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Abstract

B cells can mediate protective responses against nematode parasites by supporting Th2 cell
development and/or by producing Abs. To examine this, B cell-deficient mice were inoculated
with Nippostrongylus brasiliensis or Heligmosomoides polygyrus. B cell-deficient and wild type
mice showed similar elevations in Th2 cytokines and worm expulsion after N. brasiliensis
inoculation. Worm expulsion was inhibited in H. polygyrus-inoculated B cell-deficient mice,
although Th2 cytokine elevations in mucosal tissues were unaffected. Impaired larval migration
and development was compromised as early as day 4 after H. polygyrus challenge, and
administration of immune serum restored protective immunity in B cell-deficient mice, indicating
a primary role for Ab. Immune serum even mediated protective effects when administered to naive
mice prior to inoculation. This study suggests variability in the importance of B cells in mediating
protection against intestinal nematode parasites, and it indicates an important role for Ab in
resistance to tissue-dwelling parasites.

Helminth infection is a major source of morbidity worldwide, contributing to anemia and
malnutrition. Drug treatment does not protect against reinfection, and attempts are currently
underway to develop effective vaccines and immunotherapies (1, 2). Increasing evidence
suggests that the Th2-type response characterized by elevated I1L-4 and IL-13 may be
important in mediating protection against certain helminths (3, 4). The relevant targets for
IL-4 and IL-13 can vary with the particular infecting parasite and can include both immune
and nonimmune cells (4, 5). Each species of helminthic parasite has a distinct lifecycle,
including migration to different niches in the host. The immune mechanisms that actually
mediate worm expulsion from the intestine or destruction in tissues are not well understood.
Understanding how the Th2-type response mediates helminth parasite resistance can provide
important insights into the development of next generation vaccines and immunotherapies.

Two widely used experimental models of intestinal nematode infection include inoculation
of mice with either Nippostrongylus brasiliensis or Heligmosomoides polygyrus (6). The
infective third-stage larvae (L3) of N. brasiliensis are inoculated s.c. and migrate briefly
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through the skin and lungs before reaching the lumen of the small intestine, where adult
worms are expulsed by day 10 after primary inoculation. In contrast, infective H. polygyrus
larvae enter the intestine after oral inoculation, quickly penetrate intestinal tissue and, during
a tissue-dwelling phase, develop into adults that return to the lumen by day 8 after
inoculation. The primary immune response results in chronic infection while the memory
response following a drug-induced expulsion and secondary challenge infection triggers
worm expulsion by 2 wk after inoculation. Both intestinal nematode parasites stimulate CD4
T cell-dependent Th2-type polarized immune responses with potentially overlapping
effector mechanisms.

Several studies suggest that B cells can promote the Th2-type response and that they might
be particularly important in controlling opposing Th1-type responses (7-9). B cells can
produce cytokines (10-12) and express costimulatory molecules (13-15), which may sustain
T helper effector cells and other components of the Th2-type response (13, 16), and also
support the development of memory T cells (17). Few studies have examined the role of B
cells in mediating protection and in promoting the development of Th2-type responses
evoked by infectious agents.

Recent studies established a role for B cells in mediating protective responses against H.
polygyrus, but differed with regards to B cell-dependent mechanisms. One report suggested
that B cells contributed to the protective response against H. polygyrus primarily through
their production of Ab (18), and another concluded that Th2 effector cell function may also
be defective in B cell-deficient hosts (19). To examine whether B cells and Abs are
generally important in protective responses against intestinal nematode parasites, we studied
the development of the protective response to N. brasiliensis and H. polygyrus using B cell-
deficient JHD mice. We showed that multiple parameters of the mucosal in vivo Th2-type
primary and memory responses are unaffected by the absence of B cells after inoculation
with either N. brasiliensis or H. polygyrus, and successful parasite expulsion is not impaired
in B cell-deficient mice inoculated with A. brasiliensis, but it is compromised after
secondary H. polygyrusinoculation. We then demonstrated that B cells, through their
production of Ab, are essential in the host protective memory response to H. polygyrus
during the tissue-dwelling phase as early as 4 d after secondary inoculation.

