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Abstract

Traditionally, the identification and quantification of eosinophils in inflammatory tissues and exudates has been primarily based upon
morphologic criteria and manual counting. In this study, we describe a new flow cytometry-based assay to enumerate eosinophils present
in murine bronchoalveolar lavage fluid (BAL) and lung parenchyma obtained from the normal/non-inflamed respiratory tract, following
experimentally-induced allergic pulmonary inflammation, and during experimental infection with respiratory syncytial virus (RSV). By
using a murine Siglec-F-specific antibody in combination with antibodies directed to CD45 and CD11c, we demonstrate that eosinophils
can be distinguished from other cell types in the BAL fluid and lung parenchyma based upon their distinct CD45" Siglec-F" and
CD11¢™"" staining profile. In the BAL fluid, this flow cytometry-based method of eosinophil identification/quantitation yields results
comparable to the standard morphology-based method without the potential observer bias or staining artifacts inherent in morphology-
based quantitation. Furthermore, this flow cytometry-based method can be directly adapted to enumerate eosinophils infiltrating the
inflamed lung parenchyma, thereby obviating the need for quantitative morphometry of tissue sections.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Eosinophils are multifunctional granulocytes derived
from myeloid progenitor cells in the bone marrow.

Abbreviations: BAL, Bronchoalveolar lavage fluid; OVA, Chicken Eosinophils likely play a beneficial role in host defenses
ovalbumin; vvG, Recombinant vaccina virus expressing the G protein against parasitic infections in the human (Klion and
of respiratory syncytial virus; RSV, Respiratory Syncytial Virus; Nutman, 2004), but have also been implicated in the

Siglec, Sialic acid binding immunoglobulin-like lectin. development and enhancement of infla ation and
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1219; fax: +1 434 924 1221. 2006). Eosinophils secrete a variety of granule-associ-
E-mail address: tjb2r@virginia.edu (T.J. Braciale). ated pro-inflammatory cytotoxic proteins including
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major basic protein, eosinophil cationic protein, and
eosinophil peroxidase all of which can contribute to
airway damage and alterations in airway structure
(MacKenzie et al., 2001), (Humbles et al., 2004).

Allergic diseases of the respiratory tract are character-
ized by these increased accumulations of eosinophils in
inflammatory infiltrates. Therefore, this granulocyte subset
not only contributes to the pathogenesis of disease, but also
serves as a marker for the development and expression of
allergic inflammation during the type I (CD4" Th2) T cell
responses to antigen. Eosinophil quantitation is a standard
procedure in the analysis of inflammation and type II
responses in murine models of allergic airway sensitization
(e.g. chicken egg albumin administration), and in murine
models of respiratory virus infection where type Il CD4" T
cell responses play a prominent role [e.g. challenge
respiratory syncytial virus (RSV) infection of immune
mice (Openshaw et al., 1992), (Srikiatkhachorn and Braciale,
1997), (Johnson et al., 1998), (Alwan et al., 1994), (Varga
et al., 2000), (Varga et al., 2001)].

In these and other murine models of pulmonary
eosinophilia, the detection and quantitation of eosinophils
in fluids such as bronchoalveolar lavage (BAL) fluid or in
lung tissue has primarily been based on morphologic
criteria (i.e. the identification and enumeration of stained
granulocytes with prominent eosinophilic granules). This
morphologic approach has several drawbacks — includ-
ing variability in the staining of this leukocyte subset in
BAL fluid or tissue, errors in inflammatory cell
distribution inherent in quantitative morphometry based
on sampling of lung tissue from several different sites, and
reliance on the subjective interpretation of cell morphol-
ogy in the quantitation of inflammatory cells.

Until recently, the application of more rigorous and
quantitative techniques (e.g. flow cytometry) to identify
and quantitate eosinophils has been hampered by the
fact that these granulocytes expressed multiple cell
surface markers (e.g. CD45, CD11b, etc.) that are shared
by other cells of hematopoietic origin normally present
in inflammatory infiltrates — particularly in the respira-
tory tract (e.g. alveolar macrophages, neutrophils, etc.).
Recently, a member of the sialic acid binding immuno-
globulin-like lectin (Siglec) family (Varki and Angata
2000), Siglec-F, has been demonstrated to be displayed
on the surface of murine eosinophils (Aizawa et al.,
2003) (Zhang et al., 2004).

In this report, we describe a flow cytometry-based
method for identifying and quantitating eosinophils
based on the selective expression of Siglec-F (and dif-
ferential display of other cell markers) by eosinophils.
We demonstrate the application of this method for
eosinophil enumeration in both the BAL fluid and lung

tissue from mice undergoing experimental allergic
inflammation and respiratory virus infection. This meth-
od provides a simple and rapid technique for quantitat-
ing eosinophils free of sampling bias and variability
inherent in morphologic quantitation, particularly in
tissues.

