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Ten Weeks of Infection with a Tissue-Invasive Helminth
Protects against Local Immune Complex—Mediated
Inflammation, but Not Cutaneous Type I Hypersensitivity, in
Previously Sensitized Mice

Holly Evans,* Kristin E. Killoran,’u Blima K. Mitre,iE C. Paul Morris,""§ So-Young Kim,* and
Edward Mitre*

In this study, we evaluated the effect chronic helminth infection has on allergic disease in mice previously sensitized to OVA. Ten weeks of
infection with Litomosoides sigmodontis reduced immunological markers of type I hypersensitivity, including OVA-specific IgE, basophil
activation, and mast cell degranulation. Despite these reductions, there was no protection against immediate clinical hypersensitivity
following intradermal OVA challenge. However, late-phase ear swelling, due to type III hypersensitivity, was significantly reduced in
chronically infected animals. Levels of total IgG2a, OVA-specific IgG2a, and OVA-specific IgG1 were reduced in the setting of infection.
These reductions were most likely due to increased Ab catabolism as ELISPOT assays demonstrated that infected animals do not have
suppressed Ab production. Ear histology 24 h after challenge showed infected animals have reduced cellular infiltration in the ear, with
significant decreases in numbers of neutrophils and macrophages. Consistent with this, infected animals had less neutrophil-specific
chemokines CXCL-1 and CXCL-2 in the ear following challenge. Additionally, in vitro stimulation with immune complexes resulted in
significantly less CXCL-1 and CXCL-2 production by eosinophils from chronically infected mice. Expression of FcyRI was also signif-
icantly reduced on eosinophils from infected animals. These data indicate that chronic filarial infection suppresses eosinophilic responses

to Ab-mediated activation and has the potential to be used as a therapeutic for pre-existing hypersensitivity diseases. The Journal

of Immunology, 2015, 195: 000-000.

espite numerous epidemiologic and animal studies sug-
D gesting helminth infections are protective against allergy,

the two prospective human clinical trials that have tested
the efficacy of infection as a therapeutic have failed to show clinical
benefit (1, 2). Lack of protection may be due to a variety of factors,
including the possibility that helminth infections are better at pre-
venting allergy than treating it. Interestingly, whereas >30 animal
studies have demonstrated that helminth infection established prior
to sensitization protects against the development of allergy, very
few have investigated the use of helminths as therapeutics for pre-
existing allergic disease [reviewed in (3)].

In this study, we sought to determine whether Litomosoides
sigmodontis, a tissue-invasive filarial nematode that establishes
chronic infection in immunocompetent BALB/c mice (4), protects
against local hypersensitivity responses after sensitization has
taken place. Similar to other helminths, L. sigmodontis induces
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systemic immunomodulation (5-7), and a previous study dem-
onstrated that L. sigmodontis can inhibit the development of al-
lergic disease when infection is established prior to allergic
sensitization (8). As we recently demonstrated that chronic
L. sigmodontis infection suppresses the IgE-mediated activation
of basophils (9), we hypothesized that infection may also protect
against allergic disease in previously sensitized mice.

Our results demonstrate that whereas 10 wk of L. sigmodontis
infection suppresses numerous immunologic markers of type |
hypersensitivity, including allergen-specific IgE as well as ba-
sophil and mast cell degranulation in response to allergen ex-
posure, it does not confer clinical benefit as measured by
increases in local vascular permeability. Interestingly, though,
we did find that infection protects the host from ear swelling
due to type III (immune complex—mediated) hypersensitivity.
This protection is associated with reduced neutrophil-specific
chemokine production, fewer neutrophils trafficking to the site
of immune complex deposition, reduced chemokine production
by eosinophils after immune complex stimulation, and decreased
FcyRI expression on eosinophils.

Materials and Methods

Animals

Four- to six-week-old female BALB/c mice (National Cancer Institute
Mouse Repository, Frederick, MD), IgE-deficient mice (The Jackson
Laboratory, Bar Harbor, ME), C57BL/6 mice (The Jackson Laboratory),
mast cell-deficient W*" mice (The Jackson Laboratory), eosinophil-
deficient AdblIGATA mice (The Jackson Laboratory), and Ab-deficient
JH7/7 mice (Taconic, Hudson, NY) were housed at the Uniformed Ser-
vices University Center for Laboratory Animal Medicine. All experi-
ments were performed under protocols approved by the Uniformed
Services University Institutional Animal Care and Use Committee.
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2 HELMINTH INFECTION PROTECTS AGAINST TYPE III HYPERSENSITIVITY

OVA sensitization

Mice were sensitized as previously described (10). In brief, mice received
i.p. injections of 50 wg OVA (Sigma-Aldrich) adsorbed to 2 mg alumi-
num hydroxide (Pierce) in PBS on days 0, 7, and 14. Mock sensitization
groups received i.p. injections of 2 mg aluminum hydroxide in PBS.
Mice were given a 2- to 6-wk rest period before infection or OVA
challenge.

L. sigmodontis infection

Infectious L3-stage larvae were isolated from the pleural cavity of infected
jirds (Meriones unguiculatus, obtained from TRS Laboratory, Athens,
GA), as previously described (11). Mice were infected by s.c. injection of
40 L3 larvae in RPMI 1640. Mock treatment groups were given a S.c.
injection of RPMI 1640 (Mediatech). Worm counts, OVA challenge, and
immunological assays were performed 10 wk postinfection.

Intradermal OVA challenge

The local anaphylaxis assay was performed as previously described
(10). Mice were given an intradermal injection of 20 wg OVA in 10 pl
PBS in one ear and 10 pl vehicle alone (PBS) in the other ear. Three
minutes after challenge, 200 wl 0.5% Evans Blue dye (Sigma-Aldrich)
was injected into the tail vein. Ten minutes later, animals were eutha-
nized with CO, and ears were removed and placed in formamide (Sigma-
Aldrich) overnight at 63°C. Extracted dye was measured at an absorbance
of 620 nm. The OD of the vehicle-challenged ear was then subtracted
from the OD of the OVA challenge ear for each animal.

For the ear thickness assay, a micrometer was used to measure baseline
ear thickness prior to intradermal injection of 20 pg OVA or vehicle. Ear
thickness was then measured at 1, 2, 12, 24, 48, 72, and 96 h post-
challenge.

