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Abstract

Eosinophils are versatile cells that regulate innate and adaptive immunity, influence metabolism
and tissue repair, and contribute to allergic lung disease. Within the context of immunity to
parasitic worm infections, eosinophils are prominent yet highly varied in function. We have shown
previously that when mice undergo primary infection with the parasitic nematode, Trichinella
spiralis, eosinophils play an important, immune regulatory role that promotes larval growth and
survival in skeletal muscle. In this study, we aimed to address the function of eosinophils in
secondary infection with T. spiralis. By infecting eosinophil-ablated mice, we found that
eosinophils are dispensable for immunity that clears adult worms or controls fecundity in
secondary infection. In contrast, eosinophil ablation had a pronounced effect on secondary
infection of skeletal muscle by migratory newborn larvae. Restoring eosinophils to previously
infected, ablated mice caused them to limit muscle larvae burdens. Passive immunization of naive,
ablated mice with sera or immunoglobulin from infected donors, together with transfer of
eosinophils, served to limit the number of newborn larvae that migrated in tissue and colonized
skeletal muscle. Results from these in vivo studies are consistent with earlier findings that
eosinophils bind to larvae in the presences of antibodies in vitro. Although our previous findings
showed that eosinophils protect the parasite in primary infection, these new data show that
eosinophils protect the host in secondary infection.

Introduction

Parasitic worms are estimated to infect two billion people worldwide and nearly 1 billion
children live in areas of high transmission (1). Although drug therapy is often effective in

IThis work was supported by NIH grants Al081043 and A1097555 (J.A.) and HL065228 (J.L.).

3Correspondence to: Judith A. Appleton, Baker Institute for Animal Health, College of Veterinary Medicine, Cornell University,
thaca, NY 14853. Tel.: +1-607-256-5648. Fax: +1-607-256-5608. jaa2@cornell.edu.
Current address: Washington University School of Medicine, St. Louis, MO, USA.

Disclosures. The authors have no financial conflict of interest.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Huang et al.

Page 2

clearing infections, reinfection rates are high (2), consistent with poorly sustained immunity.
A relatively small number of anthelmintic drugs are available and the efficacy of
anthelmintics is known to be limited by the emergence of drug resistant parasites (3-5).
Advancing vaccination as a more sustainable alternative to chemotherapy requires
understanding of immune mechanisms that are effective in preventing or clearing infection.

Clearance of worm infections occurs by mechanisms that vary among parasites, the hosts
they infect, and the tissues they colonize (6). As is the case with other pathogens,
mechanisms of immunity in primary worm infection often differ from those that are
effective in preventing or clearing secondary infection. There is extensive evidence
supporting key roles for Th2 cells in clearing primary, intestinal infections, although the
effector mechanisms vary (7-9). Additional evidence documents important contributions of
B cells and antibodies in controlling secondary infections and also in vaccine-induced
protection (10-13). In the case of the parasitic nematode, Trichinella spiralis, T cell-
mediated immunity that drives intestinal mastocytosis in primary infection is central to the
mechanism of worm clearance in rats and mice (14-16); however, mast cell activation is
neither necessary nor sufficient for antibody-mediated protection that clears larval stages
from rats during a secondary intestinal infection (17-19). Mice do not demonstrate this same,
antibody-mediated immunity to secondary infection but instead manifest worm expulsion
that is accelerated but similar to that observed in primary infection (20).

Intestinal mastocytosis during primary T. spiralis infection occurs simultaneously with a
pronounced tissue eosinophilia (21). In vitro studies have shown that eosinophils are capable
of adhering to and killing several species of parasitic worms. In some species, including T.
spiralis, killing occurs only in the presence of specific antibodies (22, 23). These findings
served to set a paradigm for eosinophils as cytotoxic effector cells in worm infection. Early
investigations of eosinophil effector function in vivo were performed by antibody-mediated
depletion of eosinophils or manipulating IL-5 in mice. Findings from studies conducted with
parasitic worms supported a role for IL-5 in immunity to some (24, 25) and not others (26).
Subsequently, experiments with eosinophil-ablated mice have shown that eosinophils are
dispensable in immunity to primary infections with intestinal worms (27-31). Secondary
infections are less well studied, but challenge of eosinophil-ablated mice revealed that
eosinophils contribute to protective immunity against Nippostrongylus brasiliensis by
interfering with larval migration (30).

