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Females are more susceptible to development of asthma than are
males. In a mouse model of ovalbumin-induced airway inflamma-
tion, with aggravated disease in females compared with males, we
studied interactions between immune and resident lung cells during
asthma development to elucidate which processes are affected by
sex.Westudiednumbersof regulatoryTcells (Tregs), effectorTcells,
myeloid dendritic cells (mDCs), and alternatively activated macro-
phages (AAMF), and their functional capabilities. Male and female
mice had comparable Treg numbers in lung tissue and comparable
Treg function, but effector T cells had expanded to a greater extent
in lungs of females after ovalbumin exposure. This difference in T cell
expansion was therefore not the result of lack of Treg control, but
appeared to be driven by a greater number of inflammatory mDCs
migrating from the lungs to lymph nodes in females. Resident lung
cells can influence mDC migration, and AAMF in lung tissue were
found to be involved. Artificially elevating the number of AAMF in
lung tissue increased the migration of mDCs and airway inflamma-
tion. We found greater numbers of AAMF in female lungs than in
males; we therefore postulate that AAMF are involved in increased
airway inflammation found in female mice.

Keywords: myeloid dendritic cells; allergy; regulatory T cells; lung; sex

Asthma is a widely prevalent inflammatory disease of the air-
ways with an exaggerated response of the airways to normally
innocuous antigens. Adult women display greater immune re-
sponsiveness, which results in a higher incidence of asthma and
autoimmune diseases as compared with men (1–4). Moreover,
severe asthma is also more predominant in women (5–7), and
females with asthma were found to benefit less from cortico-
steroid therapy than males with asthma (8).

Surprisingly little is known about intrinsic differences be-
tween males and females in the pathogenesis of asthma. We and
others recently showed that female mice develop more severe
ovalbumin (OVA)-induced allergic airway inflammation than
male mice (9–11), and we subsequently used this model to
further investigate sex differences in asthma development.

The allergic immune response starts with inhaled antigens
taken up by dendritic cells (DCs) in the lung in the context of
danger signals. DCs then migrate to organized lymphoid tissue
while maturing on the way to initiate T cell responses in

lymphoid tissue (12). There are at least two subsets of pulmo-
nary DCs: myeloid DCs (mDCs) and plasmacytoid DCs
(pDCs), with the mDCs being responsible for the induction of
peripheral immune responses (13, 14). pDCs were found to
promote tolerance, but how is still unknown.

T helper (Th) 2 lymphocytes that are generated in the lymph
nodes subsequently infiltrate into the lungs in response to
antigens (15). These peripheral T cell responses are being
regulated by regulatory T cells (Tregs) that actively control or
suppress effector T cells, and can abrogate features of allergic
airway disease, including reduced airway hyperresponsiveness,
IgE levels, and eosinophil numbers (16–18).

Other resident lung cells, like macrophages, can provide the
danger signals required for mDC maturation. Alveolar macro-
phages, for instance, were shown to have a role in the steady-
state regulation of DC migration and antigen-presenting cell
(APC) functions of DC (19, 20). Macrophages can develop into
different subsets and switch from one state to another, depend-
ing on the incoming threats they encounter (21). The subset that
is characterized by expression of YM1, mannose receptors,
chitinases, and arginase is implicated in the pathogenesis of
asthma (22, 23). These macrophages are called alternatively
activated macrophages (AAMF), and have been shown to
promote Th2 responses (24, 25). How AAMF facilitate allergic
inflammation remains elusive, but this may involve directly or
indirectly modulating DC maturation.

The effects of sex on these immune processes in asthma
pathogenesis have not yet been studied. From our own previous
studies, we postulated that a reduced number of pulmonary Tregs
and/or reduced function may explain the aggravated asthma
phenotype found in females (9). Consequently, in a further set
of experiments described in this article, we concentrated on the
role of Tregs in OVA-induced allergic airway inflammation
in female mice as compared with males. However, we found
no differences in either number or function. We therefore con-
tinued our quest for processes that determine the difference
between males and females in asthma development along the
lines of DCs and lung macrophages.

MATERIALS AND METHODS

Location

Experiments for the present study were performed either at the
Division of Pulmonology, Allergy, and Critical Care Medicine (De-
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partment of Medicine, University of Pittsburgh, Pittsburgh, PA) or at
the Department of Pathology and Laboratory Medicine (University
Medical Center Groningen, University of Groningen, Groningen, The
Netherlands). The model of OVA-induced airway inflammation was
found to yield similar results in both locations.

Animals

Male and female BALB/cByJ mice (8–10 wk old) were either obtained
from The Jackson Laboratory (Bar Harbor, ME) or from Harlan
(Zeist, The Netherlands), and were held under specific pathogen–free
conditions. DO11.10 T-cell receptor–transgenic mice were bred and
maintained in the Department of Laboratory Animal Resources at the
University of Pittsburgh. The institutional animal care and use
committees of the University of Pittsburgh and the University of
Groningen approved the studies that used mice.