Basophil, CD4 cell, and platelet depletions

For basophil depletion, mice received an i.p. injection of 50 pg anti-
CD200R3 clone Bal03 (Hycult Biotech) or rat IgG2b isotype control
clone A95-1 (BD Biosciences) 24 h before challenge. For CD4™ T cell
depletion, mice received an i.p. injection of 500 pg anti-CD4 clone
GK1.5 (BioXcell) or rat IgG2b isotype control 24 h before challenge.
Depletion of basophils and CD4" T cells was confirmed via flow
cytometry 4 d after challenge. For platelet depletion, mice received an i.p.
injection of 4 pg anti-CD41 clone MWReg30 (provided by J. Semple,
University of Toronto) or rat IgG1 isotype control clone R3-34 (BD
Biosciences) 24 h before challenge. Platelet depletion was confirmed by
complete blood count (CBC) 24 h after administration of the Ab.

Histology

Ten weeks postinfection, animals were challenged with PBS in one ear and
20 g OVA in the other. Three and 24 h after challenge, animals were
euthanized and ears were fixed in 10% formalin. H&E and toluidine blue
staining was performed by Histoserv (Rockville, MD). Slides were digi-
tized with a X20 objective on a 2.0-RS NanoZoomer (Hamamatsu) using
NDP.scan software version 2. Digitized slides were analyzed with NDP.
view software version 1. Mast cell degranulation was assessed 24 h after
challenge via toluidine blue stain. Based on the assumption that left and
right ears contain a similar number of mast cells for each mouse, cells
staining positive for toluidine blue for an entire ear section were enu-
merated. The number of toluidine-positive cells for the OVA challenge ear
was then subtracted from the PBS challenge ear for each mouse to quantify
the difference in mast cell degranulation as a result of OVA challenge. To
assess ear pathology, a blinded pathologist (B.K.M.) scored H&E sections
for each ear using four parameters (hemorrhage, edema, necrosis, and
cellularity) on the basis of severity (0, absent; 1, mild; 2, moderate; or 3,
severe) and focality (0, absent; 1, focal; 2, intermediate; and 3, diffuse) for
a total maximum inflammation score of 24.

Immunohistochemistry

Ten weeks postinfection, animals were challenged with PBS in one ear
and 20 pg OVA in the other. Three hours after challenge, animals were
euthanized and ears were frozen with liquid nitrogen. Immunohisto-
chemistry was performed by Histoserv. Ears were stained with anti-IgG
FITC (Sigma-Aldrich) or DAPI, anti-C3 FITC (Immunology Consultants
Laboratory), and anti-IgG Texas Red (Life Technologies). Confocal
images of the entire ear were obtained with a X10 objective using
a Zeiss 710 microscope and Zen software. Prior to analysis, TIFF files
were exported to Adobe Photoshop, and nonspecific staining by anti-C3
FITC along the outline of the ear was masked to ensure proper immune

complex identification (Supplemental Fig. 1A). Analysis of immune
complexes was performed using the Puncta Analyzer plugin v2.0 (https://
github.com/physion/puncta-analyzer) in ImageJ (imagej.nih.gov/ij/).

ELISAs and ELISPOT assays

ELISAs were performed on plasma samples from 10-wk infected mice.
Total IgE (eBioscience), total IgG (eBioscience), total IgG2a (Kamiya
Biomedical), OVA-specific IgE (MD Bioproducts), OVA-specific 1gG1
(Cayman Chemical), and OVA-specific 1gG2a (o Diagnostic) ELISAs
were performed according to manufacturer instructions. L. sigmodontis-
specific IgE ELISAs were performed by coating flat-bottom Immulon 4
plates (Thomas Scientific) with 20 wg/ml L. sigmodontis Ag overnight at
4°C. Plates were blocked with 5% BSA in PBS for 1 h. Prior to adding
samples to the plate, IgG was adsorbed by incubating serum with
GammaBind plus Sepharose (GE Healthcare) overnight at 4°C and diluted
1:8. Plates were then incubated with biotinylated rat anti-mouse IgE
clone R35-118 (BD Biosciences), followed by 1:1000 dilution of alkaline
phosphatase—conjugated streptavidin (BD Biosciences). Nitrophenyl
phosphate disodium (Sigma-Aldrich) was used as substrate. Absorbance
was detected with a Victor® V microplate reader (PerkinElmer).

For ELISPOT assays, single-cell suspensions of splenocytes were
prepared for each animal at 10 wk postinfection. Spleens were removed
and homogenized through a 0.7-pm cell strainer (BD Biosciences), and
RBCs were lysed with ACK lysing buffer (Quality Biological). Cells were
frozen in RPMI 1640 containing 2 mM L-glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin, 25 mM HEPES buffer, 30% FCS, and 10%
DMSO. Total and OVA-specific IgG2a ELISPOTs (U-CyTech Bio-
sciences) were performed according to manufacturer instructions. Spots
were counted manually with a dissecting microscope.

CBCs

Ten weeks postinfection, whole blood was collected into EDTA tubes (BD
Biosciences), and CBCs were obtained by BioReliance (Rockville, MD).

Obtaining cells from ear tissue

Tissue-processing methodology was adapted from Shannon et al. (12). Both
ears were challenged by intradermal injection of 20 wg OVA. Twenty-four
hours later, mice were euthanized and a terminal bleed was performed.
Then animals were perfused with 5 ml PBS by intracardiac injection, after
which ears were removed and rinsed with 70% ethanol. The dorsal and
ventral dermal layers of both ears were then separated and placed in a 35 X
10-mm nontissue culture—treated petri dish (BD Biosciences) containing
3 ml digestion buffer (RPMI 1640, 25 mM HEPES [Mediatech], 1.5 g/LL
NaHCOs;, 100 U/ml DNase I [Roche], and 170 wg/ml Liberase [Roche]).
Ear tissue was incubated at 37°C for 30 min and homogenized through
a 0.7-pm cell strainer to create a single-cell suspension. A total of 4 ml
PBS was used to rinse the strainer, and additional 3 ml PBS was added to
bring the final sample volume to 10 ml. Cell counts were obtained with
a Countess automated cell counter (Life Technologies) using trypan blue
exclusion.

Basophil activation assay

Ten weeks postinfection, whole blood was collected into heparinized tubes
(BD Biosciences). Samples were centrifuged at 600 X g for 10 min, plasma
was removed, and remaining cells were washed with RPMI 1640. Washed
cells from two animals were pooled for each sample. Samples were
stimulated with RPMI 1640 and 40, 10, 2.5, and 0.625 pg/ml OVA for 1 h
at 37°C and 5% CO,. GolgiStop (BD Biosciences) was added, and cells
were incubated for an additional 2 h at 37°C. Cells were washed twice with
PBS, lysed, and fixed with a whole-blood lysing kit (Beckman Coulter).
Basophil activation was assessed by flow cytometry.