In contrast, results from infections with worms that colonize extraintestinal sites, including
T. spiralis, show that eosinophils are beneficial to the parasite during primary infection (29,
32, 33). Trichinella completes its life cycle in a single host. Infective first-stage larvae are
ingested and mature into adult worms in the intestine, where they reproduce and release
newborn larvae (NBL). NBL enter the circulatory system and many transit the lung
presumably en route to skeletal muscles (34). Larvae invade myotubes and establish chronic,
intracellular infection. By infecting eosinophil-ablated mice, we have shown that in primary
infections, eosinophils are required for efficient growth as well as survival of muscle larvae
(29, 32). Survival is promoted via control of local nitric oxide (NO) -production by an
eosinophil-driven IL-10 response (29, 32, 35, 36). The effect of eosinophil ablation on
secondary infection has not been tested. Previous studies in IL-5-deficient or -depleted mice
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yielded contradictory results (26, 37). The unexpected properties of eosinophils in primary
T. spiralisinfection and the contradictory results between in vitro and in vivo studies of
eosinophil function prompted us to test the contribution of eosinophils to secondary
immunity to T. spiralis using eosinophil lineage-ablated mice.

We report here that eosinophils are required for control of secondary infection by T. spiralis.
Although eosinophil ablation had no effect on intestinal immunity, it was associated with
enhanced colonization of skeletal muscle. Transfer experiments showed that eosinophils
interfered with migration of NBL, an effect that was dependent on the presence of specific
antibodies. The results provide evidence in support of an antibody-dependent mechanism in
which eosinophils limit secondary infection by T. spiralis.

Materials and Methods

Rats and mice

Adult Albino Oxford strain rats were produced and maintained in the Baker Institute
vivarium. AdbIGATA (eosinophil-ablated), MBP~~ (major basic protein deficient), EPO-
(eosinophil peroxidase deficient) and IL-5-expressing transgenic (NJ.1638) (IL-5Tg™) mice
were bred at Cornell Transgenic Mouse Core Facility and offspring were transferred to the
Baker Institute. All strains were on a C57BL/6 background. C57BL/6 NHsd mice were
purchased from Taconic as wild type (WT) control mice. Animal care was in accordance
with the guidelines of the Association for Assessment and Accreditation of Laboratory
Animal Care and experiments were performed with the approval of the Institutional Animal
Care and Use Committee of Cornell University.

Parasite and Antigens

Trichinella spiralis first-stage larvae (L1) and NBL were recovered from rats and prepared
as described previously (29). For oral infection, L, were suspended in 2% nutrient broth
(Difco), 0.6% gelatin (Fisher Scientific) and doses of 300 L1 were administered by gavage.
For synchronous infection, 25,000 NBL were suspended in 0.25 ml serum-free DMEM
(Mediatech, Inc.) and delivered by retro-orbital injection. Mice were euthanized by CO,
inhalation at the times indicated in each experiment. Whole body muscle larvae burdens
were assessed 28 days postinfection (dpi), and intestinal worm burdens were estimated as
described previously (17). To quantify migrating NBL, whole lung was disrupted on a tea
strainer, tissue suspensions were centrifuged and resuspended in 10% formalin, and NBL
were counted using a phase contrast microscope. Crude somatic antigens from L, were
prepared as previously described (29).

Challenge infection, sera collection, and passive immunization

AdbIGATA mice were infected orally with 300 L1 and challenged with the same dose after
90 days. Immune sera were collected from WT or AdbIGATA mice 28 days following re-
infection. Normal sera were collected from naive WT mice. In order to inactivate
complement and IgE, all sera were heated to 56 °C for 30 minutes prior to use in
experiments. For passive immunization, AdbIGATA or WT mice were injected
intraperitoneally with 0.2 ml serum from naive or infected mice.
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Preparation of immunoglobulin (lg)

Immunoglobulins were precipitated from heat-treated serum of naive or infected mice
(20-28 days post challenge) with 35% saturated (NH,4)2SOg4. Precipitated Igs were
resuspended in saline and dialyzed against saline. For passive immunization, mice were
injected intraperitoneally with Ig equivalent to that recovered from 0.2 ml serum of naive or
infected mice.