2. Methods
2.1. Mice

Female BALB/c AnNTac (H-2%) mice aged 12 weeks
used for all experiments were purchased from Taconic
Farms (Germantown, NY) and housed in a specific
pathogen-free environment. All animal experiments were
performed in accordance with protocols approved by the
University of Virginia Animal Care and Use Committee.

2.2. OVA sensitization and challenge

The protocol followed was as previously described
(Delayre-Orthez et al., 2004). Briefly, mice were
sensitized by intraperitoneal injections of 50 pg chicken
egg ovalbumin (OVA, Grade VI, Sigma, St. Louis, MO)
adsorbed with 2 mg aluminum hydroxide (Sigma, St.
Louis, MO) in sterile PBS on days 1 and 7. On days 18,
19, 20, and 21 after the initial sensitization, mice were
anesthetized with Halothane (Halocarbon Laboratories,
Rivers Edge, NJ) and then intranasally challenged with
10 pg OVA in sterile PBS. At day 22, mice were
sacrificed and BAL fluid and tissue samples were
collected.

2.3. Viruses and infection of mice

The recombinant vaccina virus expressing the G
protein of RSV (vv(G) was a gift from J. L. Beeler, Food
and Drug Administration, National Institutes of Health.
The A2 strain of RSV (a gift of P.L. Collins, National
Institute of Allergy and Infectious Disease, National
Institutes of Health) was grown in HEp-2 cells
(American Type Culture Collection, Manassas, VA)
and titered for infectivity. Groups of four mice were
vaccinated with 3 x 10° PFU vvG in a 10 uL volume via
scarification at the base of the tail with a 25G needle.
After a minimum of 3 weeks, these mice were
anesthetized with Halothane (Halocarbon Laboratories,
Rivers Edge, NJ) and then intranasally challenged with
2.16x10° PFU RSV in a 50 pL volume. At various
times post-RSV infection, mice were sacrificed and
BAL fluid and lung samples were collected for further
analyses.
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2.4. Preparation of lung mononuclear cell suspensions

The lungs were flushed via the right ventricle with
approximately 4 mL of 1x PBS with 10 U/mL Heparin
(Sigma, St. Louis, MO) to remove blood. The lungs
were then removed aseptically and separated away from
the heart, thymus, and bronchial lymph nodes. Lungs
were minced and then digested in 183 U/mL collagenase
(Sigma, St. Louis, MO) in RPMI media (GIBCO BRL,
Gaithersburg, MD) containing 10 U/mL penicillin
(Gibco BRL, Gaithersburg, MD) and 10 pg/mL
streptomycin (Gibco BRL, Gaithersburg, MD) for
30 min at 37 °C. Afterwards, the minced lung tissue
was passed through a wire screen followed by a quick
centrifugation at 440 xg to remove particulates. Residual
red blood cells were lysed using ammonium chloride.
Lung mononuclear cell suspensions were counted using
a hemacytometer.

2.5. Preparation of BAL cell suspensions

Mice were sacrificed and an incision was made in the
skin over the larynx. A syringe was inserted at the incision
site and three 1 mL aliquots of complete media were
flushed through the lungs. BAL mononuclear cell suspen-
sions recovered were counted using a hemacytometer.

2.6. Automated cell separation

Single cell lung suspensions were positively or
negatively selected for expression of CD11c or Siglec-
F using the AutoMACS Separator (Miltenyi Biotec
GmbH, Auburn, CA) according to manufacturer’s
protocol. To separate Siglec-F* CD1lc ™ cells, single
cell lung suspensions were first negatively selected for
CD1lc using anti-CD11c¢ microbeads (N418, Miltenyi
Biotec GmbH, Auburn, CA). Next, the recovered
CDll1c™ population was incubated with PE-conjugated
anti-Siglec-F antibody (E50-2440, BD Pharmingen, San
Diego, CA), followed by anti-PE microbeads (Miltenyi
Biotec GmbH, Auburn, CA) and then positive selection
to yield CD11c™ Siglec-F" cells.

To separate Siglec-F" CD11c" cells, single cell lung
suspensions were first incubated with a FITC-conjugat-
ed anti-CDl1l1c antibody (HL3, BD Pharmingen, San
Diego, CA) followed by anti-FITC microbeads (Milte-
nyi Biotec GmbH, Auburn, CA). Following positive
selection, the anti-FITC microbeads were removed from
the CD11c¢" population using the MultiSort kit (Miltenyi
Biotec GmbH, Auburn, CA) in accordance with the
manufacturer’s protocol. Next, the recovered CD11c”
population was incubated with PE-conjugated anti-

Siglec-F antibody (E50-2440, BD Pharmingen, San
Diego, CA), followed by anti-PE microbeads (Miltenyi
Biotec GmbH, Auburn, CA) resulting, after positive
selection, in the enrichment of CD11c" Siglec-F* cells.