Airway Inflammation Induced by OVA and Alum

Male and female mice were immunized against OVA by a similar
protocol in both locations (9, 26).

Pittsburgh. OVA (10 mg; Sigma-Aldrich, St. Louis, MO) and 1 mg
of alum (Resorptar; Intergen Co., New York, NY) were injected
intraperitoneally on Days 1 and 7, followed by seven consecutive,
daily, 20-minute aerosol challenges with 1% wt/vol OVA in sterile PBS
with an ultrasonic nebulizer (Omron Healthcare, Bannockburn, IL)
beginning 7 days after the intraperitoneal injection.

Groningen. OVA (10 mg; Sigma-Aldrich) and 1.5 mg of alum
(Aluminject; Pierce Chemical, Etten-Leur, The Netherlands) were
injected intraperitoneally on Days 1 and 7, followed on Day 14 by 7
consecutive, daily, 20-minute aerosol challenges with 1% wt/vol OVA in
sterile PBS with a Pari LC Sprint Star nebulizer driven by a PARI Boy SX
compressor (both kind gifts from Pari GmbH, Starnberg, Germany).

Mice were killed for further analyses 24 hours after the last OVA
challenge.

Confirmation of OVA-Induced Airway Inflammation

To confirm findings already published for the Groningen protocol (9),
we subjected six male and six female mice to the Pittsburgh protocol of
OVA-induced airway inflammation, and assessed the number of
eosinophils in bronchoalveolar lavage fluid (BALF) and OVA-specific
IgE in serum.

BAL. BAL was performed 24 hours after the last aerosol chal-
lenge, and cell differentials and cytokines in BALF were assessed as
described previously (26).

IgE. OVA-specific serum IgE was measured by ELISA, as de-
scribed previously (27).

Characterization of T Cell Subsets in Lung Tissue

Because of the robustness of the model, two experiments were pooled
for characterization of T cell subsets: allergic airway inflammation was
induced in seven male and eight female mice in Pittsburgh, and six
male and six female mice in Groningen. The Pittsburgh experiment was
further used to assess cell proliferation of lung, lung-draining lymph
nodes (LDLNs), and spleen cells, and the Groningen experiment was
further used to assess DC populations in LDLNs (see below).

Leukocytes enriched for lymphocytes were isolated from lung tissue
24 hours after the last OVA challenge, as described previously (9). The
resulting single-cell suspensions were used for flow cytometric analysis of
T cell subsets. Frequencies of effector T cells (CD41CD251Foxp32),
regulatory T cells (CD41CD251Foxp31), and membrane-bound trans-
forming growth factor (TGF)–b1–positive regulatory T cells were
examined by four-color flow cytometry with antibodies directed against
CD4, CD25, TGF-b1, and Foxp3. The membrane-bound TGF-b1–
positive regulatory T cells were only assessed in the Pittsburgh experi-
ment.

Before staining, cells were blocked for 15 minutes on ice with Fc-
block (10% normal mouse serum). For cell surface staining, 1 3 106

CD41 leukocytes were incubated with PerCP-labeled anti-mouse CD4
(Becton & Dickinson Biosciences, San Jose, CA), PE-labeled anti-
mouse CD25 (Becton & Dickinson Biosciences), and biotin-labeled
anti–TGF-b1 (R&D Systems, Minneapolis, MN) or the appropriate
isotype control. As a second step, reagent for anti–TGF-b1, APCs

(allophycocyanin) conjugated to streptavidin (Becton & Dickinson
Biosciences) was used. For intracellular staining, the cells were sub-
sequently fixed, permeabilized, and stained for Foxp3 with a kit from
eBioscience (San Diego, CA) with FITC-labeled anti-Foxp3 or its
isotype. A representative two-color fluorescence plot in Figure E1A in
the online supplement depicts Treg and effector T cell populations.

Flow Cytometry

Cell populations were assessed with a FACScalibur flow cytometer
(Becton & Dickinson, Franklin Lakes, NJ) with CellQuest software
or an LSR II flow cytometer with FACSdiva software (Becton &
Dickinson). Analysis was performed using FlowJo (TreeStar, San
Carlos, CA). The frequency of positive cells was calculated by sub-
tracting the value obtained with the respective isotype controls.

Ex Vivo Stimulation of Spleen, Lymph, and Lung Leukocytes

From the animals used for characterization of T cell subsets in
Pittsburgh, we also harvested spleens and LDLNs to assess prolifera-
tion rate after ex vivo stimulation with OVA.

Spleens were disrupted by pressing through a 70-mm nylon mesh,
and erythrocytes were eliminated from the suspensions by centrifuga-
tion on a Lympholyte-M (Cedarlane, Hornby, ON, Canada) gradient.

The LDLNs collected included the anterior mediastinal, posterior
mediastinal, and parathymic. Cells obtained from these nodes were
routinely examined by flow cytometry for absence of CD4/CD8
double-positive cells as a control for accidental inclusion of thymic
tissue (data not shown). The lymph nodes were physically disrupted by
pressing through a 70-mm nylon mesh.