Enzyme-linked immunosorbent assay (ELISA)

Cells from cervical lymph nodes (CLN) or mesenteric lymph nodes (MLN) of WT and
AdbIGATA mice were cultured, stimulated with antigen, and supernatants were assayed for
IL-4, IL-5, IL-10, IL-13 and IFN-v, as described previously (32). Serum antibodies specific
for T. spiralis antigens were measured as described previously (17). Mouse sera were diluted
1:2000 for IgG1, or 1:100 for 1gG2c. 1gG1 was detected with rat anti-mouse 1gG1 (BD
PharMingen) and biotinylated mouse anti-rat IgG (BD PharMingen) followed by HRP-
conjugated streptavidin (BD Biosciences). IlgG2c was detected with goat anti-mouse 1gG2c
(Immunology Consultants Laboratory) and HRP-conjugated rabbit anti-goat 1gG
(Immunology Consultants Laboratory).

Eosinophil transfer experiments

Eosinophils were recovered from infected IL-5Tg* mice 12-20 dpi. Cells were pooled from
spleens and peritoneal lavage fluid and purified by positive selection on magnetic beads, as
previously described (38). Briefly, eosinophils were labeled with PE-conjugated anti-
SiglecF antibody (BD) and anti-PE microbeads (Miltenyi Biotec). Average purity of
eosinophils from this procedure was >93%. After washing twice with PBS, 5 x 108
eosinophils were resuspended in 200 pl sterile PBS and injected i.v. into AdbIGATA mice.
Cells were transferred 4 times, on alternate days, for 8 days.

Cell preparation and Flow cytometry

Cells from individual diaphragms were recovered as described previously(38). After 15 min
incubation with Fc block (eBioscience) and 10% normal mouse serum, cells were incubated
for 15 min with PE conjugated anti-SiglecF (BD Pharmingen). Single cell suspensions of
bone marrow cells and spleen cells were prepared from naive or 90 dpi WT and AdbIGATA
mice. Cells were blocked as described above and incubated for 15 min with Brilliant Violet
421 conjugated anti-CD138 (Biolegend) and PE conjugated anti-B220 (eBioscience). Data
were acquired using a Gallios flow cytometer (Beckman Coulter) and analyzed with FlowJo
software (Tree Star).

Worm fecundity

Worm fecundity was determined as described (39). Briefly, 6 days following primary or
secondary infection with 300 L, female worms were recovered from the small intestines of
C57BL/6 and AdbIGATA mice. Individual female worms were placed in 100 pl of
RPMI1640 containing 10% FCS in a single well of a 96-well plate and incubated at 37 °C
for 24 hours in 5% CO». The number of shed NBL was counted under a microscope. At least
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ten female worms were collected from each mouse, and the mean NBL value per female per
mouse was used to calculate means for each treatment group.

100 adult worms were collected from individual mice as described (40). Worms were
washed three times and boiled for 15 min in PBS. Lysates were centrifuged (10,000 x g for
10 min) at 4 °C. ATP was measured in supernatants with an ENLITEN ATP Assay System
Bioluminescence Detection Kit (FF2000, Promega, Madison, WI).

Statistical analysis

Results

Eosinophils

Eosinophils

All experiments were performed twice with similar results. Means + SD were calculated
from data collected from individual mice unless otherwise indicated. Significant differences
were determined using Student's t test or One-way ANOVA with Tukey's post hoc test for
multiple means. Statistical analysis was performed with GraphPad Prism 5 software.

are dispensable for intestinal immunity against secondary T. spiralis infection

To investigate the role of eosinophils in secondary infection of T. spiralis, we first examined
parameters of intestinal infection in eosinophil-ablated mice. We infected WT and
AdbIGATA mice with 300 L, and then challenged them with the same dose 90 days later (1°
+2°). A group of naive mice received larvae at the 90 day time point in order to document
the primary immune response (challenge control) (Fig. 1A). Cytokine production by
antigen-stimulated MLN cultures was similar in WT and AdbIGATA mice (Fig. 1B).
Replicating the result obtained in eosinophil-ablated PHIL mice reported previously (29),
the rate of intestinal worm expulsion was similar in the two strains in primary infection.
Furthermore, expulsion was similarly accelerated in WT and AdbIGATA in secondary
infection (Fig. 1C). Worm fecundity and ATP content of male and female worms were not
significantly different between strains in either infection (Fig. 1D and E). Taken together,
the results indicate that eosinophil ablation did not influence the outcome of intestinal
infection by T. spiralis. Therefore, any differences in either NBL migration or muscle
colonization in eosinophil-ablated vs. WT mice that may be observed following intestinal
infection would be attributed to extraintestinal effects of eosinophils and not to differences
in ‘doses’ of NBL produced by intestinal worms.

