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Abstract

A mouse model for allergic airway inflammation involving ovalbumin (OVA) sensitization and challenge has been developed
that reproduces hallmark features of human asthma and has provided valuable insight into the mechanisms by which this disease
occurs. Cellular infiltrate in lungs of mice used in this model have conventionally been evaluated using histological examination of
tissue sections and light microscopic analysis of lung lavage samples. As an alternative or complementary approach for
characterizing cellular infiltrate, we developed a multicolor fluorescence-activated cell sorter (FACS) method involving the
simultaneous detection of seven different markers on lung cell suspensions: CD4, CD8, B220, CD11b, Gr-1, CD49b, and FcɛRI.
Only some of these cell types increased in OVA-challenged mice compared to PBS controls, including the CD4+, B220+, CD11b+,
and FcɛRI+ groups. We also examined subpopulations of cells for coexpression of these markers and dissected heterogeneous
populations as further evaluation procedures to characterize the cellular infiltrate resulting from OVA challenge. Finally, we
combined FACS with real-time PCR to analyze certain cell types in terms of mRNA levels for factors involved in asthma, including
GATA-3 and IL-1β. Overall, these FACS-based techniques provide a powerful approach for analyzing cellular profiles in lung
tissue from mice used in the mouse model of asthma and may also prove valuable in evaluating cellular infiltrates for other models
of inflammation and immune responses.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Allergic asthma is an inflammatory process driven by
inappropriate Th2 immune responses against otherwise
innocuous environmental allergens (Umetsu and DeK-
ruyff, 2006). This results in infiltration of inflammatory
leukocytes into the lungs, airway hyperresponsiveness,
alyzing cellular infiltration during allergic airway inflammation. J.
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epithelial damage, and tissue remodeling. The immune
cells involved in initiating, sustaining, and regulating
allergic airway inflammatory responses include mono-
cytes/macrophages, dendritic cells, neutrophils, basophils,
mast cells, eosinophils, T and B lymphocytes, and natural
killer T cells (Bousquet et al., 1990). In addition, non-
leukocytic cells of the lung tissue also contribute to the
outcome of the immune responses and remodeling events
occurring during asthma (Busse and Lemanske, 2001).

A mouse model for allergic airway inflammation has
been developed that reproduces many of the features
human asthma and has provided much insight into the
mechanisms by which this disease occurs (Lloyd et al.,
2001; Tomkinson et al., 2001;McMillan and Lloyd, 2004).
The protocol involves sensitizing standard inbred strains of
mice such as BALB/c with ovalbumin (OVA) protein ab-
sorbed onto aluminum hydroxide via intraperitoneal in-
jections and subsequent intranasal challenges with soluble
OVA. Though several variations of this protocol have been
used, the mice sensitized and challenged with OVA are
typically analyzed within a day of the last challenge.

A critical step in determining the extent of allergic
airway inflammation using this model is the full
characterization of both the extent and type of cellular
infiltration occurring in the lungs. Cellular infiltration
characterization is typically accomplished by analyzing
cells washed from the lungs in the BAL. Enumeration of
total cells in the BAL may be performed using a manual
method involving a hemacytometer and a light micro-
scope or using an automated Coulter particle counter.
Once the total number of cells in the BAL has been
measured, the profile of the cell types present in the BAL
is often determined using cytocentrifugation of BAL
onto glass slides followed by differential staining.
Cytospin preparations commonly utilize non-specific
staining procedures such as Wright–Giemsa (differen-
tial) stains that facilitate visualization of the phenotypes
of the cells washed from the airways. Cellular features
including size, cytoplasmic granularity, and nuclear
appearance allow identification of different cell types
including eosinophils, lymphocytes and others.

These conventional approaches to analyzing the
extent of cellular infiltration and cell types that make
up that infiltrate have limitations. First of all, cytospins
do not allow for a clear, objective distinction between all
cell types. Eosinophils are the most abundant cell type
found in the OVA-challenged lung and have a distinctive
phenotype. However, neutrophils may sometimes be
mistaken for eosinophils due to some structural similar-
ities and particular attention must be paid to minor
differences in phenotypic features to avoid errors. Also,
while lymphocytes can be clearly distinguished from
Please cite this article as: Hoffmann, P.R. et al. A new approach for an
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other cell types using the cytospin technique, T and B
cells cannot be distinguished from each other. Fur-
thermore, subtypes of Tcells such as CD4+ helper Tcells
versus CD8+ cytotoxic lymphocytes (CTLs) cannot be
distinguished. Finally, an issue that arises with cytospin
techniques is that cells often do not fit the criteria of
eosinophils, neutrophils, or lymphocytes and thus are
inconsistently categorized. These cells are sometimes
described as macrophages, monocytes/macrophages,
mast cells, or simply as “others”. In fact, they often are
not included in the cellular profile of the BAL due to a
lack of ability of researchers to accurately phenotype
them. This may result in studies that are difficult to
compare to each other or difficult to interpret.