Flow cytometry

To measure basophil activation, fixed cells were blocked with 1% PBS/BSA
for 1 h at 4°C and then incubated with Perm/Wash buffer (BD Biosciences)
for 15 min at 4°C. Cells were stained with anti-IgE FITC clone R35-72
(BD Biosciences), anti-CD4 PerCP clone RM4-5 (BD Biosciences), anti-
B220 PerCP clone RA3-6B2 (BD Biosciences), and anti—IL-4 allophyco-
cyanin clone 11B11 (BD Biosciences). Basophils were gated as CD4 "~
B220 IgE*, and activated basophils were gated as IL-4". A total of 1 X
10° events was analyzed per sample.

To determine cell types recruited to the ear following OVA challenge,
single-cell suspensions of ear tissue were centrifuged at 290 X g for 5 min
and resuspended in 500 pl 1% PBS/BSA for 30 min at 4°C. Cells were
stained with anti-Ly6G allophycocyanin-efluor780 clone RB6-8C5
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(eBioscience), anti-F4/80 Pacific blue clone BM8 (eBioscience), anti-
CD19 PE-CyS5 clone eBiolD3 (eBioscience), anti-CD11c BV421 clone
N418 (BioLegend), anti-SiglecF PE-CF594 clone E50-2440 (BD Bio-
sciences), and anti-CD45 allophycocyanin-Cy7 clone 30-F11 (Bio-
Legend), and fixed in 4% paraformaldehyde. Eosinophils were gated as
CD11c” CD45*SiglecF*, dendritic cells were gated as CD11c*, B cells were
gated as CD19", macrophages were gated as F4/80", and neutrophils were
gated as F4/80 Ly6G™. A total of 1.5 X 10* events was analyzed for mock-
treated animals, 3 X 10* events for infected animals, 4 X 10* events for
sensitized animals, and 4 X 10* events for sensitized plus infected animals.

To measure FcyR expression, aliquots of previously prepared frozen
splenocytes were thawed and resuspended in 500 wl 1% PBS/BSA for 30
min at 4°C. Samples were stained with the aforementioned Abs used to
determine cell types recruited to the ear. Additionally, samples were also
stained with anti-CD64 PE clone x54-5/7.1 (BioLegend), anti-CD32 (Bio-
rbyt) conjugated to FITC (EasyLink FITC conjugation kit; Abcam), anti-
CD16 clone EPR4333 (Abcam) conjugated to allophycocyanin (Lightning-
Link allophycocyanin Ab labeling kit; Novus Biologicals), and anti-FceRI
PE clone MAR-1 (eBioscience). Cell types were gated as previously de-
scribed. Each cell type was then assessed for FcyRI (CD64), FcyRII (CD32),
FeyRIII (CD16), and FceRI positivity. A total of 1 X 10° events was ana-
lyzed per sample.

For all flow cytometric experiments, Abs were individually titrated
using splenocytes from naive BALB/c mice, and OneComp eBeads
(eBioscience) were used to calculate compensation for each flow
cytometry run. Gates were established using the fluorescence-minus-
one technique. Flow cytometric data were collected with a BD LSR-II
flow cytometer (BD Biosciences) and analyzed with FlowJo software
version 7 (Tree Star).

Chemokine production

Ten weeks postinfection, both ears were challenged with 20 wg OVA. Six
hours later, mice were euthanized and ears were removed and cut into
pieces ~1.5 cm in size. Ears were pooled for each mouse and added to
Lysing Matrix D FastPrep tubes. One Complete Mini protease inhibitor
mixture tablet (Roche) was dissolved in 10 ml PBS, and 500 .l was added
to each tube. Samples were homogenized with a FastPrep-24 instrument

(MP Biomedicals) set at speed 5 for 20 s. Homogenization was repeated
three times with a 30-s break between runs. Tubes were then centrifuged
at 16,100 X g for 10 min, and supernatants were collected and stored at
—20°C. Samples were tested for the presence of chemokines with a Pro-
teome Profiler Mouse Chemokine Array Kit (R&D Systems), according to
manufacturer instructions. Membranes were developed for 10 min and
digitized for analysis on ImageJ. Densitometry was performed using par-
ticle analysis, with measurements for each sample spot averaged and then
normalized to membrane reference spots.

In vitro immune complex stimulation

Peritoneal macrophages were isolated by performing a peritoneal lavage
with 10 ml HBSS. Cells were pelleted and resuspended in RPMI 1640
supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100
pg/ml streptomycin, and 20 mM HEPES buffer. A total of 2.5 X 10°
peritoneal cells in 500 ul RPMI 1640 was aliquoted to 48-well plates.
Cells were incubated at 37°C for 2 h to allow macrophages to adhere.
Nonadherent cells were removed by washing three times with 1 ml PBS.
A total of 500 pl fresh RPMI 1640 media was added to each well.

A single-cell suspension of splenocytes was prepared by homogenizing
spleens through a 0.7-pm cell strainer and removing contaminating RBCs
by hypotonic lysis. Splenocytes were then used to generate an eosinophil-
enriched cell suspension via negative selection. Splenocytes were incu-
bated with CD45R (B220) and CD90 (Thy1.2) magnetic beads (MACS;
Miltenyi Biotec) and applied to LD columns, as per manufacturer
instructions. A total of 2 X 10° recovered cells in 500 wl RPMI 1640 was
aliquoted to 48-well plates. A cytospin and DiffQuick stain was performed
to assess the composition of recovered cells. Preparations typically resulted
in 33% eosinophils, 57% polymorphonuclear cells, and 10% monocytes.