2.7. Differential cell counts

250 pL of a single cell suspension of washed and
resuspended BAL fluid was placed on a microscope
slide and cytospun (Cytospin2, Shandon, Pittsburgh,
PA) at 750 rpm for 5 min at room temperature and then
stained using Diff-Quik (Baxter Healthcare, Miami, FL)
according to manufacturer’s recommendation. A differ-
ential cell count was performed on 300—400 cells in at
least five different fields based on standard morpholog-
ical criteria and staining properties at 40x magnification.
Counts were completed in duplicate by two independent
counters with the average of all counts shown. Cells
with epithelial cell or fibroblast morphology were
excluded to obtain total leukocyte counts in BAL fluid
for eosinophil percentage estimates in Table 1.

2.8. Flow cytometric analysis

For multicolor FACS analysis, approximately 2 x 10°
cells from harvested lung or BAL fluid cell suspensions
were incubated for 5 min with Fc receptor (2.4G2)
blocking agent in 100 uL of FACS buffer [1X PBS

Table 1
Comparison of the morphologic and flow cytometric methods for
eosinophil quantitation in the BAL fluid

Sample Morphologic count®  Flow cytometry®
(% CD45")

(% leukocytes)

1. Day 5 vwG/RSV 2.30 2.84
2. Day 5 vwG/RSV 2.97 2.77
3. Day 5 vwG/RSV 3.48 3.62
4. Day 5 vwG/RSV 2.99 3.54
Mean 2.94+£0.24¢ 3.20+0.22°¢
5. Day 7 vwG/RSV 7.16 8.34
6. Day 7 vwG/RSV 7.45 7.81
7. OVA-sensitized 57.8 62.80
8. OVA-sensitized 50.1 53.00
9. Normal/non-inflamed ND¢ 0.25
10. Normal/non-inflamed ~ ND 0.15

* Numbers represent the percentage of eosinophils counted in the
total leukocyte population in the sample as determined by standard
morphological criteria and staining properties (see Methods).

® Numbers represent the percentage of Siglec-F* CD11¢"°Y" cells
present in CD45" gated population in the sample as determined by
flow cytometry (see Methods).

¢ Values indicate the mean+ the standard error of the mean of values
obtained from samples 1 thru 4.

4 ND = none detected.
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supplemented with 2% heat-inactivated fetal calf serum
(Atlanta Biologicals, Norcross GA) and 0.02% NaNj3] to
prevent nonspecific binding. Next, specific monoclonal
antibodies (mAbs) were directly added to the samples
and incubated for 45 min in the dark at 4 °C. Antibodies
used were at a final concentration of 1 pg/100 pL and
were PE-conjugated anti-Siglec-F (E50-2440), PerCP-
Cy5.5 conjugated CD45 (30-F11), FITC-conjugated
CDl1l1c (HL3), and APC-conjugated CD11b (M1/70).
All mAbs were purchased from BD Pharmingen (San
Diego, CA). Stained cells were fixed and lysed with
FACS lysing solution (Becton Dickinson, San Jose, CA)
then washed and resuspended in FACS buffer. Stained cell
suspensions were analyzed using a Becton Dickinson
FACScalibur flow cytometer (Mountain View, CA) and
FlowlJo software (TreeStar).

3. Results

3.1. Identification of Siglec-F expressing cells in the
normal and inflamed murine respiratory tract

Eosinophils are typically identified and quantified in
tissues and organs like the murine respiratory tract based

on morphological and staining criteria. In most solid

Lungs

organs, eosinophil numbers are enumerated by quanti-
tative tissue morphometry while, in the murine lungs,
the development of pulmonary eosinophilia can also be
determined by differential counts of cells obtained from
the bronchoalveolar lavage (BAL) fluid. Since Siglec-F
has been demonstrated to be expressed by murine
eosinophils (Aizawa et al., 2003) (Zhang et al., 2004),
we examined the usefulness of Siglec-F expression as a
marker in the identification and quantitation of eosino-
phils in the normal and inflamed murine lungs.

For this analysis, and as a ready source of eosinophils,
we obtained total lung cell suspensions and BAL fluid
from mice undergoing experimentally-induced allergic
pulmonary inflammation using the standard OVA allergen
sensitization and re-challenge model (Delayre-Orthez
et al.,, 2004). In parallel, we also obtained total lung
suspensions and BAL fluid from normal/non-inflamed
mice. These cell suspensions of lung parenchyma and of
BAL fluid were then stained with antibodies to Siglec-F
and other cell surface markers and subjected to flow
cytometric analysis.

In the initial analysis, we stained total lung cell
suspensions with antibodies to the leukocyte common
antigen CD45 and to Siglec-F. As shown in Fig. 1A (for
normal/non-inflamed lung cells) and 1B (for allergen
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Fig. 1. Identification of Siglec-F expressing cells in the lungs and BAL fluid of normal/non-inflamed and of OVA challenged and sensitized mice.
Single cell suspensions were prepared from the lungs (A) and BAL fluid (C) of normal/non-inflamed mice or from the lungs (B) and BAL fluid (D) of
mice sensitized and challenged with OVA. The expression profiles of CD45 and Siglec-F (or the relevant isotype control, rat IgG2a) in these
populations were subsequently analyzed by flow cytometry. Data shown is representative of at least three independent experiments.