In addition to interpretive and reporting inconstancies,
there are technical issues regarding the use of BAL to
characterize the cellular infiltrate in the lungs. The
washing of the lungs with saline (e.g. PBS) removes
those cells that are not embedded within the tissues of the
lung and may not give a true representation of the total
cellular infiltrate. Also, in the BAL there is a distinct
paucity of lung tissue cells such as epithelial, endothelial,
fibroblast, myofibroblast, and smooth muscle cells, all of
which need to be included for a full characterization of
cellular responses in allergic asthma. These issues are
compounded by the technical problem thatmay arise if the
saline is not fully perfused into the small airways and fully
withdrawn. For example, washing the upper airways
while leaving saline remaining in the lower airways may
result in an inaccurately low cell count and aberrant
cellular profile determination.

As an alternative or complementary approach to enu-
merate and phenotypically characterize the cellular
infiltrate that results using the mouse model of allergic
airway inflammation, we developed a multi-color fluores-
cence-activated cell sorter (FACS) approach. While
FACS-based approaches have been used to a limited
extent to evaluate lung inflammation during asthma
(Bischof et al., 2003; Gwinn et al., 2006; Webb et al.,
2007), major advances have been made in the develop-
ment of a variety of fluorochromes, monoclonal antibodies
against cellular markers, and cytometric instrumentation
for collecting data, all of which have greatly expanded the
utility of FACS technology. Herein we report our use of a
FACS-based approach for analyses of cellular infiltrate
resulting from allergic airway inflammation as well as the
interesting results obtained using this approach. We found
that the FACS-based method provided extensive informa-
tion on the cell types infiltrating and/or expanding in the
lung in response to OVA challenge. It also provided a
means for sorting subpopulations formolecular analysis of
factors involved in this disease including GATA-3 and IL-
alyzing cellular infiltration during allergic airway inflammation. J.
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1β. In this manner, we believe that this approach may
prove useful for researchers utilizing the mouse model of
allergic airway inflammation tomore fully characterize the
cells involved in this disease.

2. Methods

2.1. Mice

BALB/c mice were purchased from the Jackson La-
boratory (Bar Harbor, ME, USA) and were maintained
at the animal housing facility at the John A. Burns
School of Medicine at the University of Hawaiʻi. All
animal experimental protocols were approved by the
University of Hawaiʻi Institutional Animal Care and Use
Committee.

2.2. Mouse model of allergic airway inflammation

Male mice of 8–10 weeks of age were sensitized by
intraperitoneal (i.p) injections on day 0, 7 and 14 with
50 μg of ovalbumin (OVA) (Sigma-Aldrich, St. Louis,
MO) precipitated with 0.5 mg of aluminum hydroxide in
200 μl of PBS. The mice were then challenged by
administering 50 μg OVA in 50 μl PBS directly into the
nostrils using a micropipetor on days 21, 23, and 25
using isofluorane as an anesthetic. Negative control
mice were sensitized and challenged with PBS alone.
On day 26, the mice were sacrificed and various tissues
collected for analyses. Pilot experiments were con-
ducted that included control mice sensitized with either
alum alone or OVA/alum followed by PBS-challenge.
These mice were found to have levels of lung in-
flammation similar to that found in mice that received
PBS for both sensitization and challenges (data not
shown). Therefore, control mice from the latter group
were used for all subsequent experiments.

2.3. Bronchoaveolar lavage

BAL was collected by injecting and withdrawing
0.8 ml cold PBS. Recovered BAL (70–80%) was cen-
trifuged at 300 g for 8 min. The cells were resuspended
in 0.5 ml PBS and adhered to glass slides using cyto-
centrifugation. Slides were stained using Wright–
Giemsa and visualized using a Zeiss Axioscope light
microscope.