Rabbit anti-OVA Ab (Polysciences) was resuspended in ultra-pure H,O
and passed through a Mustang E endotoxin removal filter (Pall). OVA
was resuspended in RPMI 1640 and also passed through a Mustang E filter.
Immune complexes were generated by incubating 1 g OVA with 100 pg
rabbit anti-OVA Ab, with the total volume brought to 25 pl with RPMI
1640. OVA and anti-OVA Ab were incubated 37°C for 30 min, after which
25 pl immune complexes were added per well of 2 X 10° cells. As
a control, additional cells were stimulated with 25 pl 1 wg OVA in RPMI
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FIGURE 1. Chronic L. sigmodontis infection did not protect against clinical type I hypersensitivity. (A) Experimental design for the use of L. sigmodontis as
a therapeutic agent for pre-existing allergic disease. Levels of circulating total IgE (B) and OVA-specific IgE (C) were assessed by ELISA at 10 wk postinfection.
(D) Flow cytometric analysis of basophil activation in response to increasing concentrations of OVA stimulation. Basophils were gated as CD4~B220 " IgE*, and
activation was determined by intracellular IL-4 staining using fluorescence minus one controls. Values plotted represent percentage of IL-4" basophils after OVA
stimulation minus percentage of IL-4" basophils after culture in media alone. Flow data are representative of two independent experiments with two animals
pooled per sample and media levels subtracted. Sensitized and sensitized plus infected groups were compared at each concentration by the Mann—Whitney U test.
(E) Differences in mast cell degranulation between PBS- and OVA-challenged ears. Nondegranulated mast cells were enumerated by toluidine blue stain of ear
tissue 24 h after challenge. The total number of toluidine-positive staining cells for the OVA challenge ear was subtracted from the PBS challenge ear to quantify
differences in mast cell degranulation. (F) LAA quantification of cutaneous type I hypersensitivity reactions in response to OVA challenge, with PBS values
subtracted. Unless otherwise noted, data are representative of two independent experiments with four to five BALB/c mice per group. Error bars represent == SEM.

*p < 0,05, #+%p < 0.001, ¥ < 0,0001.

GTOZ ‘9 Joquis1das Lo ewoy-elIUes ap a1oLedng 1su| Je /610" jounwuwu - mmmy/:dny woJj papeo jumod


http://www.jimmunol.org/

4 HELMINTH INFECTION PROTECTS AGAINST TYPE III HYPERSENSITIVITY

1640. Cells were stimulated with OVA or immune complexes at 37°C for
6 h, after which plates were centrifuged at 400 X g for 10 min. Supernatants
were collected and assayed with mouse KC and MIP-2 ELISAs (Ray
Biotech), as per manufacturer instructions.

Statistical analysis

Statistical analyses were performed using GraphPad Prism software
version 6 (GraphPad Software). Sensitized and sensitized plus infected
groups were analyzed using the Mann—Whitney U test. The p values
<0.05 were considered significant. Unless otherwise noted, data are
representative of two individual experiments with four to five animals

per group.

Results
Chronic L. sigmodontis infection does not protect against
cutaneous type I hypersensitivity

To determine whether chronic helminth infection protects against
type I, IgE-mediated hypersensitivity, BALB/c mice were sensi-
tized to OVA for 3 wk, given a rest period, infected with the rodent
filarial parasite L. sigmodontis for 10 wk, and then assessed for
local anaphylaxis after intradermal injection of OVA (Fig. 1A).
L. sigmodontis is a chronic tissue-invasive nematode in which
adult worms reside in the pleural cavity and microfilariae circulate
in the blood. In all experiments, sensitization did not affect worm
burdens, which were assessed at the study end point (data not
shown).

OVA-sensitized animals had elevated total and OVA-specific IgE
levels compared with mock animals (Fig. 1B, 1C), confirming that
OVA sensitization successfully elicited a type 2 immune response.
As expected, all infected animals had high levels of total IgE
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(Fig. 1B), and levels of L. sigmodontis-specific IgE levels were the
same for infected and sensitized plus infected animals (data not
shown). Despite having higher levels of total IgE than sensitized
mice, sensitized plus infected animals had significantly lower
levels of OVA-specific IgE compared with sensitized animals
(Fig. 10).

Basophils and mast cells are two major allergy effector cells that
release histamine and other proinflammatory mediators in response to
IgE cross-linking. To determine whether basophils were suppressed in
response to allergen, whole blood was stimulated with increasing
concentrations of OVA and basophil activation was assessed by
measurement of IL-4 production by intracellular flow cytometry.
Basophils, identified as CD4 ™~ B220 " IgE" cells, had reduced IL-4
production in sensitized plus infected animals compared with
sensitized animals (Fig. 1D).

To evaluate whether mast cell function was reduced in the setting
of chronic L. sigmodontis infection, mast cell degranulation was
measured by enumerating total and degranulated mast cells in ear
tissue 24 h after intradermal challenge with OVA or PBS. The
number of mast cells in the OVA challenge ear was then sub-
tracted from the PBS challenge ear. As seen in Fig. 1E, chronically
infected animals had significantly fewer degranulated mast cells
after OVA challenge than sensitized animals.

Given that sensitized plus infected animals had lower levels of
OVA-specific IgE, decreased IL-4 production by basophils, and
reduced mast cell degranulation following OVA challenge, we next
tested whether infection protected against clinical allergic re-
sponses using a local anaphylaxis assay (LAA). The LAA monitors
changes in vascular permeability by quantifying dye extravasation
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FIGURE 2. Immune complex—mediated ear swelling was significantly reduced in sensitized plus infected animals. (A) Ear swelling was measured by
micrometer for 4 d following OVA and PBS challenge at 10 wk postinfection. Data points for sensitized and sensitized plus infected groups were compared
at each time point by the Mann—Whitney U test. Data are representative of two independent experiments composed of four to five BALB/c mice per group.
(B) Ear swelling for uninfected OVA- and PBS-sensitized mice on C57BL/6 background, including IgE-deficient, mast cell-deficient (W*"), and C57BL/6
control mice. Data are representative of two independent experiments composed of three animals per group. (C) Ear swelling for uninfected OVA- and
PBS-sensitized mice on BALB/c background, including Ab-deficient I" and BALB/c control mice. Basophils and CD4 cells were depleted from BALB/c
mice by administration of anti-CD200R and anti-CD4, respectively, 24 h prior to challenge. Depletion was confirmed 72 h postchallenge by flow cytometry.
Data are representative of two independent experiments composed of three animals per group. A Thickness represents differences in ear thickness between
PBS- and OVA-challenged ears (OVA-PBS) for each animal. (D) Visualization of immune complexes in OVA-sensitized BALB/c mice by immunohis-
tochemistry 3 h after PBS or OVA challenge by staining with anti-mouse IgG-FITC. Error bars represent = SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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in the tissue following allergen challenge (10). Sensitized and
sensitized plus infected animals did not show any difference in
dye extravasation (Fig. 1F), indicating that 10 wk of infection with
L. sigmodontis does not protect against the symptoms of type I
hypersensitivity in previously sensitized mice. These results sug-
gest that, although L. sigmodontis suppresses several immuno-
logical drivers of type I hypersensitivity (allergen-specific IgE,
basophil activation, and mast cell degranulation), the extent to
which it does so is not sufficient to appreciably alter clinical
responses that occur after local allergen challenge.

