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Background: Eosinophils play a major role in allergic airway

inflammation because of their ability to release toxic mediators.

In addition, they are able to migrate toward draining thoracic

lymph nodes (TLNs) after intratracheal administration, where

they can function as antigen-presenting cells.

Objective: In this study, we evaluated in vivo eosinophil

migration toward the TLN after allergen sensitization and

analyzed expression of molecules involved in antigen

presentation.

Methods: Mice were sensitized by intraperitoneal injection of

ovalbumin on days 1 and 10 and challenged once intranasally

with ovalbumin on day 20. The kinetics of eosinophilia was

evaluated in blood, lung tissue homogenate, bronchoalveolar

lavage fluid, and TLN. Cell surface staining was analyzed by

flow cytometry.

Results: The kinetics of eosinophil recruitment was similar in

TLN, lung tissue, and blood, beginning at 12 hours and peaking

at 48 hours after allergen challenge. Approximately 70% of

TLN eosinophils expressed MHC class II molecules, compared

with less than 25% in blood and lungs. Moreover, TLN

eosinophils expressed higher levels of MHC class II and CD86

compared with blood and lung eosinophils. Most eosinophils

expressed CD80 and CD54, whereas only a few eosinophils

expressed CD40. Eosinophils in lungs and TLN appeared to be

activated with lower CD62-ligand expression compared with

blood eosinophils.

Conclusion: The presence of eosinophils with a different

phenotype in the TLN at early time points after allergen

challenge of sensitized mice supports their capacity to serve as

antigen-presenting cells, sustaining allergic/inflammatory

responses in the airways. (J Allergy Clin Immunol

2004;114:820-5.)

Key words: Eosinophil, airway challenge, allergic inflammation,

lymph node, MHC class II

From athe Department of Pediatrics, Division of Basic Sciences, National

Jewish Medical and Research Center, Denver; and bInstitut National de la
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Société de Pathologie Thoracique du Nord/Pas-de-Calais, France.

Received for publication December 23, 2003; revised June 30, 2004; accepted

for publication August 9, 2004.

Reprint requests: Erwin W. Gelfand, MD, Department of Pediatrics, National

Jewish Medical and Research Center, 1400 Jackson Street, Denver, CO

80206. E-mail: gelfande@njc.org.

0091-6749/$30.00

� 2004 American Academy of Allergy, Asthma and Immunology

doi:10.1016/j.jaci.2004.08.011
820
Eosinophils play an important role in allergic inflam-
mation and helminth infections, in which they function
during the acute phase by releasing cytotoxic mediators.1

However, it has been suggested that eosinophils could also
play an important role in the initiation of the immune
response as antigen-presenting cells. Human sputum
eosinophils from patients with asthma were found to
express HLA-DR and ICAM-1, whereas purified blood
eosinophils did not.2 Culture of blood eosinophils in the
presence of GM-CSF, IL-3, or IL-5 induced expression of
HLA-DR, ICAM-1, and the costimulatory molecule
CD86.2,3 HLA-DR–expressing eosinophils mediated an-
tigen-specific proliferation of an autologous HLA-DR–
restricted T-cell clone that was inhibitable by anti–HLA-
DR and anti–ICAM-1 antibodies.2,4 Murine eosinophils
were also found capable of processing and presenting
antigens to CD41 T cells in the context of MHC class II
molecules.5

More recently, it has been demonstrated that endobron-
chial eosinophils from IL-5 transgenic mice were able to
capture antigen, migrate to peribronchial lymph nodes,
and act as antigen-presenting cells to stimulate CD41 T-
cell function.6 Moreover, in response to multiple antigen
aerosol challenges, eosinophils rapidly migrated toward
sites of antigen deposition (airway lumen) and presenta-
tion (lung-associated lymph nodes). Eosinophils from
bronchoalveolar lavage fluids (BALFs) expressed MHC
class II molecules, CD80, and CD86. Antigen-loaded
eosinophils purified from peritoneal cavities of IL-5
transgenic mice were able to induce IL-4, IL-5, and IL-
13 production by in vitro polarized TH2 cells.7 However,
unlike dendritic cells, highly purified eosinophils from
BALF of ovalbumin-sensitized mice did not induce
proliferation of naive T cells in the draining lymph nodes
of the lungs.8 Not surprisingly, bronchoalveolar
lavage eosinophils expressed only weak MHC class II
levels. These apparently conflicting reports suggest that

Abbreviations used

BALF: Bronchoalveolar lavage fluid

CD62-L: CD62 ligand

ICAM-1: Intercellular adhesion molecule 1

MFI: Mean fluorescence intensity

TLN: Thoracic lymph node
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eosinophils may execute different functions in different
tissue locations.