2.4. Lung histology

Lung tissue was prepared for histological analyses by
fixation in 10% buffered formalin overnight, followed
Please cite this article as: Hoffmann, P.R. et al. A new approach for an
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by a PBS wash and step-wise dehydration in 60–100%
ethanol. The tissue was then incubated in xylene, em-
bedded in paraffin, sectioned, and stained with a stan-
dard Hematoxylin and Eosin (H&E) staining method.

2.5. Fluorescence-activated cell sorting and flow cyto-
metric analyses

Lungs were removed, washed with PBS to remove
blood, tissue minced and incubated for 1 h at 37 °C in
digestion buffer consisting of RPMI with 10% FBS
(GIBCO/Invitrogen, Carlsbad, CA), 0.5 mg/ml Liberase
CI and 30 μg/ml DNAse I (both from Roche Applied
Science, Indianapolis, IN). After digestion, the lung
tissue was forced through a 40 μm cell strainer, cells
pelleted by centrifugation, and erythrocytes lysed with
RBC Lysis Buffer (Sigma). The cells were washed once
more with RPMI and resuspended in 500 μl PBS
containing 2% FBS on ice. Aliquots of 10 μl were
removed for enumeration using a Coulter particle
counter. For cell sorting, the entire sample was
transferred to FACS tubes topped with cell filters to
remove clumps and suspended in a final volume of
500 μl FACS buffer (PBS containing 2% FBS) on ice.
For samples that were not intended for cell sorts, but
only for fluorescence analysis, 1× 06 cells were
transferred to the same FACS tubes in a total of
200 μl FACS buffer on ice. The cells were then
incubated with Fc-block (BD Pharmingen, San Diego,
CA) at a final concentration of 1:200 for 20 min on ice.
A cocktail of the following antibodies was then added
(clone number; final concentration used for cell sorts;
final concentration used for fluorescence analyses):
FITC-anti-ɛFcRI (MAR-1; 3.125 μg/ml; 1.25 μg/ml),
PE-anti-CD8 (53–6.7; 7.5 μg/ml; 3 μg/ml), and PE/Cy7-
anti-CD49b (DX5; 15 μg/ml; 6 μg/ml) (all purchased
from Ebioscience, San Diego, CA); APC-anti-CD4
(RM4-5; 15 μg/ml; 6 μg/ml), APC/Cy7-anti-CD11b
(M1/70; 7.5 μg/ml; 3 μg/ml), PerCP-Cy5.5-anti-Gr-1
(RB6-8C5; 15 μg/ml; 6 μg/ml), and PE/Texas Red-anti-
B220 (RA3-6B2; 15 μg/ml; 6 μg/ml) (all purchased from
BD Pharmingen). Isotype control antibodies were tested
at the same concentrations and staining intensity was not
found to change between PBS- and OVA-challenged
mice. After 40 min incubation on ice, cells were washed
and analyzed on a FACSaria fluorescence-activated cell
sorter (BD Biosciences). For each sample, up to four
fluorochrome-tagged cell types were sorted and collect-
ed, while the remainder of fluorochrome-tagged cell
types were not sorted but were included in analyses. In
some cases, no samples were sorted and all fluoro-
chrome-tagged cell types were subjected only to
alyzing cellular infiltration during allergic airway inflammation. J.
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analyses. BD CompBeads Compensation Particles were
used to set the compensation during data acquisition and
all analyses were carried out using FACSDiva 6.0
software (BD Biosciences).

