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The objective of the present study was to explore the ability of eosinophils to present Strongyloides stercoralis

antigen in naive and immunized mice. Antigen-pulsed eosinophils were injected intraperitoneally into naive or

immunized mice, and then mice were examined for antigen-specific immune responses. A single inoculation of

antigen-pulsed eosinophils was sufficient to prime naive mice and to boost immunized mice for antigen-specific T

helper cell type 2 (Th2) immune responses with increased interleukin (IL)– 4 and IL-5 production. Mice inoculated

3 times with live eosinophils pulsed with antigen showed significant increases in parasite antigen–specific immu-

noglobulin (Ig) M and IgG levels in their serum. Antigen-pulsed eosinophils deficient in major histocompatibility

complex class II molecules or antigen-pulsed dead eosinophils failed to induce immune responses, thereby dem-

onstrating the requirement for direct interaction between eosinophils and T cells. These experiments demonstrate

that eosinophils function as antigen-presenting cells for the induction of the primary and the expansion of the

secondary Th2 immune responses to S. stercoralis in mice.

Eosinophils are multifunctional cells that possess potent

cytotoxic and proinflammatory capabilities [1, 2]. In ad-

dition, eosinophils have been shown to function as

antigen-presenting cells (APCs) in experimental allergy

model systems [3]. Antigen-loaded eosinophils present

antigen to primed T cells and increase Th2 cytokine pro-

duction [4, 5]. Eosinophils migrate into local lymph

nodes and localize in the T cell–rich paracortical zones,

where they stimulate the expansion of CD4� T cells.

Antigen-loaded eosinophils also promote the produc-

tion of interleukin (IL)–5 when placed in culture with

antigen-specific CD4� T cells isolated from allergic

mice [5].

Eosinophils are commonly associated with helminth

infections, in which their role has been characterized as

defending the host against nonphagocytosable parasites.

Because eosinophils are in the proximity of helminth

parasites at the initial stage of infection [6 –9], it is pos-

sible that these cells capture antigens from the worms,

migrate to T cell–rich regions, and present antigens to

T cells to initiate antigen-specific T cell responses. The

demonstration that eosinophils recovered from mice

infected with the nematode Brugia malayi express

high levels of major histocompatibility complex (MHC)

class II molecules supports the hypothesis that these

cells are capable of antigen presentation [10]. More-

over, granulocyte-macrophage colony-stimulating fac-

tor (GM-CSF)–activated eosinophils are also capable of

acting as a specific APC to a T cell clone derived from

mice infected with the cestode Mesocestoides corti [11].

Further evidence that eosinophils are capable of acting

as APCs in the immune response to parasitic infections

comes from in vitro studies of the nematode parasite

Strongyloides stercoralis. Eosinophils pulsed with S. ster-

coralis antigen stimulated antigen-specific primed T

cells and CD4� T cells to increase IL-5 production.

Blocking of MHC class II expression on eosinophils in-

hibited their ability to induce IL-5 production by CD4�

T cells in culture. Antigen-pulsed eosinophils were also
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able to prime naive T cells and CD4� T cells in culture and po-

larize them into IL-5–producing Th2 cells similar to those in-

duced by antigen-loaded dendritic cells. The observation that

eosinophils are capable of inducing a primary response to the

infection in vitro suggests that eosinophils may function as APCs

for the induction of adaptive immunity in vivo [12].

Protective immunity to S. stercoralis in mice depends on var-

ious components of the immune system, including eosinophils

[6], neutrophils [13], complement [14], B-1a B cells for IgM

antibody production [15], and CD4� Th2 cells for IL-4 and IL-5

production [16]. Eosinophils play a crucial role during both in-

nate and adaptive immunity [6, 17]. IL-5�/� mice, which are

incapable of augmenting blood and tissue eosinophil levels,

failed to develop adaptive protective immunity to infection with

S. stercoralis. However, adoptive transfer of eosinophils into IL-

5�/� mice at the time of immunization with live S. stercoralis

larvae reconstituted their ability to develop adaptive protective

immunity against the infection [6]. It was hypothesized that the

transferred eosinophils functioned as APCs, and this hypothesis

was subsequently supported by data demonstrating that eosino-

phils possess the ability to act as APCs for S. stercoralis and can

initiate the adaptive protective immune response in vitro [12].