The current study was performed to define the kinetics
of eosinophil migration and accumulation toward the
thoracic lymph nodes (TLNs) in comparison with blood
and lung after a single airway allergen challenge. To
address regional differences in eosinophil function, we
compared eosinophils from all 3 compartments for surface
expression of MHC class II (IA antigen), the costimula-
tory molecules CD40, CD54, CD80, and CD86, and
CD62 ligand (CD62-L).

METHODS

Animals

Female BALB/c ByJ mice were obtained from Jackson

Laboratories (Bar Harbor, Me). The mice were maintained on

ovalbumin-free diets. All experimental animals used in this study

were under a protocol approved by the Institutional Animal Care and

Use Committee of the National JewishMedical and Research Center.

Sensitization and airway challenge

Groups of mice, 10 to 12 weeks of age, were sensitized by

intraperitoneal injection of 20 mg ovalbumin (Grade V; Sigma

Chemical Co, St. Louis, Mo) emulsified in 2.25 mg aluminum

hydroxide (AlumImject; Pierce, Rockford, Ill) in a total volume of

100 mL on days 1 and 10. Mice received a single intranasal challenge

with ovalbumin (20 mL; 5 mg/mL in saline) on day 20. At different

time points after ovalbumin challenge, blood, lungs, and TLNs were

taken for further analysis. Control, nonsensitized mice received

ovalbumin intranasal challenge alone.

Tissue single cell suspension

Blood was taken and added to 1 mL citrate buffer. Platelet

depletion was carried out by centrifugation (1000 rpm, 12 minutes),

and red blood cells were lysed after 2 rounds of 15-minute

incubations in red blood cell lysis buffer (Sigma Chemicals Co).

Lungs were perfused with warmed (37�C) PBS containing 0.6 mM

EDTA. Lungs were then lavaged via a tracheal tube with phosphate

buffered saline solution to obtain the bronchoalveolar lavage (PBS,

13 1 mL). Lung cells were isolated as previously described.9 Lungs

were removed, cut into pieces, and incubated in 5mL PBS containing

175 U/mL collagenase (type IA; Sigma Chemical Co) and 10% FCS

for 60 minutes at 37�C. The digested lungs were sheared with a sterile
20-gauge needle and filtered through a sterile 45-mm porous nylon

mesh. TLNs were localized as previously described.10 In non-

sensitized but challenged mice, only the 3 parathymic lymph nodes

were detectable and dissected, whereas in sensitized and challenged

mice, the 3 parathymic lymph nodes as well as the posterior

mediastinal lymph node were harvested. Cells were isolated from

the lymph nodes by passing the tissue through nylonmesh. Cells were

resuspended in PBS and counted with a hemocytometer.

Staining and flow cytometry analysis

Differential cell counts were performed on bronchoalveolar

lavages by counting at least 200 cells on cytocentrifuged prepara-

tions, stained with May Grünwald Giemsa (Labonord, Lille, France),

and differentiated by standard hematologic procedures.

Cells isolated from blood, lung, and TLN were resuspended at

a concentration of 5 3 106 cells/mL in PBS. Cells (0.5 3 106) were

stained for 30 minutes on ice with an antibody cocktail containing

fluorescein isothiocyanate–conjugated anti-CCR3 (R&D Systems,

Abingdon, United Kingdom), allophycocyanin-conjugated anti-CD3
(PharMingen, Becton Dickinson, San Diego, Calif), and 1 of the

following activation markers: phycoerythrin-conjugated anti-IA,

anti-CD40, anti-CD54, anti-CD-80, anti-CD86, or anti–CD62-L

(PharMingen, Becton Dickinson), or their corresponding isotype-

matched control antibodies. After washing, stained cells were

analyzed by flow cytometry (FACSCALIBUR, Becton Dickinson).