prevent the accumulation of muscle larvae in secondary infection

The influence of eosinophils on extraintestinal parasites, specifically migrating NBL and
larvae that colonize skeletal muscle, was tested in experiments similar in design to those
described above, but with an additional control group that received only the first infection
(infection control) (Fig. 2A). Cytokines were assayed in CLN cultures, as these nodes drain
the tongue and masseter, preferred sites of colonization by NBL. Antigen-stimulated CLN
cultures prepared from AdbIGATA mice 17 days after secondary infection produced less
IL-4 than WT cells. This finding is similar to that observed in primary infection of PHIL and
AdbIGATA mice, reported previously (29, 32). IL-10 was reduced in both primary and
secondary infection. No differences were observed in IL-5, IL-13 and IFN-y (Fig. 2B) in
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secondary infection, although IFN-y was increased in cultures from ablated mice undergoing
primary infection, as reported previously (29, 32).

WT mice prevented the accumulation of additional muscle stage larvae while AdbIGATA
mice did not show this resistance, i.e. their muscle burdens equaled the combined burdens of
the two control groups (Fig. 2C). While few if any migrating NBL were recovered from
lungs of WT mice ten days post-secondary infection, the number recovered from lungs of
AdbIGATA mice was significantly higher and was not different from that of the challenge
control mice (Fig. 2D). Thus, the results support a mechanism in which eosinophils limit
larval establishment in muscle by interfering with migration of NBL during re-infection.

Specific antibodies are required for eosinophil-mediated protection against secondary
muscle infection

To confirm that eosinophils are required for the resistance to re-infection, we performed
eosinophil transfer experiments. Restoring eosinophils to previously infected AdbIGATA
mice between days 4 and 10 following oral challenge infection resulted in fewer larvae
maturing in skeletal muscle (Fig. 3A). [This result is the opposite of that observed when a
nearly identical transfer protocol is applied to primary infection. In that case, larval burdens
are increased in AdbIGATA mice that receive eosinophils (32) (Fig. 3D, see naive sera plus
eosinophils).] With this result, we hypothesized the eosinophils clear migrating NBL from
tissues throughout the body by working in concert with immune effectors that were induced
by prior infection. Although it has not been documented in vivo, binding of antibodies to the
body surfaces of NBL has been shown to promote eosinophil adhesion and degranulation in
vitro (23). In order to test the protective effects of serum antibodies, we passively
immunized naive AdbIGATA mice with sera from naive or immune WT mice. The next day,
eosinophils were restored to recipients and mice were infected intravenously with NBL (Fig.
3B). [Note that we used intravenous infection rather than oral infection in order to avoid any
unknown effects of immune sera on intestinal infection that might have altered the release of
NBL by adult worms.] Compared to AdbIGATA mice that received naive serum and
eosinophils, there were fewer NBL in lungs of AdbIGATA mice that received both immune
serum and eosinophils (Fig. 3C). Consistent with previous findings, eosinophils improved
muscle larval burdens in AdbIGATA mice that received naive serum; however, transfer of
eosinophils to AdbIGATA mice that received immune serum did not improve burdens (Fig.
3D). We next questioned whether specific antibodies are main mediators of this effect.
Naive AdbIGATA mice were passively immunized with Ig from naive or immune WT mice.
Compared to AdbIGATA mice that received eosinophils with Ig from naive mice, mice that
received both eosinophils and immune serum or Ig from immune mice showed reduced
numbers of NBL in lungs, indicating that transfer of specific antibodies was as effective as
immune serum in eosinophil-mediated protection (Fig. 3E). Taken together, the results
support a mechanism in which specific antibodies enable eosinophils to defend against
muscle infection by limiting the migration of NBL during re-infection. Furthermore,
eosinophils and immune sera were sufficient to limit larval colonization of skeletal muscle
in otherwise naive mice, indicating that other immune effectors are not required.
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Effect of eosinophils on plasma cells and generation of specific antibodies