J. Immunol. Methods (2007), doi:10.1016/.jim.2007.07.011

Please cite this article as: Stevens, W.W. et al. Detection and quantitation of eosinophils in the murine respiratory tract by flow cytometry.



http://dx.doi.org/10.1016/j.jim.2007.07.011

W.W. Stevens et al. / Journal of Immunological Methods xx (2007) xxx—xxx 5

inflamed lung cells), Siglec-F expression was restricted to
CD45" lung cells (i.e. cells of hematopoietic origin). The
antibody to Siglec-F bound to the CD45" cells with a
fluorescent intensity that was well above the background
staining of the Siglec-F isotype control antibody. Analysis
of BAL fluid from the normal and allergic lungs likewise
demonstrated Siglec-F expression only by cells of
hematopoietic origin (Fig. 1C, D). Siglec-F" cells in
both the normal/non-inflamed and inflamed lungs
represented a distinct population of CD45" cells. The
finding (Fig. 1A, C) that Siglec-F" cells were present in
the normal/non-inflamed lung parenchyma and BAL fluid
(which express minimal numbers of eosinophils by
standard morphologic criteria) indicated that at least one
other cell type of hematopoietic origin expresses Siglec-F.

3.2. Differential expression of CDIllc distinguishes
Siglec-F" eosinophils and pulmonary macrophages

To better define the CD45" Siglec-F " cell types in the
normal and inflamed respiratory tract, we surveyed the
CD45" Siglec-F" cells in total lung cell suspensions for
expression of other cell surface markers. One such
useful marker was the integrin CDI11b which is
displayed by murine neutrophils and monocytes/macro-

phages. As shown in Fig. 2, staining of CD45" lung
parenchyma cells for the expression of CD11b and
Siglec-F in the normal/non-inflamed (Fig. 2A) and
inflamed/allergic (Fig. 2B) lungs revealed two distinct
populations of CD45" Siglec-F" cells. One of these
populations had little or no CD11b expression above the
background observed with the isotype control antibody
and is represented by gate G2 in the normal/non-
inflamed lung (Fig. 2A, gate G2) and by gate G4 in the
allergic/inflamed lungs (Fig. 2B, gate G4). There was
also a distinct population of Siglec-F* CD11b™ cells in
both the normal/non-inflamed (Fig. 2A, gate G1) and in
the allergic/inflamed lungs (Fig. 2B, gate G3). These
Siglec-F" CD11b™ cells represented a minor fraction of
the total Siglec-F " cells in the normal/non-inflamed lung
(i.e. approximately 30%) (Fig. 2A), but were the major
subset of the Siglec-F" cells (i.e. approximately 70%)
detected in the inflamed/allergic lungs exhibiting pulmo-
nary eosinophilia (Fig. 2B). Because of their marked
enrichment in the lung parenchyma of mice undergoing
allergic pulmonary inflammation, the Siglec-F* CD11b™
cells in the normal/non-inflamed lung parenchyma (Fig.
2A, gate G1) and in the inflamed lungs (Fig. 2B, gate G3)
likely represented eosinophils. The Siglec-F* CD11b™™"~
cells were the dominant Siglec-F " cell population in the
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Fig. 2. Identification of Siglec-F and CD11b expressing cells in the lungs of normal/non-inflamed and of OVA challenged and sensitized mice. Single
cell suspensions prepared from lungs harvested from either normal/non-inflamed mice (A, C) or mice sensitized and challenged with OVA (B, D)
were gated on the CD45" population and then analyzed for Siglec-F and CD11b expression as well as for forward and side scatter properties. Data

shown is representative of at least three independent experiments.
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normal/non-inflamed lung parenchyma (Fig. 2A, gate
GG2) and were also represented in the parenchyma of the
inflamed allergic lungs (Fig. 2B, gate G4).

It is noteworthy that the Siglec-F* CD11b""" cell
population in both the non-inflamed (Fig. 2A, gate G2)
and inflamed (Fig. 2B, gate G4) lung parenchyma appear
to have high auto-fluorescence — as the background
staining for the CD11b marker using the isotype control
antibody was comparable to the specific antibody (data
not shown). This high auto-fluorescence is characteristic
of alveolar macrophages. When the forward and side
scatter properties of this Siglec-F~ CD11b"Y" cell
population from the normal/non-inflamed (gate G2
analyzed in Fig. 2C) and the inflamed (gate G4 analyzed
in Fig. 2D) lung parenchyma were analyzed, the broad
forward scatter and complex side scatter properties of
these cells were characteristic of alveolar macrophages.
By contrast, the Siglec-F* CD11b™ cells (gates G1 and
G3 analyzed in Fig. 2C and D respectively) exhibited
more uniform forward scatter but equally complex side
scatter profile consistent with that of eosinophils.