Spleen cells from IL-5 transgenic mice11 were used to locate mouse

eosinophils on the forward and side scatter window. Eosinophils

located in this gate were identified by a positive CCR3–staining and

negative CD3–staining, as previously shown and characterized by

standard hematologic staining after sorting of this cell population by

flow cytometry.8 This analysis was then used to evaluate the per-

centage of positive cells and the mean fluorescence intensity (MFI)

obtained with phycoerythrin-conjugated antibodies. The results are

expressed as percentage of positive cells and MFI after deduction of

the values obtained with isotype control antibody.

Statistical analysis

Data (n = 6 mice per group) are expressed as means 6 standard

errors (SEMs). Statistical significance was determined by ANOVA

by using Statview 4.5 statistical analysis software package (Abacus

Concepts, Berkeley, Calif). Differences between the groups were

determined bymultiple comparisons of the means by using the Fisher

protected least significant difference test.

RESULTS

Kinetics of tissue eosinophil infiltration after
single intranasal ovalbumin challenge

As shown in Table I, the numbers of circulating
eosinophils were significantly increased in the blood of
sensitized mice at 12 hours and 48 hours after intranasal
ovalbumin challenge (P < .01). To appreciate trafficking
patterns to the lung tissue more closely, we detected
eosinophils in lung tissue homogenates and found a similar
kinetics as in the blood, with a peak at 48 hours. In the
BALF, the increase in eosinophil numbers was delayed
and began at 48 hours. Interestingly, a low but significant
number of eosinophils were detected in TLNs beginning at
12 hours, with a further increases at 48 hours after allergen
challenge; baseline levels were regained at 96 hours (data
not shown). Thus, airway challenge in sensitized mice
induces an increase in numbers of eosinophils in the
bloodstream, as well as migration to the airway tissue and
local draining lymph nodes.

Cell surface marker expression on eosinophils
in the different tissue compartments

In an attempt to delineate potential functions of
eosinophils located in the TLNs, we compared cell surface
expression of MHC class II: IA and other molecules
involved in antigen presentation to expression on blood
and lung eosinophils at 48 hours, corresponding with the
peak of migration to TLN.

The numbers of TLN eosinophils (approximately 70%)
that expressed MHC class II molecules were significantly
higher compared with eosinophils in blood and
lungs (<25%). Further, the levels of expression of MHC
class II were higher compared with eosinophils found in
blood and lungs (geometric MFI, 235 6 120 on TLN
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TABLE I. Kinetics of allergen-induced eosinophil recruitment and accumulation in blood, lung, and TLNs in

sensitized mice

Tissue compartment

Naive control group

Time postchallenge, 48 h Sensitized group

Peripheral blood* 7500 15,450 22,100� 107,250�§k
(2236) (2051) (1869) (7610)

Lung tissue* 7225 9617 10,467 29,325�§k
(1656) (453) (1342) (7185)

Bronchoalveolar lavage� 0 0 0 10,520�§k
(0) (0) (0) (3620)

TLNs* 355 178 1500� 2047�k
(203) (28) (508) (259)

*Values are means and (SEMs) eosinophil counts per 106 total cells recovered from blood (excluding red blood cells), whole lung tissue digest, and TLNs.

�(2): Values are means and (SEMs) total eosinophils recovered in the BALF.

�Significant difference compared with 0-hour time point; P < .01.

§Significant difference compared with 12-hour time point; P < .01.

kSignificant difference compared with naive control group; P < 0.01.
eosinophils, compared with 24 6 10 and 110 6 59 on
blood and lung eosinophils, respectively; Fig 1). Analysis
of costimulatory molecule expression showed that all
tissues had similar numbers of eosinophils expressing
CD86 (approximately 13%), but that TLN eosinophils
expressed significantly higher levels of CD86 than blood
or lung eosinophils (MFI, 94 6 17, 17 6 10, 16 6 6,
respectively; Fig 2). Similarly, CD80 was detected on
more than 70% of eosinophils from each of the tissues, but
a significantly higher level of expression was detected in
TLN eosinophils compared with eosinophils obtained
from blood and lungs (MFI, 786 7, compared with 376
12 and 596 5 in blood and lung, respectively; Fig 3). Only
a few eosinophils expressed CD40, but positive cells in the
TLN expressed the highest levels (Fig 4). Most eosino-
phils expressed CD54 in all tissues (Fig 5). Importantly,
eosinophils in lungs and TLN demonstrated evidence for
activation,12 because the numbers expressing CD62-L
were low; 93% 6 3% of blood eosinophils expressed
CD62-L, compared with 3%6 2% and 7%6 1% in lungs
and TLN, respectively (Fig 6).

