (day 14–23) eosinophils. iPHIL
bone marrow cultures exposed to DT during the eosinophil progenitor expansion phase
(days 4–14) failed to expand and were unable to survive this culture period (Figure 1).
Doses up to 5μg/mL were tested and gave similar results (data not shown). In contrast,
cultures of mature terminally-differentiated eosinophils (day 14–23) were unaffected by DT
exposure relative to control groups.

Eosinophil-specific ablation in iPHIL mice in vivo
Kinetic assessments of eosinophil ablation were completed in iPHIL mice to determine the
ability of DT targeted killing of eosinophils in vivo. DT administration to iPHIL mice on
days 0 and 1 showed that eosinophils were ablated from the bone marrow (Figure 2(A)) and
blood (Figure 2(B)) of iPHIL mice 3–4 days post-injection. The ablation of peripheral blood
eosinophils is particularly noteworthy as circulating levels dropped to 0 ± 0 by day 4 and
remained at this level for five days before returning to pre-DT treatment baseline levels by
protocol day 10. Given that DT administration does not target terminally differentiated
eosinophils, these data predict (assuming stochastic decay from circulation) that once they
exit the marrow the half-life of eosinophils in peripheral blood is 1.16 days. Continued DT
administration (i.e., every 3 days) showed that it was also possible to maintain the complete
ablation of circulating blood eosinophils in iPHIL mice for >14 days (Figure 2(C)) before
host humoral immune responses neutralize the effectiveness of this ablation strategy (26).
Assessments of blood, lymphatic, and bone marrow compartments of iPHIL mice treated
with DT (Supplementary Figure 2) demonstrated that the ablation of eosinophils was cell
specific and did not affect the levels of any other cell types (i.e., basophils, neutrophils, NK
cells, T cells, B cells, dendritic cells, and macrophages).

Allergen sensitization/airway challenge of iPHIL mice demonstrated that the presence of
eosinophils is not required during allergen sensitization phase of these protocols for the
development of Th2 pulmonary inflammation

Two widely used allergen-specific models were examined for eosinophil-dependence during
allergen sensitization/airway challenge: an acute OVA model (Figure 3(A)) and an acute
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HDM provocation strategy (Supplementary Figure 3(A)). Depletion of eosinophils
specifically during allergen sensitization in either model did not alter subsequent airway
inflammatory responses of iPHIL mice relative to wild type controls. That is, following
allergen challenge of these mice the eosinophilic infiltration into the airways of iPHIL was
similar to wild type mice in both OVA (Figure 3(B, C)) and HDM (Supplementary Figure
3(B, C)) models. Allergen (OVA or HDM)-mediated elaboration of Th2 cytokines (e.g.,
IL-13) in the bronchoalveolar lavage (BAL) fluid also remained the same regardless of the
presence or absence of eosinophils during allergen sensitization (Supplementary Figure 4(A,
B)); IFN-γ and IL-17 were below detection levels. A cursory examination of the OVA-
induced airway histopathologies, including goblet cell metaplasia/airway epithelial mucin
accumulation also showed no differences between allergen sensitized/airway challenged
wild type and iPHIL mice rendered eosinophil-deficient only during the sensitization phase
(representative photographs from each group of mice are shown in Supplementary Figure 5).

Eosinophil ablation during allergen challenge of previously sensitized mice leads to
neutrophilic asthma in mice