2.6. RNA extraction and real-time PCR

Sorted cells were collected into RPMI media con-
taining 10% FBS. These cells were then centrifuged at
1200 rpm for 6 min, media removed, and cell pellets
frozen at −80 °C until later use. Cell pellets were thawed
and RNA extracted using an RNeasy Mini kit and
RNase-free DNase I (all from Qiagen, Valencia, CA).
The eluted RNA was precipitated by adding 100%
ethanol (2.5-times elution volume), 3 M sodium acetate
(0.1-times elution volume), and glycogen (0.01-times
elution volume), incubating overnight at −80 °C, and
pelleting by centrifugation at 12,000 rpm for 30 min.
The supernatant was removed and cell pellets washed
with cold 80% ethanol, followed by another centrifu-
gation at 12,000 rpm for 10 min. The ethanol was
removed, and the RNA pellets dried, then resuspended
in 10–15 μl water. Concentration and purity of RNA
was determined using A260/A280 measured on an
ND1000 Spectrophotometer (NanoDrop Technologies,
Wilmington, DE). Synthesis of cDNA was carried out
using Superscript III (Invitrogen) and oligo dT primer
with 80 ng RNA per 20 μl reactions. For real-time PCR,
3.5 μl of the cDNA was used in 10 μl reactions using
Platinum SYBR Green qPCR SuperMix-UDG (Invitro-
gen) carried out in a LightCycler 2.0 thermal cycler
(Roche). Oligonucleotides used for PCR included
primers specific for hypoxanthine phosphoribosyltrans-
ferase (hprt) (fwd: 5′-TCCTCCTCAGACCGCTTTT-
3′; rev: 5′-CCTGGTTCATCGCTAATC-3′) and com-
mercial proprietary oligonucleotides specific for murine
GATA-3 (cat# PPM05199A; GenBank reference #
NM_008091) and murine IL-1β (cat# PPM03109A;
GenBank reference # NM_008361), purchased from
Superarray, Inc (Frederick, MD). Cycling conditions
Fig. 1. Multicolor FACS analysis of cell types that are increased in OVA-c
cellular infiltrate include histological analyses of lung tissue sections stai
(B) Cytocentrifugation and differential staining of BAL allows identificatio
OVA-challenged mice showed particularly high numbers of eosinophils,
analyses allowed simultaneous identification of seven different cell types ba
from mice that were unstained (C) or stained lung cells from mice challenge
antibodies did not change in between PBS- and OVA-challenged lung cells
marker gate for which all cells located on the right-hand side of the vertical l
FSC vs. SSC dot plot to identify those cells with size and granularity propert
dot plots. Polygonal gates were constructed for each surface marker and rela
right for each set of lung cells. (F) Percent of each cell type measured in 30
bars; N=8) or OVA (black bars; N=9). Results represent mean+SE and s
(G) Propidium iodide was used to membrane permeability, i.e. dead cells.

Please cite this article as: Hoffmann, P.R. et al. A new approach for an
Immunol. Methods (2007), doi:10.1016/j.jim.2007.07.019
were used as suggested in the SYBR Green kit in-
structions and results analyzed using Relative Quanti-
fication Software (Roche).

2.7. Statistical analyses

All statistical tests were performed using GraphPad
Prism version 4.0 for Windows (GraphPad Software,
San Diego, CA). Means of two groups were compared
using a Student's t test and significance considered at
pb0.05.

3. Results

3.1. Multicolor flow cytometric analysis of lung cells in
OVA-challenged mice versus PBS controls

Conventional techniques for analyzing cellular in-
filtrate of airways during allergic inflammation involv-
ing either histological analyses of tissue sections or
cytocentrifugation preparations of BAL methods typ-
ically produce results as those displayed in Fig. 1A and
B, respectively. These methods clearly demonstrate the
success of the allergic challenge protocol and produce
helpful, albeit limited, information regarding the
phenotypic features of the cells washed out of the
airways during the lavage. In particular, the cytocen-
trifugation followed by differential staining allow
identification of eosinophils and lymphocytes due to
their distinguishing phenotypic features, while other
cell types are not as reliably identified. For example, an
evaluation of the types of lymphocytes responding to
the OVA challenge is not possible with this conven-
tional technique. This technique has produced limited
data regarding the relative numbers of B cells to T
helper cells to cytotoxic T cells infiltrating the airways.
In contrast, the use of multicolor flow cytometric
analyses allow the simultaneous identification of
several different cells types in the lung (Fig. 1C–E).
For this study, we identified surface markers for seven
hallenged mice compared to PBS controls. (A) Conventional analysis
ned with standard H & E techniques. Scalebars represent 100 μm.
n of eosinophils, lymphocytes, and other cell types. Cells in BAL of
which exhibited circularized nuclei. (C–E) In contrast, FACS-based
sed on surface markers. Examples are included for lung cells analyzed
d with PBS (D) or OVA (E). Fluorescence intensity for isotype-control
(data not shown). Live cells were distinguished from debris using a

ine were considered live cells. A polygonal gate was constructed in the
ies corresponding to lymphocytes. These cells appear as red dots in all
tive numbers of cells falling within those gates are shown in the lower
,000 cells was calculated for mice challenged with either PBS (white
tatistical significance was determined by Student's t test (*pb0.05).