Chronic L. sigmodontis infection protects against late-phase
ear swelling due to type IIl hypersensitivity

We next assessed the effect chronic helminth infection had on late-
phase inflammation after intradermal allergen exposure. Animals
were challenged with 20 g OVA in the right ear and PBS in the
left ear, and ear thickness was serially measured over a period of
4 d using a micrometer.

Unsensitized animals (infected and mock groups) did not re-
spond to OVA challenge and had negligible ear swelling throughout
the time course (Fig. 2A). During the early time points, 1 and 2 h
after challenge, sensitized and sensitized plus infected animals
exhibited the same degree of swelling, confirming results from the
LAA that infection does not suppress immediate allergic re-
sponses. However, at all of the late-phase time points (12-96 h
postchallenge), sensitized plus infected animals had significantly
less ear swelling than sensitized animals (Fig. 2A).
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To determine whether late-phase ear swelling was due to type I
hypersensitivity, we performed the ear thickness assay on mast
cell-deficient (W, C57BL/6 background), IgE-deficient (C57BL/6
background), and C57BL/6 control mice. When OVA-sensitized
mice from each strain were challenged with OVA, they exhibited
increases in ear thickness comparable to sensitized wild-type mice
(Fig. 2B). These data indicate that neither IgE nor mast cells are
required for late-phase swelling.

Because previous studies have implicated basophils as important
mediators of late-phase swelling in type I hypersensitivity (13), we
next evaluated whether basophils were contributing to the late-
phase swelling observed in our allergy model. To deplete baso-
phils, BALB/c mice were given 50 pg anti-CD200R3 24 h prior to
OVA challenge. Flow cytometry demonstrated that this approach
resulted in >85% basophil depletion for the duration of the mon-
itoring period (data not shown). As seen in Fig. 2C, basophil de-
pletion did not reduce late-phase ear swelling in response to
intradermal OVA challenge, indicating that basophils were not
important for swelling in our allergy model. Similar results were
found for OVA-sensitized BALB/c mice that were depleted of
CD4 T cells, indicating that late-phase swelling was not due to
type IV hypersensitivity (Fig. 2C). Finally, platelet depletion by
i.p. administration of anti-CD41 24 h prior to challenge also had
no effect on ear swelling (Supplemental Fig. 2).

It was only when Ab-deficient Ji; mice (BALB/c background)
were used that we observed complete abrogation of the late-
phase response (Fig. 2C). This result suggests that late-phase
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FIGURE 3. Chronic L. sigmodontis infection does not alter immune complex morphology. Immunohistochemistry was performed on ears 3 h after OVA
challenge. Ear sections were stained with DAPI, anti-mouse IgG-Texas Red, and anti-mouse C3-FITC to visualize immune complexes. Data are from two
independent experiments with two to three BALB/c mice per group. (A) Representative images taken with a Zeiss 710 confocal microscope at X 10 with
50% zoom to show detail. For each animal, the entire ear was imaged and analyzed using the Puncta Analyzer plugin on ImagelJ. (B) Average size of IgG
only, C3 only, and colocalized complexes. (C) Number of IgG only, C3 only, and colocalized complexes.
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ear swelling is due to immune complex—mediated type III hy-
persensitivity.

To assess for this, we performed immunohistochemistry on ears
from sensitized and sensitized plus infected animals 3 h after OVA
challenge. Anti-mouse IgG conjugated to FITC was then used to
visualize immune complex deposition in the ear tissue via confocal
microscopy (Fig. 2D). Immune complexes were readily visible in
both groups, confirming that late-phase ear swelling in our model
is due to type III hypersensitivity. Indeed, the time course of the
swelling observed in our model is most consistent with that of
immune complex—mediated inflammation.

Infection does not affect immune complex size, number, or
complement activation

To evaluate whether infection induced changes in immune complex
morphology, we performed immunohistochemistry for IgG and C3
and visualized immune complexes via confocal microscopy. Both
sensitized and sensitized plus infected animals showed IgG, C3,
and colocalized immune complex staining (Fig. 3A). There were
no significant differences between groups with regard to immune
complex size or number (Fig. 3B, 3C). These results suggest that
the mechanism by which infection protects against ear swelling
due to type III hypersensitivity most likely occurs downstream of
immune complex formation.

Chronic L. sigmodontis infection reduces levels of
allergen-specific I1gG

Total IgG, total IgG2a, OVA-specific IgG2a, and OVA-specific
IgG1 Ab levels were measured by ELISA at 10 wk postinfec-
tion. Sensitized plus infected animals had elevated levels of total
IgG (Fig. 4A), but a significant reduction in total IgG2a (Fig. 4B),
the predominant IgG subclass that participates in immune com-
plex formation. Furthermore, OVA-specific IgG2a levels were
also significantly lower in sensitized plus infected animals com-
pared with sensitized animals (Fig. 4C). The reduction in OVA-
specific IgG was not subclass dependent, as OVA-specific IgG1,
an anti-inflammatory IgG subclass associated with tolerance (14),

*

was also lower in sensitized plus infected animals compared with
the sensitized group (Fig. 4D).

To ascertain whether the reduction in OVA-specific IgG2a was
due to a defect in Ab production, ELISPOT assays were performed.
Sensitized plus infected animals had higher numbers of total I[gG2a
(Fig. 4E) and similar numbers of OVA-specific IgG2a (Fig. 4F)-
producing cells as sensitized animals. These data indicate that Ab
production is not compromised during chronic infection, sug-
gesting that the reduction in OVA-specific Ab levels in infected
animals may be due to increased Ab catabolism.

Infection significantly reduces pathology at 24 h postchallenge

Ear pathology was assessed by H&E stain at 3 h postchallenge
(Fig. 5A), the time point at which immune complexes were visu-
alized by immunohistochemistry, and 24 h postchallenge (Fig. 5C),
the time point of maximal ear swelling. A blinded pathologist
scored the tissue sections based on severity and focality of edema,
hemorrhage, necrosis, and cellularity. Scores for OVA-challenged
ears were comparable between sensitized plus infected and sensi-
tized animals at the 3-h time point (Fig. 5B). At 24 h postchallenge,
ears of sensitized animals exhibited marked cellular infiltration. As
seen in Fig. 5C, cellular infiltration was also present in sensitized
plus infected animals, but to a much lower degree. Sensitized plus
infected animals had a significant reduction in pathology score at
24 h postchallenge (Fig. 5D), confirming the protective effect ob-
served when performing the ear thickness assay.