The importance of eosinophils during allergen airway challenge was assessed in iPHIL mice
by administration of DT prior to, and then throughout, the allergen challenge phase of an
OVA (Figure 3(D)) or HDM (Supplementary Figure 3(D)) provocation model. The
depletion of eosinophils in DT-treated iPHIL mice led as expected to significant reductions
in the cellular airway infiltrates (Figure 3(E) and Supplementary Figure 3(E)). Nonetheless,
airway cell differentials of OVA challenged iPHIL mice revealed eosinophil-deficient
iPHIL mice (>90% of treated animals) displayed a significant neutrophil inflammatory
infiltrate (>15% neutrophils) with <0.1% eosinophils in the airways (Figure 3(F) and
Supplementary Figure 3(F)). In both models this allergen-induced neutrophil infiltrate was a
250% increase in airway neutrophil numbers relative to DT-treated wild type mice.
Surprisingly, BAL IL-13 levels in either OVA or HDM challenged neutrophilic iPHIL mice
were elevated and were similar in magnitude to those observed in allergen provoked wild
type mice (Supplementary Figure 4(C, D)). Significantly, the neutrophilic inflammation in
the lungs of iPHIL mice accompanying the ablation of eosinophils during the allergen
airway challenged phase of either the OVA (Figure 4(A)) or the HDM (Supplementary
Figure 6) models was also associated with increased airway histopathologies and goblet cell
metaplasia/airway epithelial mucin accumulation that were equivalent to the changes
observed in allergen sensitized/airway challenged wild type animals. In addition, lung
function assessments showed that iPHIL mice displaying the neutrophilic airway phenotype
also displayed airway hyperresponsiveness that was comparable to wild type mice (Figure
4(B)). These data collectively demonstrate that the absence of eosinophils appears to enable
the development of an allergic neutrophilic phenotype with histopathological and
physiological similarities to allergen-mediated eosinophilic inflammation in wild type
animals.

Interestingly, the remaining small groups of allergen challenged iPHIL mice (~10%) that
did not display a neutrophilic inflammatory phenotype displayed the nominal inflammatory
variant previously linked with congenitally eosinophil deficient mice (4, 5). That is, these
small groups of OVA (Supplementary Figure 7(A–D)) or HDM (Supplementary Figure 7(E–
H))-treated iPHIL mice displayed neither an induced pulmonary eosinophilia nor
neutrophilia, low allergen-induced BAL levels of IL-13, and minimal histopathologies. This
discrepancy necessitated side-by-side comparisons of allergen-treated iPHIL mice with
similarly treated of congenitally eosinophil-deficient PHIL and ΔdblGATA mice. OVA
sensitization and challenge of both PHIL (Supplementary Figure 8) and ΔdblGATA mice
(Supplementary Figure 9) also resulted in the appearance of the majority of mice (80–90%
of mice) with a neutrophilic (>15% neutrophilia) phenotype that was associated with
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increased histopathologies, including goblet cell metaplasia/airway epithelial mucin
accumulation. The observation that the allergen-induced neutrophilic phenotype occurring in
iPHIL animals also occurred following allergen sensitization/airway challenge of both
established strains of congenitally eosinophil-deficient mice demonstrated that the
occurrence of this phenotype is a consequence of eosinophil ablation in the challenge phases
of these models; that is, this observation was not an unintended result linked with the genetic
manipulations or DT administration of iPHIL.

The neutrophilic phenotype of OVA-treated eosinophil-deficient iPHIL mice is reversed
following secondary allergen challenge by restoration of blood eosinophil levels

The inducible nature of iPHIL mice allowed the opportunity to determine whether the
neutrophilic phenotype in these mice was an artifact or a reversible phenotype specific to the
loss of eosinophils. In these studies, iPHIL mice were rendered eosinophil deficient by
administration of DT during the first allergen challenge phase (days 24–26) of previously
sensitized mice (Figure 5(A)). Subsets of these mice were allowed to “rest” 12 days (i.e., DT
administration was discontinued) allowing eosinophil levels in these mice to return to
baseline before a final allergen challenge on protocol day 39 (Figure 5(A)). As expected,
eosinophil depletion during the initial allergen challenge phase, resulted in an airways
neutrophilia (Figure 5(B)) and increased goblet cell metaplasia/airway epithelial mucin
accumulation relative to saline controls (Figure 5(C)) following OVA challenge (protocol
day 28) that paralleled increases in airway IL-13 levels. The restoration of eosinophil levels
prior to a subsequent second allergen challenge resulted in a phenotype (protocol day 41)
characterized by increased airway and lung eosinophils (Figure 5(B)) that was also
accompanied by airway histopathologies including increased goblet cell metaplasia/airway
epithelial mucin accumulation that were comparable to the neutrophilic inflammation
occurring during DT administration of these mice at day 28 (Figure 5(C)). These data
demonstrated that the induced neutrophilic pulmonary inflammation of eosinophil-deficient
iPHIL mice is a reversible mixed immune phenotype contingent on the presence of
peripheral eosinophils.