The goal of the present study was to explore in vivo the

antigen-presenting ability of eosinophils during S. stercoralis in-

fection in mice. Purified eosinophils exposed to S. stercoralis an-

tigens were inoculated intraperitoneally in naive mice, and then

specific T cell and B cell immune responses against S. stercoralis

were measured. These experiments demonstrated that eosino-

phils presented antigen by a MHC class II– dependent mecha-

nism, resulting in both Th2 cytokine production and antigen-

specific antibody responses to S. stercoralis.

MATERIALS AND METHODS

Experimental animals and parasites. C57BL/6J mice were

purchased from Jackson Laboratory. The IL-5 transgenic mice

(mouse line NJ.1638) were bred at Thomas Jefferson University

[18]. IL-5 transgenic mice deficient in MHC class II molecules

were generated by cross-breeding IL-5 transgenic mice

(C57BL/6 background) with MHC class II– deficient mice

(ABBN12 mice, C57BL/6 background; obtained from Taconic

Farms). All of the mice used in the experiments were 6 – 8 weeks

old. Primers required for genotyping the IL-5 transgenic/MHC

class II– deficient mice were purchased from Sigma (Sigma

Chemical Co.) and were used in accordance with the polymerase

chain reaction protocol provided by Taconic. S. stercoralis larvae

(L3) were obtained from charcoal cultures of fresh stool samples

from a laboratory dog infected with the parasite, according to

methods described elsewhere [19].

Antigen preparation. Soluble larval antigens from S. sterco-

ralis (L3) were prepared as described elsewhere [20].

Isolation of eosinophils. Eosinophils were isolated from

spleens of naive IL-5 transgenic mice or IL-5 transgenic/MHC

class II– deficient mice, according to a method described else-

where for isolating the cells from blood [21]. Spleen cells were

separated on a density-gradient Percoll column by centrifuga-

tion, the eosinophil/lymphocyte layer was transferred to a tube

containing 2% bovine serum albumin (BSA)–PBS, and erythro-

cytes were eliminated by hypotonic shock. Cells were incubated

with anti–mouse CD90 microbeads (Miltenyi Biotec) to elimi-

nate T cells and with anti–mouse CD45R microbeads (Miltenyi

Biotec) to eliminate B cells, and eosinophils were collected after

passage through a magnetic cell sorter (Miltenyi Biotec). Cells

were placed in a Cytospin 3 apparatus (Shandon) and stained for

differential counts with a Hema 3 stain set (Fisher Diagnostics),

to check for purity. Isolated eosinophils used in the experiments

were 100% viable.

Generation of dendritic cells and macrophages. Dendritic

cells and macrophages were generated from bone marrow recov-

ered from the femurs and tibias of C57BL/6J mice. Dendritic

cells were generated as described elsewhere [22]. In brief, cells

were seeded into petri dishes at 2 � 105/mL in 10 mL of RPMI

1640 medium supplemented with 10% heat-inactivated and fil-

tered fetal bovine serum (FBS), 2 mmol/L L-glutamine (Life

Technologies), 100 U/mL penicillin plus 100 �g/mL streptomy-

cin (Life Technologies), and 50 �mol/L 2-mercaptoethanol (2-

ME; Sigma), with the addition of 20 ng/mL GM-CSF (Pepro-

tech). On day 3, 10 mL of medium containing 20 ng/mL GM-

CSF was added. On day 6, 10 mL of culture supernatant was

removed and replaced with 10 mL of fresh culture medium con-

taining 20 ng/mL GM-CSF. For generation of immature den-

dritic cells, plates were fed on day 8 as on day 6, but only 5 ng/mL

GM-CSF was added in fresh medium, and cells were harvested

18 h later (day 9).

To generate macrophages from bone marrow cells, cells were

cultured in Dulbecco’s modified Eagle medium (DMEM;

Sigma) supplemented with 20% heat-inactivated and filtered fe-

tal calf serum (FCS; HyClone), 2 mmol/L L-glutamine, 100

U/mL penicillin plus 100 �g/mL streptomycin, and 50 �mol/L

2-ME, with the addition of 30% L929 cell– conditioned medium

as a source of macrophage colony-stimulating factor (M-CSF)

[23]. On day 3, culture supernatants were removed and replaced

with fresh medium. On day 6, cells were harvested using ice-cold

PBS. Dendritic cells and macrophages were treated with S. ster-

coralis antigens (100 �g/mL) for the final 18-h incubation, to

activate the cells.