Eosinophils

Eosinophils have been demonstrated to be required for long-term maintenance of plasma
cells in the bone marrow (41, 42). We tested whether eosinophils influence numbers of
plasma cells or the quantity and qualities of antibodies produced during T. spiralis infection.
Consistent with published findings, there were fewer CD138" plasma cells in the bone
marrow in naive, eosinophil-ablated mice (Fig. 4A); however, the difference was not evident
after 90 days of infection (Fig. 4A). The number of plasma cells in spleen was not
influenced by eosinophil ablation (Fig. 4B). Similar results were obtained in eosinophil-
ablated PHIL mice (data not shown). We next compared the 1gG1 and 1gG2c responses
mounted against parasite antigens by WT and AdbIGATA mice. Serum 1gG1 was similar
between the two strains (Fig. 4C); however, serum IgG2c was significantly reduced in
eosinophil-ablated mice that were infected and challenged (Fig. 4D). To test the significance
of the difference in isotype composition, we passively immunized naive AdbIGATA mice
with sera from naive WT, immune WT, or immune AdbIGATA mice, then restored
eosinophils and infected mice with NBL (Fig. 3B). Immune sera from WT or AdbIGATA
mice were equally effective in limiting NBL migration to the lung (Fig. 4E). Thus, the
difference in antibody isotype between strains did not influence the protection afforded by
immune sera. Furthermore, immune sera alone did not confer protection to eosinophil-
ablated mice.

are recruited to sites of infection in secondary infection

Our previous studies have demonstrated that eosinophils promote muscle larvae survival in
primary infection by limiting production of toxic NO (29, 32). When eosinophils are absent,
NO is produced and growing larvae are killed. We tested the hypothesis that during
secondary infection, eosinophils may become encumbered in tissues by binding immune
complexes formed by antibodies and NBL antigens, and that this would prevent eosinophil
traffic to muscle. Failure of eosinophils to reach muscle would allow the development of
NO-dominated local responses that would kill growing larvae (29, 32, 36). By recovering
cells from skeletal muscle following passive immunization and eosinophil transfer, we
found that recruitment of eosinophils to muscle after NBL injection was normal in
AdbIGATA mice (Fig. 5A). In a different experiment, eosinophils infiltrated muscle
normally in WT mice following oral challenge (Fig. 5B). Both experiments documented that
eosinophils access skeletal muscle efficiently in secondary infection and support the
conclusion that the effector mechanism that limits colonization of muscle involves antibody-
dependent, eosinophil-mediated interference with NBL migration.

EPO and MBP are not required for immunity against secondary infection

EPO and MBP are the two most abundant granule proteins in eosinophils (43). Both have
been shown to be toxic for NBL in vitro (44, 45). We tested whether EPO and MBP are the
effectors for eosinophil-mediated protection against secondary infection by challenging
infected EPO™- and MBP~ mice (experimental design is shown in Fig. 2A). In contrast with
AdbIGATA mice, both EPO”" and MBP- mice resisted secondary infection (Fig. 6).
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Discussion

Parasitic worms deploy a variety of strategies to evade or co-opt the immune response.
Trichinella spiralisis a natural parasite of rodents, providing an accessible and readily
manipulated life-cycle for the study of these mechanisms. When combined with passive
transfer and adoptive transfer methods, eosinophil-ablated mice have proven to be powerful
tools for investigating the role of eosinophils at the host/parasite interface. We observed that
when re-infected with T. spiralis, ablated mice failed to manifest immunologic memory that
normally limits colonization of skeletal muscle by larvae. This observation supports a key
role for eosinophils in protection against super-infection.

Three life stages of T. spiralis encounter eosinophils during the course of infection: larval
and adult worms in the intestine, migrating NBL that enter a variety of tissues, and muscle
larvae that mature intracellularly in skeletal muscle. Despite the abundance and the
prominence of eosinophils in the intestinal immune response, they do not influence adult
worm clearance in primary infection (29). Similarly, eosinophils fail to influence either
worm expulsion or Th2 immunity in primary infection by the closely related nematode,
Trichuris muris (28). In secondary infection by T. spiralis, intestinal worm expulsion was
accelerated; however, the absence of eosinophils did not affect clearance of worms,
fecundity of female adult worms, or ATP content of male and female adults. Although the
mechanism of secondary intestinal immunity against T. spiralis has not been thoroughly
investigated, memory T cells are important for expulsion of worms (46, 47) and IL-4R
signaling is crucial to worm expulsion in primary infection (7). Cytokine production in
MLN of ablated and WT mice supported the conclusion that antigen-induced IL-4
production by intestinal cells was not altered by eosinophil ablation. Our results indicate that
eosinophils are not required for the expression of intestinal immunity during secondary
infection by T. spiralis.