Materials and Methods

Mice

Six- to 8-wk-old wild type (WT) BALB/c female mice were obtained from the National
Cancer Institute (Frederick, MD). B cell-deficient BALB/c Jhd™? (JHD) mice from Taconic
Laboratories (Hudson, NY) were maintained and bred in a specific pathogen-free facility at
the New Jersey Medical School, University of Medicine and Dentistry of New Jersey
(Newark, NJ) research animal facility. The studies have been reviewed and approved by the
Institutional Animal Care and Use Committee at New Jersey Medical School. The
experiments in this study were conduced according to the principles set forth in the Guide
for the Care and Use of Laboratory Animal, Institute of Animal Resources, National
Research Council, Department of Health, Education and Welfare (National Institutes of
Health, Bethesda, MD) 78-23.

Parasite inoculation, serum transfer, and anti-CD4 treatment

For N. brasiliensis infection, both 6-8-wk-old WT and JHD female mice were inoculated
s.c. with 500 infective L3, and worm expulsion was detected on day 7 or 10 postinoculation
as described previously (20). For secondary N. brasiliensis inoculation, WT and JHD naive
mice were inoculated with 500 L3, and at either 3 wk or 3 mo later were secondarily
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inoculated with A. brasiliensis. Worm fecundity was determined 2 and 7 d later. For H.
polygyrus infection, mice were inoculated periorally with 200 L3, and 2 wk later worms
were expelled by administration of pyrantel pamoate (1-2 mg) (21). Four weeks later, the
mice were challenged with H. polygyrus (Hp2") while naive WT and JHD mice were
inoculated with H. polygyrus as controls (Hp1"). Serum transfer used immune serum (IS)
collected from WT mice on day 14 of Hp2” and naive serum (NS) from WT mice unexposed
to H. polygyrus. Serum was administered i.p. every third day beginning one day prior to H.
polygyrus inoculation, with a dose of 0.5 ml for the first week following inoculation and 0.3
ml subsequently. For serum transfer experiments with A. brasiliensis, 1S was collected from
WT mice inoculated twice with N. brasiliensis, 10 d apart, and exsanguinated on day 7 after
the second inoculation. Serum was administered i.p. one day prior to . brasiliensis
inoculation at a dose of 0.4 ml. To deplete the CD4 T cell function in vivo, 1 mg of anti-
CD4 mAb (GK1.5) was given by i.v. administration once a week starting the day before
parasite inoculation. This dose has previously been shown to effectively deplete CD4* T
cells in vivo (21).

Parasite health and burden

ELISPOT

Quantitative counts of adult worms and egg production were determined (21) at 14 d
postinoculation. At day 4 postinoculation, tissue-dwelling H. polygyrus larvae were counted
in situ in 2-cm intervals along the entire small intestine. The mean larval position was
calculated as a weighted average: sum of (number of larvae per segment x distance of
segment from stomach) divided by (total larvae x intestine length). Also at day 4, larvae
were isolated from the proximal intestine, and their lengths measured using fine forceps
under a dissecting microscope at x40 magnification. Sex was determined by presence of
bursa rays at the caudal end of female larvae.

ELISPOT assays were performed from single-cell lymph node suspensions (20, 22).

Cytokine gene expression by RT-PCR

For RT-PCR, total RNA was extracted from tissue and then reverse transcribed as
previously described (20). Real-time PCR kits (Applied Bio-systems, Foster City, CA),
specific for individual cytokines or rRNA, were used to determine quantitative differences in
gene expression, and all data were normalized to constitutive rRNA values. For gene
expression of granulomas surrounding the tissue phase of H. polygyrus larvae, individual
granulomas were collected using a capillary tube to selectively excise individual granulomas
and the tissues processed as described above.