Trafficking of carboxyfluorescein succinimide ester (CFSE)–

labeled eosinophils. Purified eosinophils were labeled with

CFSE (Molecular Probes), as described elsewhere [24] with mi-

nor modifications. Eosinophils were incubated with 2.0 �mol/L

CFSE, labeling was terminated by adding 2.0 mL of FBS, and a

total of 5 � 106 labeled cells were inoculated intraperitoneally

into naive mice. Spleens were recovered 36 h later and evaluated
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for the presence of CFSE-labeled eosinophils, by use of a

FACSCalibur flow cytometer and CellQuest software (Becton

Dickinson).

Determination of contaminating macrophages and den-

dritic cells in eosinophil preparations. Purified eosinophil

preparations were placed in fluorescence-activated cell sorter

buffer (1� PBS, 0.2% BSA fraction V, and 4 mmol/L sodium

azide), and the Fc receptors on cells were blocked by use of Fc

Block CD16/CD32 antibody (BD Pharmingen). The percentage

of contaminating dendritic cells and macrophages in the eosin-

ophil preparations was determined by measuring the expression

of 33D1 antigen, a mouse dendritic cell–specific surface marker,

and CD115, a receptor for M-CSF. Cells were stained with

phycoerythrin-labeled anti-33D1 monoclonal antibody (MAb)

and biotinylated anti-CD115 MAb, and streptavidin-

allophycocyanin conjugate was used to detect biotinylated anti-

CD115 antibody (all immunofluorescent staining reagents were

purchased from Bioscience). Samples were analyzed using a

FACSCalibur flow cytometer and CellQuest software.

Determination of the ability of eosinophils, dendritic cells,

and macrophages to prime naive mice and to initiate immune

responses. Purified eosinophils were treated with 100 �g/mL

S. stercoralis antigens or 1.0 �g/mL lipopolysaccharide (LPS) for

18 h at 37°C in RPMI 1640 medium containing 2 ng/mL GM-

CSF. A single dose of 5 � 105antigen-pulsed eosinophils was

inoculated intraperitoneally into naive C57BL/6J mice. Un-

treated eosinophils were inoculated into mice that were used as

controls. On day 10, mice were killed, and splenocytes were cul-

tured in vitro to determine the ability of antigen-pulsed eosino-

phils to prime lymphocytes and initiate immune responses. In

some experiments, naive C57BL/6J mice were inoculated with a

mixture of macrophages (2 � 104; 4% of the eosinophil popu-

lation) and dendritic cells (1 � 104; 2% of the eosinophil pop-

ulation), to measure the effect of the small number of contami-

nating professional APCs present in the purified eosinophil

preparations.

Proliferation of T cells. Spleen cells were incubated with

2.0 �mol/L CFSE, labeling was terminated by the addition of 2.0

mL of FBS, and the cells were washed twice and resuspended in

complete RPMI 1640 medium [25]. Cells were plated at a con-

centration of 2 � 106 cells/well in a final volume of 200 �L in

96-well U-bottom plates (Costar) in the presence of anti-CD3

MAb (BD Pharmingen) for 5 days and were analyzed for lym-

phocyte proliferation by use of a FACSCalibur flow cytometer.

Determination of the ability of eosinophils to stimulate

primed T cells. C57BL/6J mice were immunized with live S.

stercoralis L3, as described elsewhere [19]. The immunization

protocol consisted of 2 subcutaneous injections with 5000 live

L3 administered 2 weeks apart. Four weeks after the second in-

jection, the immunized mice were inoculated intraperitoneally

with a single dose of 5 � 105antigen-pulsed eosinophils. Immu-

nized mice inoculated with untreated eosinophils were used as

controls. On day 3, mice were killed, and spleens were aseptically

removed, made into single-cell suspensions, and cultured in vi-

tro in the presence of S. stercoralis antigen.

MHC class II restriction for antigen presentation by live

eosinophils. To determine whether eosinophils interact di-

rectly with T cells, naive mice were inoculated with 5 � 105

MHC class II– deficient eosinophils or freeze-killed normal eo-

sinophils.