The leukocyte suspensions harvested from spleens, LDLNs, and lungs
from 8 mice were pooled per two mice to yield four suspensions per
sex per organ. These cells were cultured with or without 20 mg/ml OVA
in 96-well plates in RPMI 1640 medium (Invitrogen, Carlsbad, CA)
supplemented with 10% heat-inactivated FBS, 2 mM l-glutamine, and
50 mM 2-mercaptoethanol penicillin/streptomycin (complete RPMI).
The cells were incubated for 3 days with 1 mCi/well [3H]-thymidine
(PerkinElmer, Waltham, MA) added during the final 18 hours of culture,
at which time the cells were harvested onto filters (PerkinElmer) for
scintillation counting to assess the rate of proliferation. Culture medium
was stored at 2808C for subsequent analysis of cytokines.

Suppression Assay

Tregs were isolated from spleens of male and female mice (n 5 4)
tolerized against OVA by exposure to 1% OVA aerosols on 10
subsequent days (26) and harvesting the spleens on Day 21 with
a magnetic bead isolation kit (Miltenyi Biotec, Auburn, CA). Effector
T cells and g-irradiated (2,000 rad) APCs isolated from spleens of
naive male mice were used as target cells for Treg suppression and
costimulation, respectively. Magnetic bead isolation was used to isolate
CD41 effector T cells, and the remaining T cell–depleted fraction was
used as APCs. Cells were cultured in complete Bruff’s medium with
soluble anti-CD3e (2 mg/ml; Becton & Dickinson Biosciences) in 96-
well, round-bottom plates with 5 3 104 effector T cells and 5 3 104

APCs per well. Tregs were added in ratios of 2:1, 1:1, 0.5:1, and 0:1
Tregs:effector T cells. Cells were cultured for 3 days, with [3H]thymi-
dine (1 mCi/well) included for the final 18 hours of culture, and
[3H]thymidine incorporation was assessed as described previously here.
All conditions were done in triplicate, and proliferation without Tregs
present was set at 100%.

Number and Function of DCs Isolated from LDLNs

To study sex differences in the number and function of DCs after an
initial sensitizing event in the lung, male and female mice (pool of n 5

8 per sex, experiment done twice) were intranasally exposed to OVA
and cholera toxin (CT). Under light anesthesia with isoflurane, 100 mg
OVA was administered with 1 mg CT (List Biological Laboratories,
Campbell, CA). The intranasal treatments were performed daily for 3
consecutive days. DCs were isolated 24 hours after the final intranasal
administration.

For comparison, DC numbers were also assessed in the standard
OVA plus alum model. LDLNs from the mice used to characterize T
cell subsets in Groningen were harvested as described previously here.
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Isolation of DCs from LDLNs. LDLNs were harvested from
mice as described above. DCs were isolated by first removing macro-
phages and part of the lymphocytes by centrifugation on a nycodenz
gradient (1-Step Monocyte; Accurate Chemical and Scientific, West-
bury, NY). Subsequent staining with anti–major histocompatibility
complex (MHC) II–FITC (Southern Biotech, Birmingham, AL) and
anti–CD11c–APC (Becton & Dickinson Biosciences) identified mDCs
(CD11chi MHCIIhi) and pDCs (CD11chi MHCIIint) by flow cytometry.
A representative two-color fluorescence plot in Figure E1B (OVA 1

alum model) and Figure E1C (OVA 1 CT model) depicts the mDC
and pDC populations. mDCs from the OVA plus CT model were
sorted for functional studies with a FACSAria cell sorter with
FACSdiva software (Becton & Dickinson).

Assay of mDC function. To test the capacity of mDCs to induce
T cell proliferation, male and female sorted mDCs were coincubated in
different ratios (10–1 3 104 cells/well) in complete RPMI in 96-well
plates, with 2 3 105 purified splenic CD41 T cells from DO11.10 T-cell
receptor–transgenic mice, and 20 mg/ml specific antigenic OVA-
peptide (OVA aa 323–339). These T cells were prepared by negative
selection with a CD4 isolation kit (Miltenyi Biotec) and multiple
rounds of magnetic sorting using AutoMACS (Miltenyi Biotec). Anti–
MHC II magnetic beads (Miltenyi Biotec) were included in the
purification procedure to guarantee that all APCs were removed from
the T cell preparations. Purified DO11.10 T cells were routinely
cultured with specific peptide alone to ensure that all APC activity
had been removed (data not shown). The cells were incubated for 5
days, with 1 mCi/well [3H]-thymidine included for the final 18 hours of
culture, and [3H]thymidine incorporation was assessed as described
previously here. All conditions were done in triplicate.

Cytokine Assays

Thymic stromal lymphopoietin (TSLP) was measured by ELISA (R&D
Systems, Abingdon, UK), and all other cytokines by multiplex assay
(Bio-Rad) and a Luminex analyzer, according to each manufacturer’s
recommendations. For cytokine detection in total lung, the tissue was
homogenized in 50 mM Tris-HCl (pH 7.5) containing 150 mM NaCl,
0.002% Tween-20, and protease inhibitor (Complete Mini, EDTA-free;
Roche Applied Science, Almere, The Netherlands). After centrifugation,
supernatants were collected and stored at 2808C until assayed. BALF
and culture medium samples were similarly stored until assayed.