Infection reduces neutrophil and macrophage recruitment

following OVA challenge

After observing reduced swelling and cellularity in sensitized plus
infected animals, we quantified the specific cell types recruited to
the ear tissue after allergen exposure. A single-cell suspension of
ear tissue was prepared 24 h after OVA challenge. Cells were
enumerated on a hemacytometer and then stained for flow
cytometry to determine the cell types present. The number of live
cells in the ear tissue was significantly reduced in sensitized plus
infected animals compared with sensitized animals (Fig. 6A);
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FIGURE 4. Chronically infected animals had reduced levels of allergen-specific Abs. Levels of circulating total 1gG (A), total IgG2a (B), OVA-specific
IgG2a (C), and OVA-specific IgG1 (D) were detected by ELISA at 10 wk postinfection. ELISPOT assays for total IgG2a (E) and OVA-specific IgG2a (F) were
performed on live, frozen splenocytes that were isolated from animals at the 10-wk time point. Data are representative of two independent experiments with four
to five BALB/c mice per group. Statistical differences between sensitized and sensitized plus infected groups were determined by the Mann—Whitney U test.

#p < 005, *#p < 001,
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FIGURE 5. Sensitized plus infected animals exhibited reduced ear pathology 24 h postchallenge. (A) H&E stain of ear tissue at 3 h postchallenge, the
time point at which immune complexes were detected by immunohistochemistry. (B) Pathology score for 3-h time point. Four parameters were measured
(hemorrhaging, edema, necrosis, and cellularity) on the basis of severity (0, absent; 1, mild; 2, moderate; or 3, severe) and focality (0, absent; 1, focal;
2, intermediate; and 3, diffuse) for a total maximum score of 24. (C) H&E stain of ear tissue 24 h postchallenge, the time point at which there was the
greatest difference in ear swelling between groups. (D) Pathology score for 24-h time point. Data are representative of two independent experiments with
three to four BALB/c mice per group. Statistical differences between groups were analyzed by the Mann—Whitney U test. **p < 0.01.

however, there was no difference in the number or percentage
of dead cells between groups (data not shown).

Neutrophils are the primary cell type that participates in immune
complex-mediated inflammation, and the severity of type III hy-
persensitivity reactions can be correlated to the number of neu-
trophils present (15). We found a significant reduction in the number
of neutrophils recruited in sensitized plus infected animals following
OVA challenge (Fig. 6B). Macrophages were also present in lower
numbers in infected animals (Fig. 6C). There was no difference in
the numbers of eosinophils (Fig. 6D) or dendritic cells (Fig. 6E)
between sensitized and sensitized plus infected groups. B cell
numbers were below the limit of detection for sensitized and
sensitized plus infected mice (Fig. 6F).

To ensure that differences in cellular infiltration were not due
to reduced availability of circulating WBCs, we performed a CBC
analysis on animals 10 wk postinfection. Sensitized plus infected
animals had equal or higher numbers of circulation lymphocytes
and granulocytes, including neutrophils and monocytes (data not
shown). These data indicate that helminth infection suppresses
neutrophil and monocyte recruitment to immune complexes.

Infection suppresses neutrophil-specific chemokine production
by eosinophils

To investigate the underlying mechanism driving impaired cell
recruitment in sensitized plus infected animals, we used a chemokine

profiler array to measure relative concentrations of chemokines
present in the ear 6 h after OVA challenge. Of the 25 chemokines
assayed by the array, 10 were present at detectable levels in the ear
tissue 6 h after challenge. Of these, only neutrophil-specific che-
mokines CXCL-1 (KC) and CXCL-2 (MIP-2) were significantly
reduced in sensitized plus infected animals (Fig. 7A). These data
correlate with the reduced neutrophil recruitment observed in
Fig. 6B. The remaining chemokines, including monocyte-specific
chemokines CCL-2, CCL-6, and CCL-12, tended to be only
slightly lower in sensitized plus infected animals compared with
sensitized animals. Although other time points may have elicited
a more robust difference between groups, the slight reduction in
multiple monocyte-specific chemokines in infected animals may
have had a cumulative effect on macrophage recruitment follow-
ing OVA challenge (Fig. 6C).

Two cell types that release CXCL-1 and CXCL-2 in response to
immune complex activation are macrophages and eosinophils (15,
16). To test the effect chronic helminth infection has on che-
mokine production by these cells, we next stimulated enriched
populations of macrophages and eosinophils from sensitized and
sensitized plus infected mice with immune complexes in vitro.
Immune complexes were generated by combining polyclonal rabbit
anti-OVA IgG Ab with OVA at a ratio of 100:1. This resulted in the
formation of large, precipitating immune complexes after a 30-min
incubation at 37°C.
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FIGURE 6. Sensitized plus infected animals showed impaired neutrophil and macrophage recruitment to the ear following allergen challenge.
(A) Twenty-four hours after OVA challenge, a single-cell suspension ear tissue was generated and live cell counts were obtained by hemacytometer. Flow
cytometry was then performed on the cell suspensions to determine the number of (B) neutrophils (F4/80 Ly6G*), (C€) macrophages (F4/80%),
(D) eosinophils (CD11¢™ CD45*SiglecF"), (E) dendritic cells (CD11c¢"), and (F) B cells (CD19™) present. Gates were determined using fluorescence
minus one controls. Data are representative of two independent experiments with four to five BALB/c mice per group. Statistical differences between

groups were analyzed by the Mann—Whitney U test. ¥*p < 0.01, ***p < 0.001, ****p < 0.0001.

As seen in Fig. 7B and 7C, CXCL-1 and CXCL-2 production
by macrophages was greater in sensitized plus infected animals
than sensitized animals, although the difference was not statisti-
cally significant. In contrast, eosinophil production of CXCL-1
(Fig. 7D) and CXCL-2 (Fig. 7E) was markedly reduced in chron-
ically infected mice compared with sensitized mice (p values <0.05
and <0.01, respectively). The suppression of CXCL-2 production
by eosinophils in sensitized plus infected animals was more robust
than suppression of CXCL-1 production, consistent with the data
obtained by the chemokine array (Fig. 7A). These results suggest
that the suppression of neutrophil-specific chemokine production in
chronically infected mice may be due to suppression of eosinophil
function.