The neutrophilic pulmonary responses in eosinophil-deficient iPHIL mice are a steroid-
resistant form of allergic respiratory inflammation

The responsiveness of the neutrophilic inflammatory phenotype linked with allergen-treated
eosinophil-deficient iPHIL mice to steroid-treatment was assessed relative to allergic
eosinophil-associated inflammation of control mice; i.e., wild type or iPHIL treated
following DT administration with or without dexamethasone (Figure 6). Administration of
the steroid dexamethasone immediately after allergen challenge (i.e., day 27 (Figure 6(A))
led to a significant reduction in BAL cellularity (Figure 6(B)), airway eosinophil numbers in
wild type mice (Figure 6(C)), and reduced goblet cell metaplasia/airway epithelial mucin
accumulation (representative photomicrographs are shown in Figure 6(D)). In contrast,
dexamethasone treatment of eosinophil-deficient iPHIL mice displayed no increase in total
BAL cellularity (Figure 6(B)) and retained both a significant allergen-associated airways
neutrophilia (Figure 6(C)) and levels of goblet cell metaplasia/airway epithelial mucin
accumulation equivalent to vehicle control mice (Figure 6(D)). These data demonstrated that
eosinophil-depletion in iPHIL mice resulted in allergen-mediated neutrophilic pulmonary
inflammatory variant that was resistant to steroid-treatment.

DISCUSSION
The absence of eosinophils in congenitally deficient strains of mice during development of
the immune system (i.e., thymus (12) and bone marrow (13)) is a confounding issue for
studies of eosinophil-mediated events in health and disease (for review (15)). Furthermore,
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the inability to target transiently eosinophils within defined periods of time of a given
experimental protocol has prevented studies examining the consequences of eosinophil-
targeted therapies and their potential clinical utility in subjects with established disease/
inflammation (27). We developed an inducible strain of mouse, iPHIL, as a logistical
solution to these issues, promoting the reversible ablation of eosinophils. This depletion was
entirely specific for eosinophils and did not target any other leukocyte subtype.

Previous reports have suggested that eosinophils were unlikely to participate in allergen
sensitization, including antigen priming of T cells (28, 29) or the development of significant
humoral responses (9). However, some studies suggested that IL-4+/Gr1+ eosinophils were
specifically recruited to the site of OVA/alum injections (30, 31), leaving open the
possibility that in addition to effector functions mediated upon recruitment to the lung
following airway allergen challenge, eosinophils may have a contributory role in
sensitization (at least in typical acute models). However, the studies reported here were
definitive and showed that in both OVA and HDM provocation models the loss of
eosinophils specifically during the respective allergen sensitization phases of these protocols
(i.e., with or without the use of an immune adjuvant) had no effects on the subsequent
development of Th2 immune responses and inflammatory metrics (including the
development of a robust airway eosinophilia) following allergen challenge.