alyzing cellular infiltration during allergic airway inflammation. J.
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different types of leukocytes including Tcells (CD4 and
CD8), B cells (B220), mast cells and basophils (FcɛRI),
granulocytes (Gr-1), natural killer cells (CD49b), and
monocytes/macrophages (CD11b). Analysis of the data
Please cite this article as: Hoffmann, P.R. et al. A new approach for an
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was carried out in several steps and revealed several
interesting features. As an initial step for analyzing the
stained lung cells, a gate was constructed in the
forward-scatter (FSC) versus side-scatter (SSC) dot
alyzing cellular infiltration during allergic airway inflammation. J.
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plot for identifying the cells with the size and gran-
ularity properties of lymphocytes, which appear as red
dots in the subsequent dot plots. Cells that stained for
CD4, CD8, and B220 exhibited the lymphocyte FSC
and SSC properties and appeared red in color within
each of the gates drawn for these markers (Fig. 1B–D).
Only some of the cells that stained for CD49b and
CD11b exhibited the lymphocyte FSC and SSC
properties, while none of the cells within the FcɛRI or
Gr-1 exhibited these properties.

To gain insight into the relative abundance of each
cell type, gates were drawn around the populations
staining positive for each marker and the percent of each
cell type present in the lung cell sample was evaluated.
When 30,000 lung cells were evaluated for seven
different surface markers, a significant increase in per-
cent abundance in OVA versus control was found for
several cell types including T helper cells (CD4+), B
cells (B220+), mast cells/basophils (FcɛRI+), and mono-
cytes/macrophages (CD11b+) (Fig. 1E). Cell types that
did not increase in relative abundance included CTLs
(CD8+), granulocytes (Gr-1+), and NK cells (CD49b+).

These FACS analyses should also include a vital
fluorescent dye staining control to determine the via-
bility of the cells that are being evaluated for surface
markers. Ideally, dead cells would be identified using 4′-
Please cite this article as: Hoffmann, P.R. et al. A new approach for an
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6-Diamidino-2-phenylindole (DAPI), which is excited
by a blue laser line and emits in the blue fluorescence
channel. This fluorescence could be used simultaneous-
ly with the other fluorochromes and dead cells (DAPI-
positive) could then be omitted from the multicolor
analyses. Because our cell sorter was not equipped with
a blue laser line, we analyzed the viability separately
from our cell surface markers using a different vital
fluorescent dye, propidium iodide (Fig. 1F). Our results
revealed that 4.4% of total cells were propidium iodide-
positive, thus 4.4% cells included in our analyses were
not viable cells. This is an important aspect of FACS-
based experiments that must be taken into consideration
when performing and interpreting the results.

A limitation in presenting these data is that the
relative quantity of each cell type is obtained, not
absolute numbers. Obtaining absolute numbers is
possible with this method and would require consistent
and complete dissection of lung tissue from mouse to
mouse, accurate enumeration of cell suspensions
obtained from lung digestion reactions, and normaliza-
tion to total mouse mass. Other newly developed
techniques are available for accurate quantitative data
to be obtained using flow cytometry such as bead-
enhanced cytometric methods (Montes et al., 2006), but
the study presented herein deals only with relative
quantities of different cell types within the lung tissues.

3.2. Coexpression of B220 and CD11b

One of the groups of cells demonstrating a significant
increase in percent abundance in lung when comparing
OVA-challenged mice to PBS controls was the B220-
positive population. The infiltration of B cells into lung
tissue during allergic airway inflammation has not been
well-studied using conventional BAL techniques and in
general remains a relatively unexplored area of investiga-
tion. In fact, studies using this mousemodel of asthma have
demonstrated that B cells are not essential for development
of eosinophilia or airway inflammation (Korsgren et al.,
1997). B220 is a relatively specific marker for B cells in
mice, but has also been shown to be expressed at lower
levels on activated T cells and subsets of dendritic cells.
Given the fact that the B220-positive cells predominantly
consisted of cells with low FSC and SSC properties, the
B220-positive cells increasing in response to OVA
challenge were unlikely to be dendritic cells. At least two
populations of B220-postive cells were found to increase in
the lung in response to OVA challenge: B220lo and B220hi