Flow Cytometric Analysis of Macrophages

Male (n 5 7) and female (n 5 8) mice exposed to the OVA plus alum
model were killed 24 hours after the last challenge. Lungs were
removed, minced, and incubated for 45 minutes at 378C in a shaking
water bath in RPMI medium (Lonza, Verviers, Belgium) supple-
mented with 10% FBS (Lonza), DNase I (10 mg/ml; Roche Applied
Science), and collagenase I (0.66 mg/ml; Sigma-Aldrich). Purified vital
lung cells were obtained by first passing the digested lung tissue first
through a 70-mm and then through a 35-mm nylon strainer. These cells
were subsequently used for flow cytometric analysis of macrophages, as
described by Vermaelen and Pauwels (28). Macrophages were defined
as cells with autofluorescence in the FITC channel. Their identity was
confirmed by expression of MHC II, CD11c, and F4/80 by staining for
these markers with biotin-labeled anti–MHC II (Becton & Dickinson
Biosciences) followed by PerCP-labeled streptavidin (Becton & Dickinson
Biosciences), PE-labeled anti-CD11c (Biolegend, Uden, the Netherlands),
and Pacific blue–labeled anti-F4/80 (Biolegend).

Immunohistochemical Staining of Alternatively

Activated Macrophages

Male (n 5 12) and female (n 5 11) mice exposed to the OVA plus
alum model were killed 24 hours after the last challenge. The lungs
were carefully inflated with 50% Tissue-Tek O.C.T. compound
(Sakura, Finetek Europe B.V., Zoeterwoude, The Netherlands) in
PBS, the right lung was snap frozen for histological analysis, and the
left lung was fixed in formalin. AAMF were identified in sections of
frozen lung tissue with biotin-labeled antibodies against YM1 (R&D
Systems, Abingdon, UK) and CD206 (macrophage mannose receptor;
Biolegend) by standard immunohistochemical procedures. Both were
visualized with 3-amino-9-ethylcarbazole (Sigma-Aldrich), and YM1-

positive cells were quantified in lung tissue by manual counting of the
number of positively stained cells in 25 microscopic fields (magnifica-
tion, 3200) by a blinded observer. The tissue area in these microscopic
fields was subsequently quantified by morphometric analysis, and the
numbers of cells were expressed per square millimeter.

The Effect of AAMF on Airway Inflammation

To test whether AAMF contribute to airway inflammation, eight male
Balb/c mice were sensitized with OVA and alum on Days 1 and 7. On
Day 13, 4 mice received 50 ml PBS and 4 mice received 0.15 3 106 male
AAMF in 50 ml of PBS intratracheally. All mice were subsequently
challenged with 1% OVA on Days 14–20, as described previously here.
Mice were killed on Day 21, and eosinophils in BALF were quantified,
as were T cell subsets in lung tissue and DC subsets in LDLNs.

Male macrophages were cultured from bone marrow with 10 ng/ml
macrophage colony-stimulating factor (M-CSF; Peprotech, Hamburg,
Germany), as described in detail in the protocol of Fortier and Falk
(29). AAMF were generated by stimulating mature macrophages for 24
hours with 10 ng/ml IL-4 and 10 ng/ml IL-13 (both from Peprotech), and
their phenotype was checked by flow cytometry (30). Stimulated cells
were found to have up-regulated expression of mannose receptors.

Statistical Analysis

Comparisons between groups were performed with the nonparametric
Mann-Whitney U test. In the case of the suppression assays, one-way
ANOVA with Dunnet’s post-test was performed. Differences were
considered significant when P was less than 0.05. All results are
expressed as the mean 6 standard error of the mean (SEM).

RESULTS

Female Mice Have More Pulmonary Effector T Cells

than Male Mice

Induction of acute airway inflammation with intraperitoneal
OVA and alum and seven subsequent OVA challenges induced
a more severe type of airway inflammation in female mice as
compared with male mice, as we have reported previously (9).
Female mice had higher levels of OVA-specific IgE and a higher
percentage of eosinophils among those leukocytes (Table 1).

When analyzing T cell subsets in the lung by isolation of
leukocytes from lung tissue, we found that females had slightly
elevated numbers of total CD41 T cells compared with males,
as we have reported previously (Figure E2) (9). Within this
population, male and female mice had the same number of
Tregs (defined as CD41CD251Foxp31 lymphocytes), but dif-
fered significantly in the number of effector T cells present
(defined as CD41CD251Foxp32 lymphocytes; Figures 1A and
1B). Female mice had more than twice as many effector T cells
in lung tissue as compared with males, which resulted in a mean
effector T cell to Treg ratio of 2.1 (60.1) for females versus 1.3
(60.1) for males (Figure 1C).