Flow cytometry

Mesenteric lymph node (MLN) cell suspensions were collected and prepared from untreated
and inoculated mice, washed, blocked with Fc Block (BD Pharmingen, San Diego, CA), and
stained with anti-CD4-FITC (BD Pharmingen) and anti-CD69-PE (BD Pharmingen) and
analyzed by flow cytometric analysis (20). To analyze T regulatory (Treg) cells, the cells
were surface stained with anti-CD4-Percp and anti—-CD25-FITC (Caltag, Burlingame, CA)
and intracellular stained with Foxp3-APC (eBioscience, San Diego, CA). For intracellular
cytokine detection, MLN cell suspensions were incubated for 4 h with PMA (50 ng/ml) and
ionomycin (0.5 pg/ml), stained for IL-4 or IFN-y, and analyzed by flow cytometry (20). For
CDA T cell sorting, MLN cell suspensions were prepared from N. brasiliensis or H.
polygyrus inoculated mice and incubated with anti-CD4 microbeads (Miltenyi Biotec,
Auburn, CA). CD4* T cells were isolated by positive selection with >98% purity. RNAs
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were extracted from sorted cells using an RNA isolation kit (Stratagene Cloning Systems,
La Jolla, CA).

Quantitative levels of serum immunoglobulin

Cell transfer

Serum IgE levels were detected by ELISA (20).

B cells were purified from spleens and lymph nodes from WT untreated or H. polygyrus-
inoculated mice by using negative selection kits (Miltenyi Biotec); 15 x106 B cells from WT
or H. polygyrus-inoculated mice were transferred i.v. into H. polygyrus-primed and drug-
treated JHD mice. One day later, these mice were challenged with H. polygyrus again. On
day 14 after challenge, worm fecundity was determined. To isolate and transfer memory T
cells, WT mice were inoculated with H. polygyrus orally, treated with pyrantel pamoate 2
wk later; 2 mo later, the mice were sacrificed and CD4* T cells were positively purified by
using anti-CD4 beads (Miltenyi Biotec) from spleens and lymph nodes as memory T cells.
Memory T cells (5 million cells per mouse) and/or memory B cells (15 million cells per
mouse) were then transferred into different groups of naive JHD mice (five mice per group).
One day later, these mice were inoculated with H. polygyrus orally. On day 14 after H,
polygyrus inoculation, the mice were examined for worm fecundity.

Statistical analysis

Results

Statistical differences between groups were assessed using ANOVA and Fisher’s protected
least significant difference test for pairwise comparisons. In experiments in which only two
groups were evaluated, Student #test was used to detect differences. If data failed the
assumptions of normality or equal variance, then the Kruskal-Wallis nonparametric
ANOVA was used with a Mann-Whitney Utest for pairwise comparisons. The software
program SigmaStat (Jandel, San Rafael, CA) was used for all statistical analyses.

N. brasiliensis-induced Th2 response and worm expulsion are B cell independent

Our previous studies have shown that B cells are required for the development of Th2 cells
in the draining nonmucosal cervical lymph node after intracutaneous inoculation in the ear
with N. brasiliensis (16). Because the host protective response to N. brasiliensisis dependent
on Th2 cells (6), we investigated whether B cell-deficient mice could generate intact
protective immunity to N. brasiliensis, which in WT mice culminates in worm expulsion
from the intestine by day 10 after inoculation. JHD and WT mice (five mice per treatment
group) were inoculated s.c. with 500 N. brasiliensis L3 and sacrificed at day 10 after
inoculation. No adult worms were detected in either N. brasiliensis-inoculated WT or .
brasiliensis-inoculated JHD mice (data not shown), indicating that B cells are not required
for host protection leading to N. brasiliensis adult worm expulsion.