(Fig. 2A). We next utilized the multicolor features of the
technique described in this study and found both of these
populations increased in coexpression of CD11b upon
alyzing cellular infiltration during allergic airway inflammation. J.
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Fig. 2. B220hi cells consist of two subpopulations B220hiCD11b− and B220hiCD11b+, both of which increase in OVA-challenged mice. (A) Histograms
display lung cells fromPBS-challengedmice in top row andOVA-challengedmice in the lower row. Amarker gate was used to identifyB220lo andB220hi

cells. The latter were then plotted in a dot plot diagram to distinguish and quantify those B220hi cells negative and positive for CD11b. (B) Number of cells
falling within B220hiCD11b− and B220hiCD11b+ were calculated for mice challenged with PBS (white bars; N=8) or OVA (black bars; N=9). Results
represent mean+SE and statistical significance was determined by Student's t test (⁎pb0.05).
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OVAchallenge compared to PBS controls. For B220hi cells
in particular, analysis of the B220hiCD11b− and
B220hiCD11b+ subsets showed that both increased in res-
ponse to the OVA challenge (Fig. 2B). Both subsets in-
creased in equivalent amounts: 239% B220hiCD11b− and
250% B220hiCD11b+ in OVA-challenged mice compared
to PBS controls. However, only the B220hiCD11b−

population increase was statistically significant.
These data suggest that B220-positive cells are a major

constituent of the cellular infiltrate occurring during
allergic airway inflammation and these cellsmay represent
B cells and/or activated T cells. Some of these B220-
positive cells co-express CD11b, and exactly what their
role is in the inflammatory processes that occur during
allergic asthma needs further investigation. Overall, this
exercise demonstrates that analyzing cell populations that
co-express surface markers may provide valuable insight
Please cite this article as: Hoffmann, P.R. et al. A new approach for an
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into as-of-yet unidentified cell types that contribute to the
cellular infiltrate during inflammatory processes.

3.3. Using multicolor flow cytometry to analyze highly
heterogeneous populations

CD11b (also called αMorMac-1) is an integrin chain
that, together with CD18 (β2 integrin), functions as a
receptor for complement (C3bi), intercellular adhesion
molecule-1 (ICAM-1), fibrinogen, or clotting factor X
(Altieri et al., 1986, 1988; Wright et al., 1988; Diamond
et al., 1991). CD11b is often used as a monocyte/
macrophage marker, but is also expressed on a variety of
other cell types including neutrophils and monocytes
(Springer et al., 1979) as well as activated CD8+ T cells
(McFarland et al., 1992) and NK cells (Ault and
Springer, 1981). Our results demonstrated that CD11b+
alyzing cellular infiltration during allergic airway inflammation. J.
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Fig. 3. Analysis of the heterogeneous population of CD11b+ cells shows multiple subpopulations. (A) A gate was constructed for CD11b+ cells and
differences examples are shown for unstained cells, PBS-challenged lung cells, and OVA-challenged lung cells. (B) Dot plots are shown for each cell
type to determine which cell type contain subpopulations coexpressing CD11b. Nearly all cell types contained a subset falling within the CD11b gate,
but with varying SSC properties. (C) Gates were constructed for CD11b+ cells exhibiting either SSClo or SSChi properties and cells from PBS- or
OVA-challenged mice were analyzed for percent of lung cells falling within each gate. (D) Evaluation of lung cells from mice challenged with PBS
(white bars; N=8) or OVA (black bars; N=9). Results represent mean+SE and statistical significance was determined by Student's t test (⁎pb0.05).
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Fig. 4. Lung cells sorted for CD4 and CD11b can be analyzed for mRNA levels for factors involved in inflammation and Th2 immune responses.
Cells falling within gates for CD4 or CD11b markers were sorted into complete media. Cells sorted from two mice challenged with PBS (white bars)
were pooled and cells sorted from two mice challenged with OVA (black bars) were pooled. Cells were pelleted by centrifugation, total RNA was
extracted, cDNA synthesized, and real-time PCR performed to determine levels of target genes relative to the housekeeping mRNA, hprt. Results are
shown for GATA-3 mRNA levels in CD4+ cells and IL-1β levels in CD11b+ cells. Results represent mean+SE and statistical significance was
determined by Student's t test (⁎pb0.05).
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cells were significantly increased in lung tissue when
comparing OVA-challenged mice to PBS controls.
Within the CD11b+ group, there was a large degree of
heterogeneity when CD11b-staining intensity was plot-
ted verses SSC property (Fig. 3A). Thus, we utilized the
power of the multicolor flow cytometric technique to
further investigate the subpopulations within the
CD11b+ group in the OVA-challenged mice and PBS
controls. As a first step, we displayed each cell type
individually in dot plots to determine which of these cell
types appeared in the CD11b+ gate (Fig. 3B). Results
indicated that a subpopulation of lymphocytes stained
positive for CD11b and that these were predominantly
B220+ cells and, to a lesser extent, CD4+ cells.
Relatively few CD8+ lymphocytes were found to stain
for CD11b. Appearing within the CD11b+ gate were also
cells staining positive for the markers Gr-1, FcɛRI, and
CD49b. The CD11b+Gr-1+ and the CD11b+FcɛRI+