Because membrane-bound TGF-b1 on Tregs is an important
functional characteristic of Tregs (26), we studied the percent-
age of Tregs in lung tissue positive for TGF-b1, and found no
differences between males and females (Figure 1D).

TABLE 1. CONFIRMATION OF PREVIOUSLY DESCRIBED
DIFFERENCES BETWEEN MALE AND FEMALE MICE WITH
OVALBUMIN-INDUCED AIRWAY INFLAMMATION

Male Female

(n 5 6) (n 5 6)

Eosinophils in BALF (106 cells/ml) 0.4 6 0.1 1.6 6 0.8*

OVA-IgE, kU/ml 3.5 6 0.5 6.8 6 1*

Definition of abbreviations: BALF, bronchoalveolar lavage fluid; OVA, ovalbu-

min.

Values shown are means (6SEM).

* P , 0.05 females versus males; tested with Mann-Whitney U test.
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Longer lasting effector T cells and memory T cells down-regulate
CD25, and we therefore also compared the CD41CD252Foxp32

subset, but found no differences between males and females (males,
2.5 6 0.3 3 106 cells/g lung tissue, versus females, 2.4 6 0.4 3 106

cells/g lung tissue).

Male and Female Tregs Are Equally Effective

in Suppressing Inflammation

To study whether the greater number of effector T cells in
females is due to a difference in suppressive capacities between
males and females, we isolated Tregs from spleens of male and
female mice tolerized against OVA. In this model, mice are
exposed to OVA for 10 consecutive days, rested for another
10 days, and then killed. In this way, we could isolate both
naturally occurring Tregs and antigen-experienced Tregs. The
only way to isolate Tregs to date is to select for CD4 and CD25,
which, unfortunately, are also expressed on effector T cells.
However, effector T cells usually do not live beyond a 10-day
rest period (31), and our FACS analysis showed that 90% of the
CD41CD251 T cell fraction was indeed Foxp31 (i.e., Tregs),
and that only a small percentage (z6%) was Foxp32 (i.e.,
effector T cells). Both male and female Tregs were subse-
quently cultured with T cells, and irradiated APCs were isolated
from male naive mice with anti-CD3e stimulation. No differ-
ences in suppressing capabilities were found between the male
and female Tregs (Figure 2).

More Proliferation of Lung and LDLN Cells in Females

Compared with Males

To study whether the effector T cells of females also pro-
liferated more actively than male cells after OVA stimulation,
ex vivo proliferation assays were performed. Cell suspensions
generated from spleens of male and female mice with OVA-
induced airway inflammation and stimulated with 20 mg/ml
OVA did not show a difference in proliferation between male
and female cells (Figure 3A). However, stimulation of suspen-
sions generated from LDLNs and lungs did show a clear sex
difference (Figures 3B and 3C). Female cells responded to OVA
with more proliferation, and also with higher levels of Th2
cytokines in the culture medium, than male cells (data not shown).

Females Have Higher Numbers of mDCs in LDLNs than Males

After being exposed to intraperitoneal injections of OVA and
alum and OVA aerosols, female mice had twice as many mDCs

and pDCs traveling to LDLNs as did male mice (Figure 4A). In
this model, however, the initial sensitizing event does not occur
in the lungs. To test whether sensitization to an antigen in the
lungs also leads to more DCs traveling to LDLNs in females
compared with males, OVA-specific lung DCs were generated
by exposing mice intranasally to a combination of OVA and CT
for 3 days. On Day 4, females again had twice as many mDCs as
males in LDLNs, but the percentage of pDCs was now similar
between the sexes (Figure 4B). The reason we isolated a smaller
percentage of DCs from LDLNs in the OVA plus alum model is
that the LDLNs had been stimulated for longer in this model,
and therefore contained more proliferated T and B cells.

There was no appreciable difference between the male and
female mDCs in stimulating T cell proliferation (Figure 4C).

Female Mice Have Higher Numbers of AAMF in Lung Tissue

We assessed the levels of several cytokines mainly produced by
macrophages in lungs of male and female mice with OVA-
induced airway inflammation. Female mice had significantly
higher levels of TNF-a, IL-1b, IL-10, and macrophage inflam-
matory protein–1a than males in lung tissue, and similar levels

Figure 1. (A) Male (n 5 13) and female (n 5 14) mice with

ovalbumin (OVA)-induced airway inflammation have the same
number of regulatory T cells (Tregs) present in lung tissue.

Tregs were defined by the phenotype CD41CD251Foxp31

lymphocytes. Crossbars depict the median. Differences be-
tween males and females were tested with Mann Whitney U.

(B) Female mice (n 5 14) with OVA-induced airway inflamma-

tion have more than twice as many effector T cells in lung tissue

than their male counterparts (n 5 13). Effector T cells were
defined by the phenotype CD41CD251Foxp32 lymphocytes.

**P , 0.01, Mann-Whitney U test. (C) The ratio of effector T

cells to Tregs clearly shows a preponderance of effector T cells

in lung tissue of female mice (n 5 14) with OVA-induced
airway inflammation as compared with similar male mice (n 5

13). ***P , 0.001, Mann-Whitney U test. (D) No difference

in the percentage of TGF-b11 Tregs is observed between Tregs
isolated from lung tissue of male (n 5 7) and female (n 5 8)

mice with OVA-induced airway inflammation.