To date, a significant effort has been undertaken to determine the relative importance of
eosinophils as immune modulatory cells during allergen challenge when lung pathologies
are greatest (6–8, 32). The ability to ablate eosinophils “on demand” in iPHIL mice
provides a strategy circumventing many logistical issues associated with congenital
eosinophil-deficiency and eosinophil adoptive cell transfer techniques used to define
potential immunomodulatory roles. The ablation of eosinophils specifically in the time
frame of airway challenge of both OVA and HDM models reproducibly resulted in a
dominant group of mice (>90%) displaying a neutrophilic/Th2 inflammatory airway
phenotype and only a small portion of mice having no significant inflammatory response(s).
Our previous studies (see for example (4)) showed that congenitally eosinophil-deficient
PHIL mice displayed this non-inflammatory phenotype as the dominant group with the
neutrophilic inflammatory variant being an occasionally observed event, suggesting a
potential immune developmental defect associated with congenital eosinophil deficiency.
However, parallel studies with both of the available congenitally eosinophil-deficient strains
of mice (i.e., PHIL and ΔdblGATA) revealed that each of these strains also displayed the
dominant neutrophilic airway phenotype following allergen challenge with a small group of
mice with the inflammatory null phenotype. This observation suggests that the advent of the
allergen-mediated neutrophilic phenotype in these mice is not a strain-specific phenomenon.
The reversibility of this phenotype upon restoration of the peripheral eosinophilia in iPHIL
mice also suggested that this neutrophilic respiratory variant is not an artifact and is
specifically linked to the presence vs. absence of eosinophils. Thus, it appears that together
with one or more additional environmental cues (e.g., commensal bacteria (11, 33–35))
eosinophils may have a significant, yet underappreciated, role in the development of the
immune responses to aeroallergens. The eosinophil-dependent mechanisms leading to this
neutrophilic phenotype are many and likely include potential direct effects on neutrophil
recruitment/accumulation in the lung (36), eosinophil-induced suppression of Th1/Th17
polarization possibly mediated by eosinophil dependent activation of dendritic cells (8), and
eosinophil-derived expression of factors modulating T cell polarizing events (e.g.,
eosinophil-derived expression of IL-4/13 (37, 38), IDO (12), and IL-25 (39)).