When CD11b expression was examined on CD45"
Siglec-F " cells harvested from normal/non-inflamed BAL
fluid, only the Siglec-F* CDI11b""" population was
observed (Fig. 3A). This would be expected if the cells
were alveolar macrophages, as this cell type is the do-
minant cell population in the BAL fluid from the normal
murine respiratory tract. The absence of a detectable
Siglec-F" CD11b" population (characteristic of eosino-
phils) most likely reflects low levels of eosinophils present
in the BAL fluid of normal/non-inflamed mice. Unexpect-
edly, we observed in the BAL fluid from the allergic/
inflamed lungs that the Siglec-F" cells could not be
distinguished into subsets based on CD11b expression
(Fig. 3B). While this result could mean there was only a
single population of Siglec-F" cells, it is more likely that
the level of CD11b expression is altered on one or both of
these Siglec-F" BAL fluid cell populations in response to
inflammation. Thus, while CD11b expression may be a
useful marker to distinguish Siglec-F" subsets in the
absence of inflammation, it may not be an effective
marker to distinguish between these two populations in
the inflamed respiratory tract. We therefore further
determined if another marker also expressed on alveolar
macrophages could be used to discriminate Siglec-F " cell
subpopulations particularly in the inflamed lungs.

The B2 integrin, CDllc, is expressed on murine
dendritic cells and is prominently expressed by murine
alveolar macrophages. When we analyzed CD45"
Siglec-F" cells in the BAL fluid from normal and
inflamed lungs, we detected a predominant BAL fluid
population of Siglec-F" CD11c¢" cells present in normal/

non-inflamed lungs (Fig. 4A) — the expected pheno-
type of alveolar macrophages. In contrast, while there
was likewise a distinct population of Siglec-F" CD11c”
cells in the BAL fluid taken from allergic mice, there
was a markedly increased population of Siglec-F"
CD11c¢™Y" cells in the allergic BAL fluid which
represented the majority of Siglec-F" cells in the BAL
fluid from the allergic/inflamed respiratory tract (Fig.
4B). These Siglec-F* CD11¢'" cells had the same
forward and side scatter properties as the Siglec-F"
CDI11b" lung parenchymal cells described above (Fig.
2, gates G1, G3) and hence had the expected scatter
properties of eosinophils. The CD11c¢ marker could also
effectively distinguish two distinct subsets of Siglec-F"
cells in the normal (Fig. 4C) and allergic (Fig. 4D) lung
parenchyma. Thus, CDIlc expression by Siglec-F"
cells in both the BAL fluid and lung parenchyma
provided a more reliable means to discriminate
eosinophil and macrophage populations than CD11b.
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Fig. 3. Identification of Siglec-F and CDI11b expressing cells in the
BAL fluid of normal/non-inflamed and of OVA challenged and
sensitized mice. Single cell suspensions prepared from BAL fluid
harvested from either normal/non-inflamed mice (A) or mice
sensitized and challenged with OVA (B) were gated on the CD45"
population and then analyzed for Siglec-F and CD11b expression.
Data shown is representative of at least three independent experiments.
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3.3. Morphologic identification of Siglec-F" pulmonary
cell populations

The above results suggested that there are two distinct
subsets of Siglec-F" cells in the murine respiratory tract:
CDI11c¢"Y" Siglec-F" CD45" cells likely representing
eosinophils and CD11c" Siglec-F" CD45" cells likely
representing alveolar/pulmonary macrophages. To direct-
ly examine the relationship between these cell surface
phenotypes and eosinophil and alveolar/pulmonary
macrophage morphology, we employed a two-step
magnetic bead-based separation method for isolating
these two cell types in cell suspensions obtained from
either normal/non-inflamed or allergic lungs (see Meth-
ods). Briefly, (see Fig. 5A) total lung cell suspensions
were separated into CD11c” and CD11c™ populations.
Then, each of these populations was selected for Siglec-F
expression yielding a CD11c" Siglec-F" and CD1lc”
Siglec-F" population. The purity of these two populations
after magnetic bead separation was typically greater than
95% as measured by flow cytometry. Single cell
suspensions of these two populations were subjected to
cytospin and Wright Giemsa stain. As Fig. 5B demon-

strates, the CD11lc" Siglec-F" population had the
characteristic morphologic features of pulmonary/alveo-
lar macrophages including numerous intracellular vesi-
cles and a large cytoplasm to nucleus ratio. By contrast,
the CD11c Siglec-F" population (Fig. 5C) exhibited the
multi-lobed nuclei and eosinophilic granules characteris-
tic of eosinophils. Analysis of the forward and side scatter
properties of these two cell populations (Fig. 5D)
demonstrates the complex forward and side scatter
properties of the Siglec-F™ CD11c" cells characteristic
of alveolar macrophages (solid line) and the uniform
forward scatter and complex side scatter of the Siglec-F*
CDllc cells characteristic of eosinophils (shaded).