Figure 2. Male and female Tregs (n 5 3) isolated from mice tolerized

against OVA are equally effective in suppressing a-CD3e-stimulated

proliferation of naive male effector T cells in the presence of naive male
irradiated antigen-presenting cells. Cells were isolated from 4 spleens

per group. **P , 0.01, one-way ANOVA with Dunnet’s post-test. Error

bars indicate SEM.
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of IL-12 (p70) and IL-6 (Table 2). Subsequently, we assessed
the percentage and absolute number of macrophages in lung
tissue by flow cytometric analysis (Figures 5B and 5C). Al-
though females had a significantly higher percentage of macro-
phages in isolated lung cells, the absolute numbers per gram of
lung tissue were the same between males and females, making it
hard to explain the higher cytokine levels in females. Another
explanation could be a different shift in macrophage subtypes
between males and females.

We then studied the macrophage subtype, AAMF, which
has been implicated in the pathogenesis of asthma (25), by
staining for YM1 and macrophage mannose receptors, both ex-
pressed by AAMF. Lungs of female mice with airway inflam-
mation had significantly more AAMF (YM1-positive cells)
than lungs of their male counterparts (Figures 5D, 5F, and
5G), and identical results were found for the mannose receptor
(data not shown). Incidentally, induction of airway inflamma-
tion increased the number of AAMF in both males and females
as compared with control mice, but we found no differences
between male and female control mice (Figure E3).

When counting YM1-positive cells, we also noted that fe-
males had significantly higher numbers of multinucleated giant
cells as compared with males (Figure 5E). These giant cells
stained positive for both YM1 and the mannose receptor. An
example can be seen in Figure 5G.

AAMF Contribute to Allergic Airway Inflammation

The observation of increased AAMF in females did not tell
whether these cells were actually contributing to increased
inflammation or were just the result of it. We therefore treated
male mice intratracheally with male AAMF before OVA

Figure 3. Cell suspensions generated from spleens of male and female

mice with OVA-induced airway inflammation respond with the same
amount of proliferation after ex vivo stimulation with OVA (A), whereas

cells isolated from female lung-draining lymph nodes (LDLNs) (B) and

lungs (C) respond with significantly more proliferation as compared

with male cells. The suspensions were cultured with and without
20 mg/ml OVA for 3 days to study OVA-induced cell proliferation of

the cells in spleens (n 5 4 per group), LDLNs (n 5 4 per group), or

lungs (n 5 4 per group). *P , 0.05 and **P , 0.01, Mann-Whitney U
test. Error bars indicate SEM.

Figure 4. (A) After intraperitoneal sensitization with OVA and alum and

OVA aerosol challenges (total protocol length 21 d), female LDLNs

contain twice as many myeloid dendritic cells (mDCs) and plasmacy-

toid DCs (pDCs) as male LDLNs (n 5 6). **P , 0.01, Mann-Whitney U
test. (B) After lung sensitization and challenge with OVA and cholera

toxin (CT) (total protocol length, 3 d), female LDLNs contain twice as

many mDCs as male LDLNs (n 5 2 of 8 pooled mice). There is no

difference in the percentage of pDC between cells isolated from male
and female LDLNs. Error bars indicate SEM; *P , 0.05, Mann-Whitney

U test. (C) mDCs isolated from pooled male and female LDLNs (n 5 2

of 8 pooled mice per group) after exposure to OVA and CT are equally
effective in inducing proliferation of male DO11.10 T cells after

coculturing with 20 mg/ml specific antigenic OVA-peptide (aa 323–

339). Cells were plated in triplicate for each condition. Error bars

indicate SEM.
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challenges, and found that this dramatically increased allergic
airway inflammation as compared with mice treated with PBS.
We used male mice and male AAMF because we expected an
increase in inflammation, and it would be easier to detect it in
the males because they have less inflammation than females.
The AAMF-treated OVA-mice had approximately 30 times
more eosinophils in BALF than did PBS-treated OVA mice
(Figure 6A). They also had significantly more mDCs migrating
to LDLNs (Figure 6B). In addition, AAMF-treated mice had
a significantly higher effector T cell:Treg ratio than control
animals, which was caused by a small increase in effector T cells
and a small but significant decrease in Tregs (Figure 6C).

DISCUSSION

In this article, we report that, although male and female Balb/c
mice have comparable Treg numbers and function, effector T
cells have expanded to a greater extent in lungs of female mice
after being exposed to OVA than in lungs of male mice. This
difference in T cell expansion appears to be driven by a greater
number of mDCs migrating from the lungs to the lymph nodes
in females as compared with males. We also found that female
mice have higher numbers of AAMF in lung tissue than males,
and that these cells increase allergic airway inflammation, which
is accompanied by increased mDC migration. An increased
number of AAMF in lung tissue of female mice may therefore
be (partly) responsible for the aggravated airway inflammation
that these mice develop as compared with males.