The studies presented also showed that the allergen-induced neutrophilic airway phenotype
was linked with both histopathology and lung dysfunction (i.e., AHR) that was virtually
identical to that observed in eosinophilic allergen-mediated responses. However, unlike
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allergen-mediated eosinophilic pulmonary inflammation, the pathologies linked with the
neutrophilic phenotype are resistant to steroid treatment. Many reports have previously
highlighted that the steroid refractory pathologies occurring in animal models (e.g., the
adoptive transfer of ex vivo polarized Th17 cells (40) or models in which dendritic cells are
polarized with Th17 inducing adjuvants such as zymosan (41)) resulted as a consequence of
glucocorticosteroid-resistant Th17 mediated immune responses. Significantly, our previous
studies have demonstrated that eosinophils suppress allergen-mediated Th17 responses in
airway challenged mice (8), suggesting that steroid resistance of the neutrophilic phenotype
occurring in iPHIL mice may be a direct consequence of eosinophil-mediated modulation of
Th17-mediated allergic immune responses. These data highlight the complexity and
heterogeneity of the inflammatory phenotypes possible, including the concurrent presence of
multiple concurrent and independent airway immune/inflammatory responses; potentially
reflective of a severe and often difficult to treat subset of human asthma patients (reviewed
in (42)). Collectively, the studies presented here suggest that while eosinophil-mediated
activities may not be the singular cause of acute asthma symptoms, these granulocytes
display several activities that nonetheless shape the character of allergic respiratory disease.
Thus, as opposed to terminally differentiated end stage effector cells whose activities are
exclusively limited to the causation of pathology(ies), eosinophils are likely important
contributors to the multiple overlapping and independent immune pathways that occur in the
varied responses to allergen provocation observed in both mouse models and human
patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Diphtheria Toxin (DT) mediated cell toxicity is limited to eosinophil progenitor cell
populations with mature eosinophils unresponsive to DT exposure
Ex vivo bone marrow cultures from iPHIL and wild type mice were exposed to DT (5ng/
mL) during select culture time periods to assess for the differential ablation of eosinophil
progenitors vs. terminally differentiated metamyelocytes. In the left panel (DT
Administration – Eosinophil Differentiation), DT exposure was performed from protocol
days 4–14 during the time of eosinophil progenitor expansion. In the right panel (DT
Administration – Post-Eosinophil Differentiation), DT exposure was performed from
protocol days 14–23 during the time when the cultures were >95% terminally differentiated
metamyelocytes (Mature Eos).
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Figure 2. Intraperitoneal (i.p.) injections of DT of iPHIL mice on consecutive days are sufficient
to deplete circulating eosinophils and continued DT administration elicits eosinophil ablation
over an extended period of time
Wild type and iPHIL mice were administered DT ((i.p.) - 15ng/gram body weight) on days
0 and 1 (arrows) and then followed ten days assessing eosinophil levels (mean ± SEM). (A)
Bone marrow eosinophils were assessed in femur smears stained with Diff-Quick (counting
>900 cells per sample) and plotted as function of time post-DT administration. In addition,
femoral eosinophils were identified by immunohistochemistry using a rat anti-mouse MBP
monoclonal antibody. Scale bar = 50μm. (B) The percent of eosinophils in blood (left panel)
as well as the absolute number of blood eosinophils (right panel) were determined from
Diff-Quick stained blood films and manual cell counts using a hemocytometer, respectively,
plotting these data as functions of time post-DT administration. (C) In an extended DT
administration study, wild type and iPHIL mice were administered DT ((i.p.) - 15ng/gram
body weight) on days 0, 1 and every three days thereafter (arrows). The percent of
eosinophils in blood was plotted as a function of time post-DT administration throughout the
extended protocol period, assessing cell counts from blood smears stained with Diff-Quick
(counting >900 cells/sample).
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Figure 3. Eosinophil ablation during OVA challenge, but not the sensitization, phase resulted in
a neutrophilic airway phenotype
Wild type and iPHIL mice were administered DT ((i.p.) - 15ng/gram body weight) prior to
and during the sensitization and airway challenge phases of an acute OVA allergen
provocation protocol to assess the consequences of eosinophil ablation. (A) Eosinophil
ablation during OVA sensitization: DT was administered (i.p.) on days -5, -4, and 0–4
(arrows) with day 0 representing the first of two (day 0 and 4) OVA sensitizations (O).
These mice were then challenged with an OVA nebulant generated from a 1% OVA solution
in saline (control mice received saline vehicle alone) on protocol days 13–15 (O) and
assessed on day 17. (B) Total BAL cell counts as well as (C) cell differential analyses were
performed on cytospins preparations of recovered airway cells (mean ± SEM), counting
>300 cells/sample. *P<0.05. (D) Eosinophil ablation during OVA airway challenge: DT was
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administered on days 20, 21, and 24–27 (arrows) with day 0 representing the first of two
(day 0 and 14) OVA sensitizations (intraperitoneal (i.p.) administration of OVA/Imject®