To address whether production of Th2 cytokines in the mucosal tissues was affected in B
cell-deficient mice, MLNs were collected at day 10 postinoculation and examined for
cytokine expression. Comparable elevations in 1L-4 mRNA were observed in both A.
brasiliensis-inoculated WT and JHD mice (data not shown). To confirm that the JHD mice
were B cell-deficient and could not make Abs, MLN cells were stained with anti-B220
(6B2) mAb for FACS analysis. B220" cells were detected in WT but not JHD mice (Fig.
1A). Similarly, WT mice had significantly increased serum IgE levels after N. brasiliensis
inoculation, as measured by ELISA, whereas JHD mice had no detectable serum IgE (Fig.
1A). Absence of B220* cells and IgE production confirmed that these mice are B cell
deficient.
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Previous studies have demonstrated that N. brasiliensis is a potent inducer of Th2-type
responses (20) and that host resistance to N. brasiliensisis dependent on Th2 cytokines,
especially 1L-13 (23, 24). Studies in other systems have showed that the absence of B cells
can shift the Th2-type response toward a Th1-type response in vivo (13). To study whether
B cell-deficient JHD mice can generate a normal Th2-type mucosal immune response after
N. brasiliensis s.c. inoculation, WT and JHD mice were inoculated with N. brasiliensis and
sacrificed 7 d later, a time when the Th2 cytokine response peaks in WT mice. MLNs were
collected and analyzed for cytokine protein and gene expression. The number of IL-4—
secreting MLN cells, as determine by ELISPOT assay, was not reduced in N. brasiliensis-
inoculated JHD mice compared with N. brasiliensis-inoculated WT mice (Fig. 15). Real-
time quantitative RT-PCR was used to assess changes in cytokine mRNA gene expression.
Pronounced increases in IL-4 and IL-13 mRNA were detected in the MLNs of N,
brasiliensis-inoculated JHD mice that were at least as elevated as in WT mice.
Overexpression of IL-4 and 1L-13 in MLNs of JHD mice may be caused by increased
frequency of CD4 T cells in MLNs because of the absence of B cells. IFN-y mRNA
remained low in all groups (data not shown), suggesting that the absence of B cells in N.
brasiliensis-inoculated JHD mice does not shift the Th2-type response to N. brasiliensis
toward a Th1-type phenotype.

During intestinal nematode parasite infection, other cells besides T cells can produce Th2
cytokines, including eosinophils, basophils, B cells, NK cells, and mast cells (5). To
examine the changes in CD4 T cell cytokine expression in JHD mice after N. brasiliensis
inoculation, MLN CD4* T cells were isolated from WT and JHD mice and analyzed for
IL-4 and IL-13 mRNA gene expression. As shown in Fig. 1C, CD4 T cell IL-4 and IL-13
mRNAs were comparably elevated in WT and JHD mice postinoculation, suggesting that B
cells are not required for the development of Th2 cells in MLNs after . brasiliensis
inoculation.

Host resistance to N. brasiliensis in JHD mice remains CD4-dependent

Previous studies have demonstrated that the host protective response against N. brasiliensis
is dependent on CD4 T cells in WT mice. To address whether host protection in B cell-
deficient mice remained dependent on CD4 T cells, anti-mouse CD4 mAb was used to
deplete CD4 T cells in vivo in WT and JHD mice starting on the day of N. brasiliensis
inoculation. On day 10 postinoculation, adult worms and eggs were recovered from the
intestine (Fig. 24). Again, both WT and JHD mice expelled N. brasiliensis successfully.
However, depletion of CD4 T cells abrogated host protection in both WT and JHD mice,
indicating that resistance to . brasiliensis in JHD mice is still dependent on CD4 T cells.
To examine whether IL-4 mMRNA elevations were similarly CD4 T cell-dependent in WT
and JHD mice, MLNs were collected and analyzed. N. brasiliensis inoculation markedly
increased MLN IL-4 mRNA expression in WT and JHD mice, and anti-CD4 Ab treatment
significantly suppressed IL-4 mRNA expression below untreated levels in both groups (Fig.
2A). These results suggest that host protection and the IL-4—dominant, Th2-type immune
response in JHD mice are CD4 dependent. Our findings demonstrate that, following /.
brasiliensis inoculation, host resistance and the Th2-type immune response associated with
mucosal immunity in lymph nodes draining the gut do not require the presence of B cells.