The experiments described in this article were performed at
two different laboratories. Due to the robustness of the model,
however, we were able to pool data from experiments from
both laboratories, further emphasizing the significance of the
greater number of effector T cells found in lung tissue of female
mice as compared with males. This pointed at a possible
difference in Treg control of effector T cells between male
and female mice. However, neither Treg numbers in lung tissue
nor the basal suppressive capacities of Tregs were found to be
different between the sexes. However, it cannot be excluded
that the local inflammatory environment in the lung might have
influenced Treg function (32). In our study, it was impossible to
isolate male and female Tregs from lung tissue of mice with
airway inflammation for suppression assays, because these lungs
contain large numbers of effector T cells and Tregs. Both are
CD4 and CD25 positive, and the only definitive marker is
Foxp3, which cannot be used to isolate live cells. However,
recent studies from our laboratory have shown that the sup-
pressive function of Tregs isolated from lung tissue of Fox-
p3EGFP-knockin mice with airway inflammation is still present,
but is inhibited when IL-4 is added to the suppression assay

(33). Female mice with airway inflammation have higher levels
of IL-4 in lung tissue than male mice (9), and Treg function
could therefore have been reduced in females.

Because ex vivo stimulation of spleen cells with OVA from
males and females with allergic airway inflammation did not
show any differences in proliferation, it seemed unlikely that
intrinsic differences between male and female effector T cells
are causing the differences in the lung. The fact that we found
increased OVA-induced ex vivo proliferation of cells isolated
from LDLNs and lungs in females (and Th2 cytokines produced
by those cells) alerted us to the possibility of involvement of
local cells that do not circulate through the spleen, but do
migrate to the LDLNs. Likely candidates for this role are DCs.
The lung has a network of DCs that, upon recognition of
antigen in the context of a danger signal, migrate to the LDLNs,
maturing into mDCs on their way. In the lymph nodes, mDCs
interact with T cells to induce and polarize the T cell responses
(12). A difference in the number of mDCs traveling to the
lymph nodes, or a difference in T cell stimulating capabilities,
between males and females may be an alternative explanation
for the increased number of effector T cells found in females.
We found the first option, a difference in the number of
migrating mDCs, to be the most likely explanation. Male and
female mDCs stimulated T cell proliferation equally well, but
there was a substantial difference between the number of
migrating mDCs between males and females. We and others
recently showed that the severity of airway inflammation was
proportional to the number of mDCs (13, 34), indicating that
females could indeed have increased airway inflammation due
to increased numbers of mDCs.

This increased number of mDCs in female LDLNs did not
seem to be a result of a higher number of total DCs in female
lung tissue, either under normal, healthy conditions or under
inflammatory conditions. It is therefore more likely that other
resident lung cells and/or their products are involved in
stimulating DC maturation to mDCs and migration to LDLNs
(35). One such product is TSLP. It is produced by epithelial
cells, and is instrumental in activating DCs and inducing Th2
responses (36). The increase in mDCs in females could there-
fore also be the result of increased TSLP production by female
epithelial cells. However, we did not find significant differences
in BALF levels of TSLP between male and female mice after
OVA challenges (male, 16 6 6 pg/ml, versus female, 9 6 1 pg/ml).
This could be due to the fact that we only sampled at one time
point, at the end of the asthma protocol, and we may therefore
have missed an earlier peak of TSLP.

Differences in male and female pulmonary cytokines pro-
duced by macrophages, among others, alerted us to a possible
role of macrophages in modulating DC maturation and migra-
tion (19, 20). Besides higher levels of Th2 cytokines (9), female
lung tissue contained significantly higher levels of the macro-
phage products, TNF-a, IL-1b, IL-10, and macrophage inflam-
matory protein–1a, as compared with males. They nevertheless
had the same absolute number of macrophages in lung tissue.
We therefore hypothesized that females might have increased
numbers of a different subset of macrophages. We chose to
focus on the AAMF subset, because the cytokines mentioned
here can all be produced by AAMF (30), and we did not find
significant differences in IL-12 levels, typically produced by the
classically activated subset. Furthermore, AAMF are impli-
cated in the pathogenesis of asthma (22, 23), and have been
shown to promote Th2 responses (25), whereas classically acti-
vated macrophages have been found to inhibit allergic airway
inflammation (19, 37). Using the AAMF-specific marker, YM1
(38), we subsequently found higher numbers of AAMF in lung
tissue of females as compared with males. These results were

TABLE 2. LEVELS OF CYTOKINES MAINLY PRODUCED BY
MACROPHAGES IN LUNG TISSUE OF MICE WITH
OVALBUMIN-INDUCED AIRWAY INFLAMMATION

Male Female

Cytokine, pg/ml (n 5 6) (n 5 6)

TNF-a 9 6 3 24 6 2*

IL-1b 64 6 18 168 6 19*

IL-6 273 6 65 198 6 23

IL-10 26 6 4 64 6 10*

IL-12 (p70) 57 6 12 105 6 28

MIP-1a 1,001 6 121 1,504 6 137†

Definition of abbreviation: MIP, macrophage inflammatory protein.