Spleen cell stimulation and cytokine analysis. Spleen cells,

cultured for 3 days at 2 � 106 cells/well in 96-well plates, were

restimulated with S. stercoralis antigens in the presence of anti–

IL-4R� MAb (BD Pharmingen) in DMEM supplemented with

10% heat-inactivated and filtered FCS, 2 mmol/L L-glutamine,

100-U/mL penicillin plus 100-�g/mL streptomycin, and 50

�mol/L 2-ME. Culture supernatants were analyzed for IL-5 and

IL-4 production by sandwich ELISAs, using appropriately

matched MAbs (TRFK-5 and TRFK-4 for measuring IL-5 and

BVD6-24G2 and BVD4-1D11 for measuring IL-4; BD Pharmin-

gen) for capture and detection. Incubation with extravidin per-

oxidase (Sigma) followed by the ABTS peroxidase substrate

(Kirkegaard & Perry Laboratories) resulted in color reaction,

which was measured at 405 nm.

Antibody ELISA. Three doses of 1 � 106 antigen-pulsed

eosinophils were inoculated intraperitoneally 1 week apart into

naive C57BL/6J mice. Serum samples were collected from the

mice on day 28, and production of S. stercoralis–specific anti-

bodies was determined by ELISA according to a method that has

been described elsewhere [20]. In brief, 96-well plates were

coated with 50 �L of S. stercoralis antigens at 10 �g/mL in PBS.

Test samples were placed in wells at serial dilutions, and biotin-

ylated goat anti–mouse IgM (Vector Laboratories) and IgG (BD

Pharmingen) antibodies were added. Extravidin peroxidase fol-

lowed by the peroxidase substrate ABTS resulted in color reac-

tion, which was measured at 405 nm.

Statistical analysis. Statistical analysis of the data was per-

formed using multivariate general linear hypothesis multifacto-

rial analysis of variance, with Systat software (version 11; Systat).

Fisher’s least significant difference test was performed for post

hoc analyses. Differences for which P � .05 were considered to

be significant.

RESULTS

Determination that intraperitoneally inoculated eosinophils

can migrate to the spleen and stimulate T cell proliferation.

Purified eosinophils labeled with CFSE were inoculated intra-

peritoneally into naive mice to assess the potential of eosinophils

to migrate to lymphoid organs. Spleens recovered from these

mice were made into single-cell suspensions and examined for

the presence of CFSE-labeled eosinophils. Results of flow cytom-

etry indicated that eosinophils migrated from the peritoneal cav-

ity to the spleen (figure 1A). Eosinophils exposed to either par-
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asite antigen or LPS as a control antigen were inoculated

intraperitoneally into naive mice to determine whether eosino-

phils could stimulate T cell proliferation in vivo. Spleen cells

recovered from the inoculated mice were labeled with CFSE and

then cultured in the presence of anti-CD3 MAb to examine T cell

proliferation. Spleen cells from mice inoculated with eosinophils

pulsed with parasite antigen or LPS had increased proliferation

in the presence of anti-CD3 MAb, compared with cells from

untreated mice or cells from mice that had received untreated

control eosinophils (figure 1B). It was therefore concluded that

antigen-pulsed eosinophils migrate to the lymphoid organs and

can stimulate T cell proliferation.

Priming of naive and memory splenocytes for Th2 cytokine

production by antigen-pulsed eosinophils. Experiments were

performed to analyze cytokine production by spleen cells recov-

ered from naive mice injected with antigen-pulsed eosinophils.

Spleen cells were cultured in the presence of S. stercoralis anti-

gens, and the production of IL-4 and IL-5 was measured. The

production of IL-4 (figure 2A) and IL-5 (figure 2B) by cells iso-

lated from mice inoculated with antigen-pulsed eosinophils was

significantly increased, compared with that in control mice. The

ability of eosinophils to stimulate antigen-specific memory T

cells was evaluated by inoculating antigen-pulsed eosinophils

into immunized mice. Antigen-pulsed eosinophils stimulated

memory cells, as shown by significantly elevated IL-4 (figure 3A)

and IL-5 (figure 3B) production by cells recovered from mice

receiving the antigen-pulsed eosinophils.

Figure 2. Stimulation of naive splenocytes for Th2 cytokine production

by antigen (Ag)–pulsed eosinophils. Spleen cells from C57BL/6J mice

inoculated with untreated or Ag-pulsed eosinophils were cultured in the

presence of Strongyloides stercoralis Ag (75 �g/mL) at 37°C for 72 h, and

supernatants were screened for interleukin (IL)– 4 (A) and IL-5 (B) pro-

duction by ELISA. Data are mean � SD values from 4 –5 mice per group

and are representative of results from 3 separate experiments. Asterisks

indicate a statistically significant difference (P � .05) between restimu-

lation with medium and restimulation with Ag (*) and between control

and Ag-pulsed eosinophils (**).