Host protection following N. brasiliensis secondary inoculation does not require B cells

Because previous studies have shown that B cells may be required for the development of
memory CD4* T cells in vivo (13), we next examined whether the more rapid expulsion of
N. brasiliensis after a secondary inoculation requires B cells. WT and JHD mice were
inoculated with A. brasiliensis. Two months later, the primed mice were administered a
secondary N. brasiliensis inoculation (Nb2"), and naive mice were simultaneously given a
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primary inoculation (Nb1"). Mice were sacrificed at day 7 after inoculation, a point at which
mice given a secondary inoculation have expelled all parasites whereas mice given a
primary inoculation have not. Comparable worm and egg burdens were detected after the
primary N. brasiliensis inoculation, and both mouse strains successfully expelled worms
after secondary inoculation (Fig. 2B8). In a separate experiment, WT and JHD mice
examined for worm burden showed no significant difference in parasite number in the lungs
at day 2 after secondary inoculation (data not shown). Thus, the more rapid memory
response to secondary . brasiliensis inoculation is also not dependent on B cells.

B cell-deficient JHD mice have impaired immunity following H. polygyrus challenge

Our findings with N. brasiliensis suggest that B cells play no role in the development of the
Th2-type enteric immune response and associated protective immunity. We next
investigated whether B cells are required for the development of host protection to H.
polygyrus, which is a strictly enteric helminth parasite that includes a tissue-dwelling stage
in the small intestine required for the development of adult worms. Primary inoculation with
H. polygyrus results in chronic infection, but secondary inoculation after drug-induced
parasite clearance results in a host-protective, Th2-type memory response culminating in
worm expulsion by 2 wk after inoculation (5). WT and JHD mice were primed with H.
polygyrus L3 and drug-cured (see Materials and Methods). Primed mice were given a
secondary H. polygyrusinoculation (Hp2” group), and naive controls were given a primary
inoculation (Hp1” group) on day 0 of each experiment. Mice from all treatment groups were
sacrificed at day 14. As expected (Fig. 3A4), the number of adult worms was markedly
reduced in WT Hp2” compared with WT Hp1”. In contrast, adult worm expulsion was
impaired in the H. polygyrus-challenged JHD mice, indicating that JHD mice have a defect
in the development of a host protective memory immune response to H. polygyrus. Egg
production was negligible in JHD Hp2’, despite the presence of adult worms, suggesting
that fecundity can be controlled by B cell-independent effectors during the memory
response. These findings suggest that the H. polygyrus memory response generated in the
absence of B cells is unable to support effective host protection leading to parasite clearance.

Previous studies have demonstrated that B cells can produce serum IgG1 and IgE, which are
dependent on the presence of CD4 T cells during both the primary and secondary immune
responses to H. polygyrus (25, 26). To determine whether the humoral immune response
was blocked in JHD mice, total serum Ig levels were measured by ELISA at day 14
following H. polygyrus challenge inoculation of WT and JHD mice. As shown in Fig. 35,
elevations in total serum IgE and 1gG1 levels were significantly increased in WT Hp2’
compared with WT Hp1’ or untreated mice (v <0.001). Serum IgE and IgG1 were not
detected in JHD mice, consistent with an absence of Ab-producing B cells in JHD mice
during both the primary and secondary immune responses to H. polygyrus.