showed both SSClo and SSChi properties, while the
CD49b+CD11b+ cells were predominantly SSClo. In
fact, the cell subpopulation in the lower portion of the
CD11b+ gate was found to consist of cells co-expressing
CD11b, Gr-1, and CD49b (multicolor analyses not
shown). To quantify differences between PBS- and
OVA-challenged mice within the CD11b+SSClo and
CD11b+SSChi subpopulations, gates were constructed
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and cell numbers determined for each subpopulation
(Fig. 3C and D). Results showed that both CD11b+SSClo

and CD11b+SSChi increased when comparing OVA- to
PBS-challenged mice. However, the increase for the
CD11b+SSChi group (5.13 times) was greater than that
for the CD11b+SSClo group (2.0 times). This exercise
demonstrates the powerful approach of dividing hetero-
geneous populations into subpopulations for comparing
treated animals to controls. In particular, our initial
analyses showed that Gr-1+ and CD49b+ cells did not
increase with OVA-challenge (Fig. 1E), but a detailed
evaluation showed that both theCD11b+Gr-1+ (cellswithin
the CD11b+SSChi gate) and the CD11b+CD49b+Gr-1+

population (cells within the CD11b+SSClo gate) signifi-
cantly increased with OVA-challenge.

3.4. Molecular analysis of sorted cells

Another powerful feature of the multicolor flow
cytometric approach is that cell types of interest may be
sorted and collected during FACS analyses of lung
tissue. As proof of principle, we carried out an
experiment in which lung cells from either PBS- or
OVA-challenged mice were stained as described above
and cells positive for either CD4 or CD11b were sorted
into separate tubes. Levels of mRNA were determined
alyzing cellular infiltration during allergic airway inflammation. J.
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for two important gene products involved in inflamma-
tion: 1) GATA-3 in the CD4+ cells (Zhu et al., 2006) and
2) IL-1β in the CD11b+ cells (Ichiki et al., 2005). Our
results clearly demonstrate the ability to determine
mRNA abundance for both GATA-3 and IL-1β relative
to the housekeeping gene product, hypoxanthinepho-
sphoribosyltransferase (hprt). When comparing OVA-
challenged mice to PBS controls, mRNA levels for the
Th2-inducing transcription factor, GATA-3, were found
to increase in CD4+ cells and mRNA levels for the Th1
cytokine, IL-1β, were found to decrease in CD11b+

cells. Although quantities of total RNA extracted from
sorted cells were relatively low (b100 ng per mouse),
the quantity was sufficient to carry out analyses of
several different target mRNAs. Alternatively, total
RNA extracted from mice within one experimental
group may be pooled to increase the quantity of mRNA
that may be analyzed in one experiment (Fig. 4).

4. Discussion

The allergic airway inflammatory processes that drive
asthma involve many different cell types acting in a
complex manner to aberrantly respond to seemingly
innocuous antigens. Understanding the mechanisms that
initiate, maintain, and drive asthma will require a full
characterization of the cells involved. We have developed
a new approach to studying the cellular populations that
infiltrate lung tissue during this process. Our data suggest
that this method provides reproducible results that allow
simultaneous characterization of multiple cell types
infiltrating lung tissue during allergic airway inflamma-
tion. We evaluated lung tissue cells for relative quantities
of seven different markers and identified four cell types
that were significantly higher in OVA-challenged mice
compared to PBS controls: CD4+ lymphocytes, B220+

lymphocytes, FcɛRI+ cells, and CD11b+ cells. Overall,
our study presents an alternative or complementary
approach for analyzing the cellular infiltrate in lungs of
mice used in an increasingly popular mouse model for
asthma. In fact, the approach described herein may be
adapted and utilized for other mouse models of
inflammation such as experimental colitis, 1-chloro-2,4-
dinitrobenze (DNCB)-induced allergic contact dermatitis,
infectious disease models, or other inflammatory models.