Figure 1. Migration to the spleen and stimulation of T cell prolifera-

tion by intraperitoneally injected purified eosinophils. In panel A, 5 � 106

carboxyfluorescein succinimide ester (CFSE)–labeled eosinophils were

inoculated intraperitoneally into naive C57BL/6J mice. Spleens were

recovered 36 h later, made into single-cell suspensions, and evaluated for

the presence of CFSE-labeled eosinophils by use of a FACSCalibur flow

cytometer. Representative data from 1 of 2 separate experiments are

shown. In panel B, 5 � 105 control eosinophils (indicated as “EOS” in the

figure), eosinophils pulsed with Strongyloides stercoralis antigen (SAg),

or eosinophils pulsed with lipopolysaccharide (LPS) were intraperitoneally

inoculated into naive C57BL/6J mice. On day 10, spleen cells were

labeled with CFSE and cultured in the presence of anti-CD3 antibody

(�CD3) to demonstrate T cell proliferation. Representative data from 1 of

3 separate experiments are shown.
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The purified eosinophils used in the experiments described

above contained �5% contaminating cells, consisting of a mix-

ture of neutrophils and mononuclear cells, based on differential

cell-staining analyses. Flow cytometry analyses demonstrated

that the purified eosinophils specifically contained the profes-

sional APCs macrophages (2.6%) and dendritic cells (0.4%) (fig-

ure 4A). Experiments were performed to determine whether the

immune responses induced by the purified eosinophils were ac-

tually induced by the small number of contaminating macro-

phages and dendritic cells. Naive mice were inoculated either

with 5 � 105 purified antigen-pulsed eosinophils or with a mix-

ture of 2 � 104 antigen-pulsed macrophages (4% of the inocu-

lated eosinophil population) and 1 � 104 antigen-pulsed den-

dritic cells (2% of the inoculated eosinophil population). The

mixture of antigen-pulsed dendritic cells and macrophages did

not increase IL-5 production by spleen cells recovered from

treated mice, compared with the response of spleen cells recov-

ered from mice that received the pulsed eosinophils, which had

significantly increased IL-5 production (figure 4B). These exper-

iments demonstrate that the induction of IL-5 production by

naive T cells was due to the presentation of antigen by eosino-

phils, not the small number of contaminating macrophages and

dendritic cells present in the eosinophil population.

Requirement of MHC class II molecules and live cells for

induction of IL-5 production by antigen-pulsed eosinophils.

To confirm that eosinophils act as APCs in vivo, MHC class

II– deficient mice were bred with IL-5 transgenic mice to provide

a source of MHC class II– deficient eosinophils. Antigen-pulsed

MHC class II– deficient eosinophils were unable to prime naive

mice to produce IL-5, compared with normal antigen-pulsed

eosinophils (figure 5A). To further confirm that eosinophils

communicate directly with T cells, killed antigen-pulsed eosin-

ophils were transferred into naive mice. Cells from mice that

received the killed antigen-pulsed eosinophils did not show an

increase in IL-5 production, compared with cells from mice in-

oculated with a similar number of live antigen-pulsed eosino-

phils (figure 5B). Therefore, the induction of IL-5 production by

spleen cells was due to the presentation of antigen by eosinophils

in conjunction with MHC class II molecules, and live eosino-

phils are required for the stimulation of T cells.

Priming of naive mice to produce antigen-specific IgG and

IgM by antigen-pulsed eosinophils. Antigen-pulsed eosino-

phils were inoculated 3 times into naive mice to determine

whether the eosinophils could initiate antigen-specific antibody

production. Serum levels of antigen-specific IgM (figure 6A) and

IgG (figure 6B) antibodies were significantly higher in mice in-

oculated with live antigen-pulsed eosinophils than in mice in-

jected with untreated control eosinophils or killed antigen-

pulsed eosinophils.