3.4. Identification of CDI11c¢""" Siglec-F ™ eosinophils
in the respiratory tract during experimental respiratory
virus infection

To further evaluate the utility of this cytofluorometric-
based approach to identify and quantify eosinophils in the
respiratory tract, we applied this method to the analysis of
pulmonary eosinophilia in a model of enhanced pulmo-
nary inflammation/injury induced during challenge
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Please cite this article as: Stevens, W.W. et al. Detection and quantitation of eosinophils in the murine respiratory tract by flow cytometry.



http://dx.doi.org/10.1016/j.jim.2007.07.011

8 W.W. Stevens et al. / Journal of Immunological Methods xx (2007) xxx—xxx

A
Single Cell Lung Suspensions

N

CD11c+ fraction CD11c " fraction

! !

Siglec-F * fraction Siglec-F* fraction

! !

CD11c* Siglec-F+ CD11c" Siglec-F+
population population

B. CD11c* Siglec-F* C. CD11c" Siglec-F*

.

100
80
60 4
40
20
0 : T T . - 0 T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
FSC »- SSC

Fig. 5. Morphologic examination of lung derived Siglec-F" cells. Single cell suspensions prepared from the lungs of normal/non-inflamed and OVA
sensitized and challenged mice were first separated into CD11c" and CD11¢ ™ fractions and then into Siglec-F" fractions using a microbead based
separation assay (A). The CD11c" Siglec-F" fraction isolated from normal/non-inflamed lungs (B) and CD11c™ Siglec-F" fraction isolated from
allergic lungs (C) were subject to cytospin and Wright Geimsa staining. The forward and side scatter properties of the CD11c¢" Siglec-F" (solid line)
and the CD11c Siglec-F" (shaded) populations were analyzed using flow cytometry (D).

infection with RSV. In this model, mice previously Th2 type response in the lungs characterized by elevated
immunized with a recombinant vaccinia virus expressing levels of eosinophils in the BAL fluid and lung
the gene encoding the RSV-G glycoprotein will, upon parenchyma (Openshaw et al., 1992), (Alwan et al,
challenge intranasal RSV infection, develop a CD4 " T cell 1994), (Varga et al., 2000).

Please cite this article as: Stevens, W.W. et al. Detection and quantitation of eosinophils in the murine respiratory tract by flow cytometry.
J. Immunol. Methods (2007), doi:10.1016/.jim.2007.07.011



http://dx.doi.org/10.1016/j.jim.2007.07.011

W.W. Stevens et al. / Journal of Immunological Methods xx (2007) xxx—xxx 9

For this analysis, mice were immunized with the
RSV-G gene expressing vaccinia virus vector and, three
or more weeks later, the mice underwent challenge
intranasal infection with RSV. Seven days post-RSV
infection, BAL fluid and lungs were harvested and cell
suspensions were prepared from total lung tissue. Cells
were stained with antibodies to CD45, CD11b, CD11c
and Siglec-F. Cells present in the BAL fluid and in
samples of lung cell suspensions were simultaneously
examined for expression of CD45, Siglec-F, and either
CD11b or CDllc. As Fig. 6A demonstrates, and as
likewise observed in the BAL fluid from allergic
inflamed lungs (Fig. 3B), the CD11b maker does not
distinguish subsets of CD45" Siglec-F" cells in the
BAL fluid of RSV-infected mice. In contrast, staining
of CD45" Siglec-F" BAL fluid cells with CDl1lc
revealed the two distinct populations of Siglec-F " cells,
the major population of Siglec-F* CD11c'"™" eosino-
phils and the Siglec-F" CD11c¢" population of alveolar
macrophages (Fig. 6B). However, lung cell suspen-
sions from the RSV-inflamed lung parenchyma when
examined at day seven post-infection for Siglec-F
expression in combination with either CD11b (Fig. 6C)
or CD11c (Fig. 6D) did contain two distinct Siglec-F "
cell types.

3.5. Quantitation of pulmonary eosinophils by mor-
phologic and flow cytometric-based methods

Our analysis of surface marker expression by cells
isolated from the normal/non-inflamed and inflamed/
infected BAL fluid and lung tissue suggested that
eosinophils present in these sites can be readily
identified based on flow cytometric criteria (i.e.
eosinophils are CD45" Siglec-F" CD11¢'°""). To further
establish the utility of this method in quantitating
eosinophil content in BAL fluid, we compared the
determination of the percentage of eosinophils in BAL
fluid exudates from chicken OVA allergen sensitized mice
and RSV G-primed, RSV-challenged infected mice using
the flow cytometry-based method with using the standard
differential count of stained BAL fluid cells in cytospin
preparations. Percentages of eosinophils were determined
by the morphologic method as the percentage of
eosinophils among total leukocytes in BAL fluid cell
preparations. In parallel, the percentages of eosinophils
were determined by the flow cytometry-based assay as the
percentage of eosinophils among the total CD45" cells in
stained BAL fluid cell preparations.