The failure of eosinophil-ablated mice to prevent the accumulation of muscle larvae during
secondary infection suggested that immunologic memory might be compromised. Th2
memory cells express I1L-25 receptor and eosinophils are capable of influencing Th2
memory cell function by secreting I1L-25 (48). Although we did not assay IL-25 directly,
during secondary infection by T. spiralis, IL-4 and IL-10 were significantly reduced in CLN
of AdbIGATA mice, consistent with memory Th2 responses being impacted in muscle.
Despite this deficiency of Th2 memory function, transfer of eosinophils to previously
infected AdbIGATA mice conferred protection against the secondary infection. Furthermore,
transfer of eosinophils and immune serum to naive mice was protective. Moreover, sera
from AdbIGATA and WT mice were equally effective in conferring immunity. Therefore,
although T cell responses and development of memory T cells was promoted by eosinophils,
activation of memory T cells was not required for eosinophils to limit migration of NBL.

In accordance with early in vitro studies (23, 44, 49, 50), the influence of eosinophils on
NBL in vivo was dependent on the presence of immune serum or 1g. Mouse eosinophils
express Fca and Fcy receptors (51, 52), but do not express Fce receptors (53). Thus, a role
for an eosinophil-IgE interaction in protection is unlikely. Additional evidence that IgE is
not required for protection derives from results of passive transfer experiments in which
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heat-treated sera or Ig precipitated by 35% (NH,4)»,SO4 were protective. IgE is denatured by
heat and excluded from precipitates prepared by salt precipitation at 35% saturation.
Complement has been shown to be important for immunity to parasitic infections (54-56),
and T. spiralis NBL are potent activators of complement (57). Furthermore, mouse
eosinophils express functional complement receptors (58). The effect of immune serum may
be mediated via complement receptors, Fcy receptors, or some combination, and requires
further investigation.

Eosinophil granule proteins have been implicated as being key to effector function. The two
most abundant granule proteins in mouse eosinophils, major basic protein (MBP) and
eosinophil peroxidase (EPO) (43), are required for protective immunity against
Srongyloides stercoralis and Litomosoides sigmodontis in mice (31, 59). Both MBP and
EPO are capable of killing T. spiralisNBL in vitro (44, 45); however, deletion of the genes
encoding either MBP or EPO does not affect the capacity of mice to control primary T.
spiralis infection (32). In secondary infection, our results indicate that infected MBP~ and
EPO™- mice were similar to WT mice in resisting secondary infection. It is possible that
MBP and EPO are functionally redundant, so that deleting both genes would be required to
document their action against NBL in vivo; however, testing this hypothesis directly is not
possible, because MBP and EPO double knockout mice lack eosinophils (60). A recent
report documented a requirement for eosinophils in protection against primary, but not
secondary infection by Brugia malayi. Similar to our findings in primary or secondary
infection by T. spiralis his protection is independent of either MBP or EPO (61). Other
granule proteins, such as eosinophil cationic protein (ECP), appear to be potent toxins and
may be important (50). Alternatively, eosinophils may act through a granule protein-
independent mechanism, for example, by adhering to and entrapping NBL as they move
through tissue. This may be a two steps process, in which antibodies impede the movement
of highly motile NBL such that the much less motile eosinophil can approach and adhere.
Recent reports suggest that antibodies are capable of cooperating with basophils or
alternatively activated macrophages to impede the mobility of larvae (62, 63). The potential
association of eosinophils with Ig complexed with NBL, and their effect on NBL migration
in tissue, require further investigation.

Our results show that the longstanding paradigm of defensive function for eosinophils
against helminth infection is valid and highly significant in T. spiralis infection. Previously,
we have reported that eosinophils support rather than limit colonization of skeletal muscle
during primary infection by T. spiralis (29, 32). In this context, the mechanism by which
eosinophils support larval growth in muscle is distinct from the mechanism of immune
regulation that limits local NO synthesis (36). Our evidence supports the conclusion that
these two, distinct eosinophil-mediated effects cooperate to promote survival of larvae in
muscle. The host-protective function of eosinophils in the response to challenge represents a
third role for eosinophils in T. spiralis infection. Understanding all of the contributions of
eosinophils to immunity mounted in response to parasitic worms will be crucial to the
development of effective vaccines and therapeutic interventions.
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eosinophil peroxidase
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Figure 1. Eosinophils are dispensable for intestinal immunity against T. spiralisinfection
(A) Design of experiments indicating timing of sample collections. D, day. (B) Cytokines