DISCUSSION

In vitro studies have demonstrated that S. stercoralis antigens

activate eosinophils and induce expression of MHC class II and

T cell costimulatory molecules. Furthermore, these activated eo-

sinophils can stimulate naive and primed CD4� T cells to pro-

duce antigen-specific Th2 cytokine responses [12]. The goal of

the present study was to confirm the ability of eosinophils to

present antigen in vivo, thereby priming naive mice and restim-

ulating immunized mice to induce T and B cell responses against

infection with S. stercoralis. In the initial experiments, which

used naive mice, it was determined that eosinophils transferred

into the peritoneal cavity migrated into the spleen and stimu-

lated T cell proliferation. This finding is consistent with those of

previous studies involving a mouse model of allergy, in which

sensitized eosinophils instilled into the trachea of sensitized

mice processed inhaled antigens, trafficked to regional lymph

nodes, and functioned in vivo as APCs to stimulate responses of

CD4� T cells [26].

Figure 3. Restimulation of memory cells for increased interleukin

(IL)– 4 and IL-5 production by antigen (Ag)–pulsed eosinophils. Spleen

cells from immunized C57BL/6J mice inoculated with untreated or Ag-

pulsed eosinophils were cultured in the presence of Strongyloides ster-

coralis Ag (75 �g/mL) at 37°C for 72 h, and supernatants were screened

for IL-4 (A) and IL-5 (B) production by ELISA. Data are mean � SD values

from of 4 –5 mice per group and are representative of results from 3

separate experiments. Asterisks indicate a statistically significant differ-

ence (P � .05) between restimulation with medium and restimulation

with Ag (*) and between control and Ag-pulsed eosinophils (**).
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A single inoculation of S. stercoralis antigen–pulsed eosino-

phils was sufficient to prime naive mice and initiate the antigen-

specific Th2 immune response. In addition, antigen-pulsed eo-

sinophils also stimulated immunized mice to increase IL-4 and

IL-5 production, thereby confirming the contribution of eosin-

ophils as APCs for stimulating memory immune responses.

These observations confirm the previously reported in vitro

findings that S. stercoralis antigen–pulsed eosinophils are capa-

ble of priming naive T cells to initiate Th2 responses and activat-

ing antigen-specific T cells for increased IL-5 production [12].

The present data also extend the findings of earlier studies with

ovalbumin-pulsed eosinophils, which were shown to stimulate

memory T cells to increase proliferation and induce Th2 cyto-

kine production [5, 26].

Experiments were performed to determine whether S. sterco-

ralis antigen–pulsed eosinophils would induce antigen-specific

B cell responses in naive mice. Both IgM and IgG function dur-

ing adaptive protective immunity to S. stercoralis in mice [27].

Mice inoculated 3 times with antigen-pulsed eosinophils had

levels of IgM and IgG in serum that were significantly higher

than those in mice that received untreated control eosinophils.

These experiments therefore suggest that eosinophils can ac-

tively participate in priming the immune system for the required

CD4� Th2 response as well as for the antibody-mediated hu-

moral immune responses against infection.

It was possible that the induction of the immune response after

transfer of antigen-pulsed eosinophils was caused by the contami-

nating macrophages and dendritic cells present in the eosinophil

preparations. However, our present experiments demonstrated

that the small number of contaminating dendritic cells and macro-

phages in the eosinophil preparations cannot account for the ob-

served T cell stimulation and Th2 response in naive mice. This is in

agreement with previous studies demonstrating that small numbers

of APCs fail to stimulate the proliferation of T cells [12, 28].

Figure 4. Antigen (Ag) presentation to T cells is not the result of small nos. of contaminating dendritic cells and macrophages within the eosinophil

preparation. In panel A, purified eosinophils were stained with labeled antibody isotype controls or phycoerythrin (PE)–labeled anti-33D1 monoclonal

antibody (MAb) (anti–mouse dendritic cell–surface marker), and biotinylated anti-CD115 MAb (anti–mouse receptor for macrophage colony-stimulating

factor) with streptavidin-allophycocyanin (APC) conjugate was used to detect biotinylated anti-CD115 antibody. Samples were analyzed using a

FACSCalibur flow cytometer for quantifying the contaminating dendritic cells and macrophages. In panel B, naive C57BL/6J mice were inoculated with

eosinophils (indicated as “EOS” in the figure) or a mixture of Strongyloides stercoralis Ag-pulsed macrophages (indicated as “M�” in the figure)

(2 � 104; 4% of the eosinophil population), and dendritic cells (indicated as “DC” in the figure) (1 � 104; 2% of the eosinophil population) were used

to measure the effects of a small no. of contaminating professional Ag-presenting cells present in the eosinophil preparations. Spleen cells from these

mice were cultured in the presence of either S. stercoralis Ag (SAg) or anti-CD3 antibody, and supernatants were screened for IL-5 production by ELISA.