Table 1 shows the results of this analysis for 10
independent samples of BAL fluid including four samples

Am‘ TA ™

8.1 B 722 1.81

BAL

Siglec-F

Lungs

10?

CD11b

Fig. 6. Discrimination of Siglec-F" populations using CD11b and CDllc in a murine model of RSV vaccine-enhanced disease. Single cell
suspensions generated from the BAL fluid (A, B) and lungs (C, D) harvested on day 7 following RSV infection in RSV G-primed mice were gated on
the CD45" population. Siglec-F and CD11b expression as well as Siglec-F and CD11c expression was analyzed. Data shown is representative of at

least three independent experiments.
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harvested from RSV G-primed RSV-challenged mice five
days post-RSV infection (Table 1, samples 1-4), two
BAL fluid samples harvested from RSV G-primed RSV-
challenged mice seven days post-RSV infection (Table 1,
samples 5—6) when higher levels of pulmonary eosino-
philia are achieved, and two BAL fluid samples harvested
from OVA sensitized and challenged mice (Table 1,
samples 7—8). As controls, BAL fluid samples harvested
from the lungs of normal/non-inflamed mice were
included (Table 1, samples 9—10).

As Table 1 demonstrates, the percentage of eosinophils
in the BAL fluid as determined by flow cytometry directly
paralleled and closely correlated with the percentages
enumerated by morphology under all experimental condi-
tions. As expected, there was marked eosinophilia in the
BAL fluid of mice experiencing ovalbumin-induced aller-
gic airway inflammation (Table 1, samples 7—8) as well as
increased levels of pulmonary eosinophilia in RSV G-
primed mice at day 7 (Table 1, samples 5—6) compared to
day 5 (Table 1, samples 1-4) by either method. Also
noteworthy is the fact that again, as expected, no
eosinophils were detected by morphology in the BAL
fluid of normal/non-inflamed mice and only a negligible
number of eosinophils was detected in the BAL fluid of
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Fig. 7. The quantification of eosinophils in whole lung tissue using the
flow cytometric-based assay. Single cell lung suspensions were
generated from lung parenchyma harvested from RSV G-primed
mice infected with RSV for 5 days (samples 1-4, white bars), from
RSV G-primed mice infected with RSV for 7 days (samples 56, black
bars), from OVA challenged and sensitized mice (samples 7-8, grey
bars), and from normal/non-inflamed mice (samples 9—10, striped
bars). Surface expression of CD45, Siglec-F, and CD11c was analyzed
by flow cytometry. The number of eosinophils indicated was
calculated by multiplying the percentage of Siglec-F" CD11¢*Y~
CD45" eosinophils by the total number of cells counted in the lung
suspension.

these mice by the more sensitive flow cytometry-based
method (Table 1, samples 9—10).

In parallel with the above analysis, we also used the
flow cytometry-based approach to determine the total
number of eosinophils present in the CD45" fraction of
total Iung cell suspensions. Again, ten independent cell
suspensions were generated from lung parenchyma har-
vested from four RSV G-primed RSV-challenged mice
five days post-RSV infection (Fig. 7, samples 1-4), two
RSV G-primed RSV-challenged mice seven days post-
RSV infection (Fig. 7, samples 5-6), and two OVA
sensitized and challenged mice (Fig. 7, samples 7-8). As
a control, we included lung parenchyma samples har-
vested from normal/non-inflamed mice (Fig. 7, samples
9—10). The number of eosinophils present in the lung
parenchyma was calculated by multiplying the percentage
of Siglec-F~ CD11¢" eosinophils observed in the
CD45" cell population by flow cytometry with the total
number of cells counted in the lung cell suspension using
a hemacytometer.

As shown in Fig. 7, the total numbers of eosinophils
present in the lung parenchyma largely paralleled the
corresponding flow based-data from the BAL fluid. The
greatest number of eosinophils detected was again ob-
served in the lung parenchyma of mice experiencing
ovalbumin-induced allergic airway inflammation (Fig. 7,
samples 7—8). RSV-G primed mice infected with RSV for
7 days (Fig. 7, samples 5-6) likewise exhibited greater
numbers of pulmonary eosinophils than RSV-G primed
mice infected with RSV for 5 days (Fig. 7, samples 1-4).
There is also evidence for a low-level of eosinophil
detection in the parenchyma of the normal/non-inflamed
mice in spite of the paucity of the eosinophils detected in
the BAL fluid. These results suggest that the flow
cytometry-based approach described here can also be
used as a rapid and sensitive method to identify and
quantitate eosinophils in lung parenchyma.