Although eosinophils are known to produce chemokines, the
role that eosinophils play during type III hypersensitivity responses
has yet to be defined. To determine whether eosinophils were re-
quired for type IIT hypersensitivity, we sensitized AdbIGATA
(eosinophil-deficient) mice to OVA, challenged the ears with OVA
and PBS, and monitored ear thickness over time. As seen in Fig. 7F,
eosinophil-deficient animals exhibit reduced ear swelling compared
with BALB/c control animals. This indicates eosinophils are impor-
tant for eliciting immune responses to immune complex deposition.

Eosinophil expression of FcyRI is suppressed in chronically
infected animals

To understand why eosinophils from chronically infected animals
produced lower levels of neutrophil-specific chemokines, we
measured the surface expression of activating FcyRI and FeyRIII
and inhibitory FcyRII on multiple cell types by flow cytometry.
Sensitized and infected animals showed a significant reduction
in the percentage of eosinophils expressing FcyRI compared with
sensitized animals (Fig. 8A). There was no difference in the
percentage of eosinophils expressing the other activating receptor
FcyRIIL, or the inhibitory receptor FcyRIIL. Furthermore, there was
no difference between groups with regard to the percentage of

macrophages (Fig. 8B), neutrophils (Fig. 8C), dendritic cells
(Fig. 8D), or B cells (Fig. 8E) expressing FcyRI, FcyRII, or
FcyRIIL. The only appreciable difference in receptor expression
levels on the surface of any cell type was a reduction in FcyRI on
eosinophils, as indicated by mean fluorescence intensity values
(Supplemental Fig. 3). We have also observed that eosinophils
from sensitized plus infected animals have decreased expression
of FceRI (data not shown), indicating that filariae may be exerting
global suppression of eosinophil function by decreasing important
Ab receptors on the cell surface. Notably, the absence of neu-
trophils expressing FcyRI or FcyRIII (Fig. 8C) signifies that
neutrophils are not likely to be major contributors to the chemo-
kine production observed from the eosinophil-enriched cell frac-
tion (Fig. 7).

Discussion

In this study, we found that chronic helminth infection with the
filarial parasite L. sigmodontis protects against type III, but not
type I, hypersensitivity in a murine ear challenge model. Protec-
tion was associated with reduced neutrophil influx into the ear,
decreased local levels of the CXCL-1 and CXCL-2 neutrophil
chemokines, and diminished production of these chemokines by
eosinophils in response to immune complex stimulation.

In our first experiment, we evaluated whether chronic L. sig-
modontis infection protects against type I hypersensitivity in mice
previously sensitized against OVA. Even though 10 wk of infec-
tion resulted in lower OVA-specific IgE levels, reduced basophil
activation in response to OVA, and decreased numbers of degra-
nulated tissue mast cells after intradermal OVA challenge, no
clinical protection against immediate local anaphylaxis was ob-
served using an Evans Blue assay to measure changes in vascular
permeability. Future work will address whether infection can
protect against systemic anaphylaxis. Both local and systemic
anaphylaxis are type I hypersensitivity responses; however, local
anaphylaxis is primarily due to mast cell activation, whereas
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systemic anaphylaxis is due to the activity of basophils and/or
IgG-mediated activation of inflammatory macrophages (17).
Although numerous studies have shown helminths protect
against allergy when given prior to sensitization, the few animal
studies that have infected after sensitization have produced mixed
results (18-21). Given that L. sigmodontis was shown to be ben-
eficial when given prior to allergic sensitization (8), it is likely that
helminth infections are more effective at blunting sensitization
than preventing symptoms after sensitization has occurred. Thus,
these results support the conclusion that helminth infections may
not readily protect against immediate hypersensitivity reactions
in previously sensitized individuals. Indeed, to date, the only two

Hours

clinical studies that have prospectively tested whether helminth
infections can be given to protect against allergic disease have
been negative (1, 2).

That said, the results of our experiment do not completely rule
out the possibility that helminth infections can have benefi-
cial effects on individuals with established immediate hyper-
sensitivities. Indeed, the major immunologic correlates of type I
hypersensitivity (allergen-specific IgE as well as basophil activa-
tion and mast cell degranulation in response to allergen) were
decreased in the setting of L. sigmodontis infection. We speculate
that these decreases did not translate into clinical protection be-
cause either they were not of sufficient magnitude for the dose of
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groups were analyzed by the Mann—Whitney U test. ****p < 0.0001.

allergen given, or infection did not occur for a long enough period
of time. With regard to magnitude of change, the decrease in OVA-
specific IgE may not have been great enough to decrease mast cell
sensitivity to IgE cross-linking. In terms of duration, a 10-wk in-
fection may not be long enough to substantially alter the repertoire
of IgE Abs on the surface of tissue-resident mast cells. Because
these are long-lived cells with slow turnover at tissue sites (22), it
is possible that decreases in circulating levels of allergen-specific
IgE may take months to result in substantial reductions in mast cell
sensitivity to allergen. Testing whether a longer exposure to hel-
minths can provide clinical protection against immediate hyper-
sensitivity will be the focus of future studies.

Interestingly, although we did not observe clinical protection
against type I hypersensitivity, we did see significant protection
against late ear swelling due to type III hypersensitivity. Type 111
hypersensitivity is driven by immune complex deposition and is
a major pathogenic mechanism for diseases such as systemic lupus
erythematosus (23), serum sickness (24), and poststreptococcal
glomerulonephritis (25). To our knowledge, this is the first study
to specifically demonstrate that helminth infection can protect
against immune complex—mediated hypersensitivity.

Whereas immune complexes were visualized at 3 h post-
challenge and showed no difference in size or number between
groups, a reduction in pathology and cellular infiltration was ob-
served at 24 h postchallenge (Fig. 5). This difference in pathology
was associated with fewer neutrophils and macrophage trafficking
to the site of allergen challenge (Fig. 6).

To determine why sensitized plus infected animals had fewer
cells recruited to the ear, we monitored chemokine production after
OVA challenge and in vitro immune complex stimulation. We
observed a reduction in the neutrophil attractant chemokines
CXCL-1 and CXCL-2 and noted that eosinophils were specifically
impaired in their ability to secrete these chemokines (Fig. 7).
Conversely, macrophage production of chemokines was not sup-
pressed, and in some animals was even exacerbated. Although

macrophages are considered to be the primary cell type respon-
sible for neutrophil-specific chemokine production, eosinophils
have the capacity to produce large volumes of these chemokines in
response to stimulation (26). Confirming this, eosinophil-deficient
AdbIGATA mice exhibit attenuated inflammation following OVA
challenge. To our knowledge, this is the first time eosinophils have
been shown to be important contributors to immune complex—
mediated inflammation, most likely through the production of
neutrophil-specific chemokines.