Spleen cells were also cultured in medium alone to determine the baseline secretion of IL-5. Data are mean � SD values from 4 mice per group and

are representative of the results from 2 separate experiments. Asterisks indicate a statistically significant difference (P � .05) between restimulation

with medium and restimulation with Ag (*) and between Ag-stimulated eosinophils and either macrophages or dendritic cells (**).
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Although these experiments demonstrated that antigen-

pulsed eosinophils could prime naive mice for Th2 immune re-

sponses, it is possible that the stimulation of T cells and the

induction of cytokine production occurred after dumping of an-

tigens by the pulsed eosinophils. The antigens could then be

presented to T cells by professional APCs present in the recipient

mice. Alternatively, antigen-pulsed eosinophils may have died

after injection into the peritoneum and were then phagocytosed

by dendritic cells or macrophages. The antigens released from

the antigen-pulsed eosinophils may then be presented by the

dendritic cells or macrophages to T cells. To prove that eosino-

phils communicate directly to T cells, experiments were per-

formed wherein antigen-pulsed MHC class II– deficient eosino-

phils were transferred into naive mice. These experiments

demonstrated that the induction of IL-5 production by spleen

cells from these mice was due to the presentation of antigen by

transferred eosinophils in conjunction with MHC class II mol-

ecules and that the eosinophils were directly involved in the

stimulation of T cells. This conclusion was based on the obser-

vation that eosinophils deficient in MHC class II molecules

failed to initiate immune responses, compared with MHC class

II-sufficient antigen-pulsed eosinophils. To further confirm this

conclusion, dead antigen-pulsed eosinophils were inoculated

into mice. Mice receiving dead antigen-pulsed eosinophils did

not have an increase in IL-5 production, compared with mice

that received live antigen-pulsed eosinophils, thereby showing

that eosinophils direct interact with T cells and do not simply

transport antigen to the professional APCs. In addition, levels of

IgM and IgG antibodies were unchanged in mice inoculated 3

times with dead antigen-pulsed eosinophils, providing further

support for the conclusion that eosinophils are directly involved

in communication with T cells.

These experiments demonstrate that eosinophils function as

APCs that stimulate T cell proliferation, Th2 cytokine produc-

tion, and production of antibody by B cells. Although the model

Figure 6. Priming of naive mice to produce antigen (Ag)–specific IgG

and IgM antibody by Ag-pulsed eosinophils. Naive C57BL/6J mice were

inoculated 3 times with Strongyloides stercoralis Ag-pulsed live or dead

eosinophils for 3 weeks at 1-week intervals. Serum samples (1:400

dilution) were analyzed for Ag-specific IgM (A) and IgG (B) antibody

levels. Data are mean � SD values from 5 mice per group and are

representative of results from 2 separate experiments. The asterisk

indicates a statistically significant (P � .05) difference between antibody

responses in mice exposed to dead vs. live Ag-pulsed eosinophils.

Figure 5. Inducement of interleukin (IL)–5 production in conjunction

with major histocompatibility complex (MHC) class II molecules and

direct interaction with T cells by eosinophils. Mice were inoculated with

5 � 105 MHC class II– deficient eosinophils (A) or 5 � 105 dead eosin-

ophils pulsed with antigen (B). Spleen cells from C57BL/6J mice inocu-

lated with antigen-pulsed or untreated eosinophils were cultured in the

presence of Strongyloides stercoralis antigen (SAg), and supernatants

were screened for IL-5 production. Data are mean � SD values from 5

mice per group. The asterisk indicates statistically significant (P � .05)

production of IL-5 in mice receiving normal eosinophils, compared with

that in mice receiving MHC class II– deficient or dead eosinophils.
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used in the present study does not entirely mimic natural infec-

tion, in which antigen is presented via the skin, it clearly supports

the hypothesis that eosinophils, which come into direct contact

with parasites during the innate immune response, participate in

the induction of the adaptive immune response to infection with

S. stercoralis. Eosinophils can kill larval S. stercoralis during the

innate immune response [13] and through this process may cap-

ture parasite antigens to present to T cells and thereby act as the

interface between the innate and adaptive immune responses to

parasitic infections.
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