4. Discussion

The development and regulation of a CD4" T cell Th2
type immune response has been extensively investigated in
various murine models of allergic disease and experimen-
tal respiratory infection. Studies have shown that CD4"
T cells polarized toward a Th2 type phenotype secrete
cytokines (e.g. IL-4 and IL-5) which serve as potent
eosinophil chemoattractants (Lampinen et al., 2004). As a
result, eosinophils constitute a prominent cell type
observed during a Th2 type response and the presence of
an eosinophil infiltrate at the site of inflammation is one of
the most frequently used indicators for the development of
such an immune response.
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Traditionally, the detection and quantitation of eosino-
phils at sites of allergic inflammation in tissues has relied
on histology (i.e. quantitative morphometric analyses of the
stained tissue sections). This process can be laborious and
requires adequate sampling — that is, it requires a sufficient
number of tissue sections from different areas to reflect the
extent of the eosinophil infiltration in the entire tissue.
Identification and assessment of eosinophil numbers in
inflammatory exudates, such as the BAL fluid, is feasible
only in a limited number of sites, and is similarly complex,
like tissue analysis relying on the morphology of stained
cells to identify and quantitate eosinophils. Quantitation of
eosinophils by manual count in either whole tissues or
inflammatory exudates can be further complicated by
subjective interpretation of cell morphology and by artifacts
acquired during the cell preparation, tissue fixation, or the
staining process.

Because of the limitations of the morphologic-based
method of eosinophil quantitation, we sought to develop
an unbiased, less labor intensive, and more representa-
tive method for the identification and quantification of
eosinophils in both inflammatory exudates and whole
tissue which would make use of the sensitivity of flow
cytometry and capability of this technique to accurately
discriminate cell populations based on surface marker
expression. We chose Siglec-F as a potential marker
amenable to this flow-based approach since it has
documented to be present on the surface of eosinophils
and alveolar macrophages (Sung et al., 2006).

In this study, we used Siglec-F in combination with
CD45 and CDl11c¢ to identify and quantitate eosinophils in
the inflamed lungs and BAL fluids using flow cytometry.
We found that expression of Siglec-F, when used in
conjunction with CD45 and CDl1l1c, identified eosino-
phils in both the BAL fluid and lungs of uninflamed,
allergen inflamed, and RSV-infected mice based on their
distinct Siglec-F* CD11¢'Y" phenotype. These Siglec-
F" CD11cY" cells displayed the low forward light
scatter and high side light scatter properties as well as the
cell morphology characteristic of eosinophils. In contrast,
we found that the Siglec-F" CD11c" cell population also
identified using this method is abundantly represented in
the BAL fluid of normal/non-inflamed animals, and has
high forward and side scatter properties as well as
morphology consistent with that of alveolar macrophages.

Since CDllc is also expressed on dendritic cells, we
analyzed the Siglec-F" CDIlc" cells (and Siglec-F"
CDI11cY" cells) for the expression of other cell surface
markers known to be expressed by dendritic cells. Neither
population expressed high levels of MHC II, CD86, or
CD40 when compared to the relevant isotype controls,
suggesting that these populations did not include conven-

tional Siglec-F~ CD11c¢" dendritic cells (Sung et al., 2006)
(TS Kim, unpublished observations).

We also evaluated the effectiveness of the integrin,
CD11b, to distinguish eosinophils from cells of mono-
cyte/macrophage lineage present in the normal/non-in-
flamed or inflamed/infected lung parenchyma. While we
could distinguish Siglec-F* CD11b" eosinophils from
Siglec-F" CD11b~ pulmonary macrophages in the
parenchyma of allergic inflamed and day 7 RSV-infected
lungs, we were unable to discriminate distinct subsets of
Siglec-F" cells in the airway exudates (BAL fluid) of
allergic or day 7 RSV-infected animals. It is also note-
worthy that CD11b could not be reliably used to dis-
tinguish eosinophils and macrophages in the lung
parenchyma at an earlier time (i.e. day 5 during RSV
infection) (W. Stevens, data not shown). These findings
are consistent with an earlier report demonstrating
upregulation of CD11b expression on pulmonary macro-
phages following infection with Streptococcus pneumo-
niae (Kirby et al., 2006). This variability in CDI11b
expression by monocyte/macrophage populations is
perhaps not unexpected and reinforces the view that
CD11b expression is variable depending on anatomic
location (BAL fluid versus lung parenchyma) and degree
of inflammation (normal/non-inflamed versus inflamed).

In summary, in this report, we describe a flow
cytometry-based method to identify and quantitate murine
eosinophils in tissue (i.e. lung parenchyma) and inflam-
matory exudates (i.e. BAL fluid) based on the cell surface
expression of the lectin Siglec-F in combination with cell
surface markers CD45 and CDIllc. This method was
applicable in two diverse models of eosinophilic
infiltration of the respiratory tract, ovalbumin-induced
allergic airway inflammation and intranasal infection of
vaccinated animals with RSV. This method allows rapid,
accurate, and unbiased quantitation of eosinophils in
tissues where conventional histologic-based approaches
have provided limited quantitative information.
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