DISCUSSION

In this study, we demonstrated that eosinophils migrate
and accumulate in the draining lymph nodes of the lungs
(TLNs) after a single intranasal antigen challenge in
sensitized (but not in nonsensitized) mice. Eosinophil
migrationwas detected at 12 hours and peaked at 48 hours,
whereas the numbers returned to baseline levels at 96
hours. The kinetics of eosinophil recruitment were quite
similar in lung tissue and blood, although peribronchial
eosinophilia persisted at 96 hours. Lung tissue eosino-
philia as reported here paralleled changes in lung re-
sistance: airway hyperresponsiveness was observed in
sensitized and challenged mice at 24 and 48 hours after
challenge, but resolved by 96 hours.13 These results and
others define the sequential eosinophilia, which develops
in peripheral blood and lungs after airway challenge of
sensitized mice and suggests an eosinophil migration
pathway from bone marrow to blood to lungs.14,15

Although our results (similar kinetics of eosinophil re-
cruitment in lymph node and lungs) might suggest the
recruitment of blood eosinophils into TLNs, other results
have argued that eosinophils migrate from the lungs to the
TLNs; airway eosinophils injected intratracheally were
detected 8 hours later in the TLNs,6 whereas airway
eosinophils injected intravenously were not.7 Our data
showing an early recruitment of eosinophils in TLNs
without a parallel increase in the number of these cells in
the lung at 12 hours, but a concomitant increase in eo-
sinophil numbers in all tissue compartments at 48 hours,
may suggest a 2-phase recruitment for these cells into
TLN: an early phase from peripheral blood followed by
a late phase involving recruitment from lung tissue.
Whether distinct chemokines and chemokine receptors
are involved in both phases of recruitment needs to be
defined in future studies. Eotaxin plays an important role
in allergen-induced eosinophil accumulation in the lung,16

but it does not appear to be required for trafficking of
eosinophils from the airway lumen to the lymph nodes
during allergen challenge, because both CCR32/2 and
CCR31/1 eosinophils migrate equally in this direction.6

This suggests that other chemokines/chemokine receptors
are involved in differential regulation of eosinophil mo-
bilization from 1 tissue compartment to another.

The particular localization of eosinophils in the TLN
and the phenotypic alterations demonstrated here after
airway challenge is in keeping with the concept that these
eosinophils may participate in antigen presentation and
T-lymphocyte activation. Eosinophils isolated from oval-
bumin-sensitized mice expressed different molecules in-
volved in T-cell activation, both constitutively and
inducibly. Indeed, in the current study, eosinophils
isolated from the TLN (and lungs) appeared activated, as
suggested by the decreased expression of CD62-L, as
previously shown for BALF, but not blood eosinophils.12

Although eosinophils constitutively expressed CD80 and
CD54 in all of these compartments (blood, lungs, and
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TLN), only TLN and lung expressed MHC class II mol-
ecules, whereas CD86 was induced in TLN eosinophils
only.

Expression of MHC class II and costimulatory mole-
cules involved in antigen presentation and T-cell activa-
tion has been shown on human and mouse eosinophils. In
human beings, ICAM-1 and HLA-DR are expressed on
sputum eosinophils but not on blood eosinophils.17

Synergy between IL-3, IL-5, or GM-CSF and TNF-a was
found mainly responsible for ICAM-1 induction, whereas

FIG 1. Expression of MHC class II on eosinophils from blood, lung,

and TLNs 48 hours after ovalbumin challenge. (A) Percentage of

MHC class II (I-A)–positive eosinophils, and (B) geometric MFI,

obtained after subtraction of background values obtained by

staining with isotype-matched control antibodies. *Significant

difference (P < .01) between the different tissue compartments.

(C) Representative histograms of MHC class II expression on

eosinophils from blood, lungs, and TLNs.