In addition to neutrophils, the number of macrophages present in
the ear tissue was significantly suppressed in chronically infected
animals (Fig. 6), although this was not reflected by a substantial
suppression of monocyte-specific chemokines produced 6 h
postchallenge (Fig. 7). Although assessing chemokine production
at other time points may reveal more distinct differences, reduced
monocyte recruitment may have been due to an impaired ability of
monocytes to respond to chemokines, rather than reduced che-
mokine production. Indeed, macrophages and neutrophils from
mice infected with Echinococcus multilocularis lost their ability
to migrate in response to stimulation with worm Ag or endotoxin-
activated mouse serum (27). Interestingly, this inhibitory effect
was observed for chronic, but not acute, infection. Furthermore,
Taeniaestatin, a protease inhibitor isolated from Taenia taeniae-
formis, prevented neutrophil chemotaxis in response to C5a (28).

The activation of cells by immune complexes involves ligation of
activating (FcyRI and FcyRIII) and inhibitory (FcyRII) receptors.
The ratio of activating and inhibitory receptor binding plays an
integral role in determining whether cellular responses will be
proinflammatory or anti-inflammatory. Whereas the number of
circulating eosinophils was not decreased in sensitized plus in-
fected mice, the percentage of eosinophils expressing FcyRI was
reduced by 50% compared with sensitized animals (Fig. 8). Fur-
thermore, the amount of FcyRI expressed on the surface of
eosinophils was also reduced, as indicated by mean fluorescence
intensity data (Supplemental Fig. 3). This suggests that chronic
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L. sigmodontis infection lowers the propensity for eosinophils
to express FcyRI, which in turn reduces the ability of this cell
type to produce chemokines upon immune complex stimulation
(Supplemental Fig. 4).

In addition to establishing systemic immunoregulatory net-
works, helminths release immune-modulatory factors in the form
of excretory—secretory products. Because only eosinophils dis-
played a marked difference in FcyRI expression, it is possible
that L. sigmodontis worms release factors that directly suppress
eosinophils. Previous studies have already shown that worm
products are associated with altered eosinophil function and
reduced chemotaxis (29-31). The selective suppression of FcyRI
expression on eosinophils during the course of infection would
be advantageous to the parasite, as eosinophils are known to
mediate worm clearance through Ab-dependent cell-mediated
cytotoxicity (32).

The fact that eosinophils were the only cell type to display
decreased FcyRI expression and chemokine production suggests
that we may be able to develop medications that specifically
suppress eosinophil function. Because eosinophils exhibited
enhanced immunoregulation during infection, worm-mediated
therapies may be particularly well suited for eosinophil-driven
diseases.

Interestingly, even though they did not play a mechanistic role in
protecting mice against the allergic responses evaluated in this
study, both OVA-specific IgG and IgE levels were lower in the
setting of chronic L. sigmodontis infection. The reduction in
allergen-specific Ab levels is an interesting phenomenon, as other
groups have reported similar results when infection is given prior to
sensitization (8, 33, 34). In contrast to reductions in Abs specific to
environmental or self-Ags, levels of L. sigmodontis-specific and
nonspecific Abs rise throughout the course of infection (35). Indeed,
our ELISA and ELISPOT data (Fig. 4) confirm that infected ani-
mals are not compromised in their ability to elicit humoral immune
responses.

We therefore hypothesize that decreases in allergen-specific Abs
are due to increased Ab catabolism. We speculate that the host
increases Ab catabolism in an effort to counterbalance the high
levels of Abs produced during infection. To this effect, infection
may be providing an endogenous source of Abs that produces
beneficial effects similar to i.v. Ig administration. To test this,
future studies would most likely investigate the role of neonatal
FcR for IgG catabolism, or CD23 for IgE catabolism (36), during
the course of infection.

In summary, we have shown that chronic infection with the
rodent filarial worm L. sigmodontis protects the host from type 111
hypersensitivity. The mechanisms by which this occurs appears
to be multifactoral, with protection being associated with fewer
neutrophils and macrophages infiltrating the site of allergen
challenge, reduced neutrophil-specific chemokine production, and
a decrease in eosinophil expression of FcyRI. Because the im-
munological markers of type I hypersensitivity were decreased in
chronically infected animals, L. sigmodontis may have the po-
tential to protect against immediate hypersensitivity reactions
under some experimental conditions. Future studies would most
likely investigate the use of repeated infections to extend the
length of infection, as this would allow for mast cell turnover
to occur in an immune-regulated setting. Furthermore, future
experiments using worm Ag preparations in place of live worm
infection would allow for the characterization of the specific Ags
responsible for host protection from hypersensitivity diseases.
From a translational perspective, the finding that L. sigmodontis
infection protects against type III hypersensitivity in previously
sensitized animals suggests that helminth-derived products may
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potentially be developed as therapeutics for immune complex—
mediated diseases, such as systemic lupus erythematosus.
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Supplement 1. Masking of confocal images and mean fluorescent intensity. (A) Masking of
non-specific C3 staining. Left panel represents image before masking, and right panel represents
image after masking. (B) Mean fluorescent intensity of puncta was calculated by the Puncta

Analyzer plugin on ImageJ.
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Supplement 2. Ear thickness assay following platelet depletion. Ear thickness assay was
performed on OVA sensitized BALB/c mice following platelet depletion. Platelets were depleted
by i.p. injection of anti-CD41 24 hours prior to ear challenge. Depletion was confirmed by CBC
analysis. Data are representative of two independent experiments with 3 mice per group.
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Supplement 3. Mean fluorescent intensity of FcyRI, FcyRII, and FcyRIII. MFI for FcyRI,
FcyRII, and FcyRIII on eosinophils (A), macrophages (B), neutrophils (C), dendritic cells (D),
and B cells (E). Data are representative of two independent experiments with 4-5 BALB/c mice

per group.
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Supplement 4. Working model for helminth protection from immune complex-mediated

inflammation. (A) In sensitized animals, antibodies bind to OVA to form immune complexes.

These complexes then ligate FcyRs on the surface of eosinophils to induce chemokine

production. Neutrophils migrate to the tissue to induce inflammation and swelling. (B) In

Sensitized + Infected animals, there is less FcyRI expression on eosinophils, therefore fewer

receptors are ligated by immune complexes. Due to weaker stimulation, chemokine production is

reduced, resulting in fewer neutrophils infiltrating to the site of immune complex deposition.
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