A multitude of studies have focused on determining
the genetic or molecular characteristics of lung tissue
during allergic asthma (reviewed in (Umetsu and
DeKruyff, 2006) and (Bochner and Busse, 2005)).
Important discoveries have been made for genes or
proteins that modify airway responsiveness in asthmatic
patients including ADAM33, ADRB2, and eotaxin
Please cite this article as: Hoffmann, P.R. et al. A new approach for an
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(Park et al., 2006). Crucial information regarding the
particular cell types that express these gene products
during acute and/or chronic asthma may be obtained
using the mouse models of allergic airway inflamma-
tion. One of the powerful features of the approach
presented in this study is that sorting cells of interest and
analyzing their extracted nucleic acid or protein may
allow a dissection of sources of certain causative or
protective factors. In this manner, a more precise picture
may emerge regarding the roles various cells play in
different steps of the immune responses and inflamma-
tory events occurring during asthma.

Another downstream application that may be
combined with the FACS-based approach described
herein is the adoptive transfer of cells obtained from
sorts. Adoptive transfers have frequently been carried
out either during or before the sensitization and
challenge steps of the mouse model of asthma (Janssen
et al., 2000; Goya et al., 2003; Beier et al., 2004). The
rationale for this often is to investigate the effects that
certain cells may have on either mitigating or
exacerbating inflammatory outcome or, in some
cases, to rescue the inflammatory process in certain
knockout mice to show the necessity of certain cell
types for the disease process. During our study, we
obtained sufficient numbers of CD4+ T cells, B220+

cells, and other cell types sorted from OVA-challenged
lungs for use in adoptive transfer studies. Thus, extending
the protocol described in our study to include adoptive
transfer techniques may allow evaluation of cellular
profiles in the lung during asthma and the simultaneous
collection of some of these cells for transfer into recipient
mice.

Although FACS-based techniques have several
advantages over more traditional techniques for analyz-
ing allergic airway inflammation, it must be emphasized
that FACS-based techniques have their own set of
limitations. The most obvious of limitations is the
availability and cost of a FACS instrument for use by the
investigators. The utility and power of a dual- or triple-
laser equipped FACS instrument may not offset the
expense of the instrumentation and personnel necessary
for acquiring and establishing this technology. The
fluorochrome-conjugated antibodies are also costly
compared to simple differential stains. Another limita-
tion of the technique is the number of animals that may
be analyzed at one time. Because cell sorts take time,
careful planning must be made for this technique to be
used efficiently for acquisition of sufficient data for
testing hypotheses. We found that up to four mice could
be analyzed in a full day, with each set of mouse lungs
(up to 18 million total cells) taking approximately two
alyzing cellular infiltration during allergic airway inflammation. J.
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hours to fully sort. A full study would require multiple
days of tissue processing and cell sorting, but this holds
true for most applications involving cell sorts. A final
limitation that was described in the results section above
that is worth repeating is the fact that relatively small
quantities of nucleic acid or protein are likely to be
isolated from sorted lungs. We were typically able to
isolate small quantities of total RNA (b100 ng) from
lungs of OVA-challenged mice, while microgram
quantities may be required for extensive downstream
analyses. Pooling RNA from animals within experi-
mental or control groups is an approach that may allow
one to overcome shortages of quantities, but requires the
use more animals.

It should also be noted that the approach described in
this study provides limited information regarding
eosinophil recruitment, one of the key features in
allergic lung inflammation. Eosinophils are one of the
cell types known to express Gr-1, but our initial analyses
showed that Gr-1+ cells did not increase with OVA-
challenge (Fig. 1E). The eosinophil populations may
constitute a substantial portion of the CD11b+Gr-1+ or
CD11b+CD49b+Gr-1+ populations that significantly
increased with OVA-challenge (Fig. 3B and C). This
highlights one advantage of including conventional
differential cell counts of BAL, i.e. characterizing
eosinophil recruitment. In fact, enumeration of BAL
eosinophils may be combined with FACS analyses of
lung tissue to provide comprehensive characterization of
lung infiltrate.

The study presented in this paper was borne out of
our desire to find a new method for analyzing cellular
infiltrate in lungs of mice used in the mouse model of
acute asthma. We believe that the data presented herein
show the FACS-based approach to be powerful. The
techniques described in this report may be modified or
adapted to fit the goals of the studies in which it is
implemented. Overall, these techniques may be consid-
ered by investigators using this and other mouse models
to study cell types involved in various inflammatory
processes and may lead to even more sophisticated
approaches in the search for treatment and prevention
measures for these diseases.
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