FIG 2. Expression of CD86 on eosinophils from blood, lung,

and TLNs 48 hours after ovalbumin challenge. (A) Percentage of

CD86-positive eosinophils and (B) geometric MFI, obtained after

subtraction of background values obtained by staining with

isotype-matched control antibodies. *Significant difference (P <

.01) between the different tissue compartments. (C) Representative

histograms of CD86 expression on eosinophils from blood, lung,

and TLNs.
synergy between IL-3, IL-5, or GM-CSF and IFN-g was
shown for HLA-DR expression. ICAM-1–bearing eosi-
nophils have increased adhesion capacity for autologous T
cells, whereas HLA-DR–expressing eosinophils mediated
antigen-specific T-cell proliferation that was inhibitable
by anti–HLA-DR and anti–ICAM-1 antibodies.2 IL-3–
treated human eosinophils express HLA-DR and CD86
but not CD80 and support T-cell proliferation in response
to a superantigen as well as proliferation of specific T-cell
clones.3 GM-CSF and IL-5–treated eosinophils can
present native antigen to T cells; nonetheless, the magni-
tude of T-cell proliferation to antigen in the presence of
eosinophils is very modest compared with that in the
presence of monocytes.4,5,18,19 All of these cytokines
(GM-CSF, IL-3, IL-5, TNF-a and IFN-g) can be found in
the lung environment of sensitized and challenged mice,
as well as in the draining lymph nodes where T cells are
activated. This could explain the increased expression of
costimulatory molecules on eosinophils found in lung and
TLN compared with blood.13,20

The expression of CD80 and CD86 on airway eosino-
phils reported in the current study was similar to that
described by Shi et al,6 with a higher expression of CD80.
After intratracheal administration, these eosinophils enter
paratracheal lymph nodes within 8 hours, peaking at 24

FIG 3. Expression of CD80 on eosinophils from blood, lung,

and TLNs 48 hours after ovalbumin challenge. (A) Percentage of

CD80-positive eosinophils and (B) geometric MFI, obtained

after subtraction of background values obtained by staining

with isotype-matched control antibodies. *Significant difference

(P < .01) between the different tissue compartments.

FIG 4. Expression of CD40 on eosinophils from blood, lung,

and TLNs 48 hours after ovalbumin challenge. (A) Percentage of

CD40-positive eosinophils and (B) geometric MFI, obtained

after subtraction of background values obtained by staining

with isotype-matched control antibodies. *Significant difference

(P < .01) between the different tissue compartments.
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hours and persisting for at least 120 hours. When instilled
to the airways, approximately 10% of eosinophils became
resident at 24 hours within the sampled paratracheal
lymph nodes. By using a different airway challenge
protocol, MacKenzie et al7 showed that eosinophils
migrate toward sites of antigen deposition (airway lumen)
and presentation (lung-associated lymph nodes) after
multiple antigen aerosol challenge of sensitized mice. In
this study, eosinophils purified from BALFs also ex-
pressed MHC class II, and antigen-loaded eosinophils
purified from peritoneal cavities of IL-5 transgenic mice
were able to induce IL-4, IL-5, and IL-13 production from
in vitro polarized TH2 cells.7

A recent study showed that even though airway
eosinophils accumulate in the TLN, they lack the capacity
for antigen presentation to naive T cells.8 However, the
eosinophils used in T-cell cocultures were isolated from
BALFs and not from the TLN. These eosinophils
exhibited low-level expression of MHC class II mole-
cules, different from what we demonstrated with a higher
number of TLN eosinophils expressing MHC class II than
in blood and lungs. Further, the TLN eosinophils showed
the highest level of MHC class II expression; lung
eosinophils had an intermediate expression, between

FIG 5. Expression of CD54 on eosinophils from blood, lung,

and TLNs 48 hours after ovalbumin challenge. (A) Percentage of

CD54-positive eosinophils and (B) geometric MFI, obtained

after subtraction of background values obtained by staining

with isotype-matched control antibodies. *Significant difference

(P < .01) between the different tissue compartments.

FIG 6. Expression of CD62-L on eosinophils from blood, lung, and

TLNs 48 hours after ovalbumin challenge. (A) Percentage of CD62-

L–positive eosinophils and (B) geometric MFI after subtraction of

background values obtained by staining with isotype-matched

control antibodies. *Significant difference (P < .01) between the

different tissue compartments.
blood and TLN eosinophils. The reasons for increased
levels of MHC class II and CD86 expression in TLN are
not known, but they could be the result of persistent
allergen exposure, as shown for dendritic cells.21 Taken
together, the results indicate that TLN eosinophils express
a large variety of surface molecules that can facilitate
interactions with T cells, and identify the potential role for
TLN eosinophils in costimulation of naive and/or memory
T cells.

The authors thank L. N. Cunningham and D. Nabighian (National

Jewish Medical and Research Center) for their assistance.
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