adjuvant (o)) and days 24–26 representing the airway OVA challenge phase of this acute
protocol (OVA nebulant generated from a 1% OVA solution in saline (o)) with mice
assessed on day 28; control mice received saline vehicle alone. (E) Total BAL cell counts as
well as (F) cell differential analyses were performed on cytospins preparations of recovered
airway cells (mean ± SEM), counting >300 cells/sample. *P<0.05.
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Figure 4. iPHIL mice rendered eosinophil-deficient during the OVA airway challenge phase
displayed allergen-induced pulmonary histopathologies and lung dysfunction equivalent to
OVA-treated wild type animals
(A) Representative photomicrographs of lung sections are presented from wild type as
compared iPHIL mice whose eosinophils were ablated exclusively during the airway
challenge phase of the OVA provocation protocol outlined earlier (see Figure 3(D)). Lung
sections were stained with H&E and PAS as well as immunohistochemistry for the
identification of infiltrating eosinophils (MBP-IHC). These data demonstrated that the lungs
of iPHIL mice rendered eosinophil deficient during airway OVA challenge (iPHIL OVA)
displayed equivalent levels (relative to OVA-treated wild type controls (Wild Type OVA))
of airway epithelial hypertrophy (H&E), goblet cell metaplasia/airway epithelial cell mucin
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accumulation ((PAS) – dark purple staining cells)) despite the lack of eosinophils (MBP
IHC – red staining cells infiltrating the parenchyma). Scale bar = 100μm. (B) OVA-
treated wild type and iPHIL mice rendered eosinophil-deficient during the airway challenge
phase of the OVA provocation protocol displayed equivalent levels of airway
hyperresponsiveness (AHR) relative to saline-treated control groups. *P<0.05.
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Figure 5. The neutrophilic phenotype of OVA-treated iPHIL mice rendered eosinophil-deficient
during an initial airway challenge is reversed upon subsequent OVA airway challenges by
restoration of peripheral eosinophils
(A) OVA sensitized mice (O) were administered DT ((i.p.) - 15ng/gram body weight) prior
to, and during, an initial airway challenge phase on days 20, 21, and 24–27 ((O) arrows).
Mice were assessed at two time points in this protocol: (i) Two days following the last of the
initial OVA airway challenges - day 28. (ii) OVA sensitized mice that were previously
rendered eosinophil-deficient during the initial airway challenge phase were allowed to
“rest” (i.e., DT administration was discontinued) 12 days to allow restoration of the
peripheral eosinophils prior to re-challenge with 1% OVA (control mice received saline
alone) on day 39. (B) Assessments of total BAL cell counts as well as cell differential
analyses were performed on cytospins preparations of recovered airway cells at OVA Day
28 vs. Day 41. *P<0.05. (C) Representative photomicrographs of lung sections from iPHIL
mice at OVA Day 28 vs. Day 41 are presented relative to lung sections from saline-treated
control Day 41 mice. These lungs sections were stained with PAS (dark purple staining
cells) as well as immunohistochemistry using an anti-MBP monoclonal antibody (MBP
IHC – red staining cells infiltrating the parenchyma), assessing goblet cell metaplasia/
airway epithelial cell mucin accumulation and eosinophil infiltration, respectively. These
data demonstrated that while both OVA-Day 28 and OVA-Day 41 lungs displayed goblet
cell metaplasia/airway epithelial cell mucin accumulation (PAS), iPHIL mice at OVA Day
41 (i.e., after secondary allergen challenge) developed a prominent pulmonary eosinophilia

Jacobsen et al. Page 19

Allergy. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(MBP IHC) in contrast to the complete absence of eosinophils in iPHIL at OVA Day 28.
Scale bar = 100μm.
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Figure 6. Eosinophil ablation during allergen challenge leads to a steroid-resistant neutrophilic
phenotype
(A) Wild type and iPHIL mice were sensitized (i.p.) with OVA/Imject® adjuvant protocol
days 0 and 14 (O) and administered DT ((i.p.) - 15ng/gram body weight) prior to and during
the airway challenge phases on days 20, 21, and 24–27 (arrows) with the mice receiving an
OVA nebulant generated from a 1% OVA solution in saline (control mice received saline
alone) on protocol days 24–26 (O) and assessed on day 28. Some mice received saline
(Vehicle) while other mice received (i.p.) 5mg/kg body weight dexamethasone (DEX) on
day 27 of the protocol. (B) Total bronchoalveolar lavage (BAL) cellularity in wild type vs.
DT-treated iPHIL mice following treatment with DEX (control animals received saline
vehicle alone (Vehicle)). *p<0.05 (C) Cell counts and differentials were used to determine
the number (mean ± SEM) of airway eosinophils and neutrophils following treatment with
DEX (control animals received saline vehicle alone (Vehicle)). *p<0.05; n.s., not
significant. (D) Representative photomicrographs of lung sections are presented from wild
type as compared to iPHIL mice whose eosinophils were ablated during the airway
challenge phase. Lung sections were stained with PAS and showed that although wild type
allergen-treated lungs displayed a reduction in goblet cell metaplasia/airway epithelial cell
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mucin accumulation ((PAS) – black staining cells) upon DEX treatment, allergen-treated
iPHIL mice receiving dexamethasone displayed inflammation levels similar to saline
injected animals; control animals received saline vehicle alone. Scale bar = 100μm.
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