Values shown are means (6SEM).

* P , 0.01 females versus males; tested with Mann-Whitney U test.
† P , 0.05 females versus males; tested with Mann-Whitney U test.
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confirmed by using the mannose receptor as another marker of
AAMF (data not shown) (39). The increase in AAMF numbers
corresponded with increased numbers of multinucleated giant
cells in females. Giant cells originate from fusion of AAMF,
and are characteristic of chronic, granulomatous inflammation
(40, 41), again emphasizing the increased inflammation found in
females as compared with males.

The elevated number of AAMF in females may be involved
in causing the aggravated airway inflammation when compared
with males, but it may also be the result of the higher levels of
IL-4 and IL-13 in lung tissue of females (30). Our further study
with adoptive transfer of male AAMF into the airways of male
mice showed that an increased number of AAMF could indeed
dramatically increase airway inflammation, thereby giving more
credit to their possible role in the aggravated inflammation
found in females. Interestingly, two recent publications inves-
tigating macrophage activation during wound healing and
myocarditis showed that estrogen and progesterone contribute

to alternative activation of macrophages, and that testosterone
inhibits alternative activation (42, 43). Female sex hormones
may therefore increase susceptibility for airway inflammation
through alternative activation of macrophages in females, whereas
testosterone does the opposite in males. As sex hormones affect
a myriad of processes and cell types, further studies are needed to
test these hypotheses.

Although the instillation of male AAMF in lungs of male
mice mimicked important features of the female inflammation,
such as greater numbers of pulmonary eosinophils and mDCs
in LDLNs, we did not find significantly elevated numbers of
effector T cells in lung tissue. This may be related to the time of
sampling. We used a surrogate model of naturally occurring
AAMF by culturing them artificially from bone marrow, and
this may have affected the kinetics of the inflammatory re-
sponse, causing us to miss the increase in effector T cells. It
is also likely that we only reproduced part of the differences
between males and females by introducing AAMF to the lung,

Figure 5. (A) Representative plots of cells iso-

lated from digested lung tissue of male and
female mice with OVA-induced airway inflam-

mation (male, solid line; female, dashed line).

FITC-autofluorescent cells are macrophages
within this cell suspension. (B) Female mice

(n 5 8) with OVA-induced airway inflammation

have significantly higher percentages of auto-

fluorescent macrophages than male OVA mice
(n 5 7). *P , 0.05, Mann-Whitney U test. (C)

The absolute number of autofluorescent mac-

rophages in lung tissue of male (n 5 7) and

female mice (n 5 8) with OVA-induced airway
inflammation is similar. (D) Female mice (n 5

11) with OVA-induced airway inflammation

have significantly more alternatively activated

macrophages (AAMF) than their male counter-
parts (n 5 12), as judged by counting YM1-

positive cells in lung tissue sections. **P , 0.01,

Mann-Whitney U test. Quantification of the
staining shown in F and G. Induction of airway

inflammation increased the number AAMF in

both sexes (data for control mice shown in

Figure E3). (E) Female mice (n 5 11) with
OVA-induced airway inflammation have signif-

icantly more multinucleated giant cells in lung

tissue than their male counterparts (n 5 12).

*P , 0.05, Mann-Whitney U test. Induction of
airway inflammation increased the number of

giant cells in both sexes (data not shown). (F

and G) Representative photographs of sections
of lung tissue from mice with OVA-induced

allergic airway inflammation stained for YM1

(red staining), an important marker of AAMF

(magnification, 3200). The arrow in G points
at a multinucleated giant cell, which are more

frequently found in female lung tissue with

airway inflammation than in male lung tissue.
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and that other, possibly sex hormone–related, mechanisms have
remained unaffected. Interesting further experiments in this
respect would be the transfer of female AAMF into male lungs.
An additional increase in inflammation and/or generation of the
full female inflammatory phenotype would then suggest in-
trinsic differences between male and female AAMF. Transfer
of male or female AAMF into female lungs as compared with
transfer of these cells into male lungs will subsequently give
valuable information as to whether the female lung microenvi-
ronment also affects the inflammatory response. These exper-
iments, and the effects of sex hormones, will be included in
future research.

How AAMF could facilitate allergic inflammation remains
elusive. It may involve directly or indirectly modulating DC
maturation, as we found more mDCs in LDLNs after intra-
tracheally instilling AAMF as compared with PBS. As inter-
actions between DC and AAMF have not been studied yet,
further studies are required to elucidate the intriguing role that
AAMF may have in regulating DC maturation after exposure
to antigens.

In conclusion, the aggravated type of airway inflammation
found in female mice as compared with males is not likely the

result of a difference in Treg or mDC function. The greater
numbers of mDCs in LDLNs and AAMF in lungs of females
that we found suggest an interaction between these cells that
needs further investigation. To the best of our knowledge, this is
the first article to show that AAMF in the lung aggravate
allergic airway inflammation in mice.
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