detected in MLN cultures from WT and AdbIGATA mice. (C) Adult worms in intestines of
WT and AdbIGATA mice during primary or secondary infection. (D) Fecundity of female
adult worms and (E) ATP content of adult male and female worms recovered from the
intestines of WT and AdbIGATA mice during primary or secondary infection. Each data set
was collected from two experiments with similar results. VValues represent mean £ SD; n = 3
- 4 mice. Significant differences were determined by ANOVA and Tukey's test. ***p <

0.0001.
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Figure 2. Eosinophilsinfluence secondary immunity to muscle infection and limit the migration

of NBL

(A) Design of experiments indicating timing of sample collections. D, day. (B) Cytokines
detected in CLN cultures from WT and AdbIGATA mice. (C) Whole body muscle larval
burdens in WT and AdbIGATA mice. (D) Numbers of NBL in lungs recovered from WT
and AdbIGATA mice. Each data set was collected from two experiments with similar
results. Values represent mean + SD; n = 3 - 5 mice. Significant differences were
determined by Student's t test or ANOVA and Tukey's test. *p < 0.05, **p < 0.001, ***p <

0.0001.
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Figure 3. Eosinophils cooper ate with specific antibodies
(A) Whole body muscle larval burdens in WT and AdbIGATA mice, 28 days post-challenge.

AdbIGATA mice received 5x106 eosinophils or PBS every 48 hrs between 4 and 10 days
post-challenge. (B) Design of passive immunization experiments indicating timing of
sample collections. D, day. (C) Numbers of NBL in lungs recovered from AdbIGATA mice,
12 hrs post-injection of NBL. (D) Whole body muscle larval burdens in AdbIGATA mice,
24 days post-injection of NBL. (E) Numbers of NBL in lungs recovered from AdbIGATA
mice, 12 hrs post infection. Each data set was collected from two experiments with similar
results. Values represent mean + SD; n = 4 mice. Significant differences were determined by
ANOVA and Tukey's test. *p < 0.05, **p < 0.001.
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Figure 4. I sotyperesponseisinfluenced by eosinophils
Percentage of CD138* plasma cells in (A) bone marrow and (B) spleen of naive or 90 dpi

WT and AdbIGATA mice. Level of T. spiralis crude antigen specific (C) IgG1 and (D)
IgG2c in serum collected from WT and AdbIGATA mice. 1° + 2°, mice were infected on
day 0 (1°), reinfected on day 90 (2°), and serum collected 28 days after 2° infection.
Infection ctrl, serum collected 118 dpi. Challenge ctrl, serum collected 28 dpi. (E) Numbers
of NBL in lungs recovered from AdbIGATA mice, 12 hrs post-injection of NBL.
AdbIGATA mice were passively immunized with sera from naive or immune WT or
AdbIGATA mice, intravenously infected with 25000 NBL following eosinophil transfer.
Experimental design is diagrammed in Fig. 3B. Each data set was collected from two
experiments with similar results. Values represent mean + SD; n = 3-4 mice. Significant
differences were determined by Student t test or ANOVA and Tukey's test. *p < 0.05, **p <
0.001, ***p < 0.0001.
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Figure5. Eosinophilsarerecruited to sites of infection in secondary infection
(A) Numbers of eosinophils in diaphragms recovered from AdbIGATA mice, 12 hrs post-

infection with NBL. Experimental design is diagrammed in Fig. 3B. (B) Numbers of
eosinophils in diaphragms recovered from WT mice. Experimental design is diagrammed in
Fig. 2A. Note persistence of modest tissue eosinophilia 90 days post-infection (infection
control). Each data set was collected from two experiments with similar results. Values
represent mean + SD; n = 4 mice. Significant differences were determined by Student t test
or ANOVA and Tukey's test. **p < 0.001, ***p < 0.0001.
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Figure 6. Deficiency of EPO or MBP does not affect immunity against secondary infection
Whole body muscle larval burdens in WT, EPO”- and MBP”~ mice. Data set was collected

from two experiments with similar results. Values represent mean + SD; n = 3 - 5 mice.
Significant differences were determined by ANOVA and Tukey's test
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