Our observation that JHD mice do not expel H. polygyrus parasites following secondary H.
polygyrus inoculation suggested an important role for B cells and perhaps Abs in the
protective response. To examine whether B cells contribute to host protective effects at early
stages of the response when developing larvae are at the tissue-dwelling stage, larval
development was compared after H. polygyrus inoculation of JHD and WT mice. Primed
mice and naive mice were inoculated with H. polygyrus and then sacrificed at day 4 after
challenge, a point when larvae have already migrated through the intestinal mucosa and
taken residence in the submucosal tissue near the muscularis. Larvae were counted in situ,
and their distribution across the length of the small intestine was determined (mean larval
position, see Materials and Methods). Individual larvae were extracted and their length, as
an indicator of development, measured by sex (Fig. 3C). Our results show that larvae in
primary infections cluster in the duodenum and proximal intestine, whereas the WT
secondary response causes the distribution to be more uniform (mean larval position closer
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to 0.5) as a result of parasites invading more distal regions of the small intestine. Although
the WT Hp1” and JHD Hp1’ groups were similar in distribution, JHD Hp2” had a
significantly lower mean larval position than WT Hp2” (p <0.01). Furthermore, larvae of
each sex were significantly longer in mice of the JHD Hp2” group than WT Hp2” (p
<0.001), albeit not as long as in the Hp1” groups. These results indicate that protective
effects of the early memory response that result in disruption of H. polygyrus larval
migration and impairment of larval growth in the tissue-dwelling phase are partly dependent
on B cells.

T cell activation, Treg cell frequency, and the Th2-type immune response in MLN following
H. polygyrus challenge are comparable in WT and JHD mice

Previous studies have demonstrated that the host protective response to H. polygyrusis
primarily dependent on IL-4 and IL-13 produced by CD4* Th2 cells (5, 27, 28). The
defective immunity in JHD mice against H. polygyrus infection might be caused by
impaired T cell activation or Th2 cell development in JHD mice. To address these
possibilities, WT and JHD mice were given a primary inoculation of H. polygyrus, drug
treated, and re-challenged with H. polygyruslarvae (Hp2"). These mice were compared with
untreated controls and mice given a primary inoculation (Hp1”). To assess T cell activation
and cytokine expression, MLNs were collected at day 7 after challenge, a point at which
optimal levels of cytokines are expressed (29). Cells were stained with anti-CD4-FITC and
anti-CD69-PE. After primary or secondary H. polygyrus inoculation, CD69 expression was
increased on CD4 T cells in both WT and JHD mice (Fig. 4A), suggesting that the CD4 T
cell activation in MLNs following H. polygyrus inoculation is not dependent on B cells.

It has been shown previously that B cell deficiency causes an increased frequency of CD4*
CD25" Foxp3* Treg cells in humans and mice (30, 31), suggesting that the impaired
immunity in JHD mice is caused by increased Treg cells that downregulate the Th2 response
and other immune cell functions. To address whether Treg cells increase in H. polygyrus-
inoculated JHD mice, MLNs were collected from untreated, Hp1’, and Hp2” WT and JHD
mice at day 7 after inoculation. Single-cell suspensions from pooled MLNs were prepared
and stained for surface CD4 and CD25 and intracellular Foxp3. Cells were gated on the
CD4" population. Primary H. polygyrus inoculation increased the frequency of CD4*
CD25" Foxp3* Treg cells to the same level in WT and JHD mice (Fig. 45). Similarly,
secondary H. polygyrus inoculation comparably boosted the percentage of CD4* CD25*
Foxp3* Treg cells in WT and JHD mice. These findings suggest that the impaired immunity
in H. polygyrus-inoculated JHD mice is not associated with changes in the frequency of
CD4* CD25" Foxp3* Treg cells.

To investigate Th2 cell development, intracellular cytokine staining was used to determine
cytokine production by CD4* T cells. As shown in Fig. 4C, CD4 T cells from untreated WT
or JHD mice did not produce IL-4. After primary H. polygyrusinoculation, pronounced
increases in IL-4 were detected in both WT and JHD mice, with even greater 1L-4
cytoplasmic staining following secondary H. polygyrusinoculation. Absence of B cells did
not increase the percentage of IFN--y—producing cells in MLNSs after primary or secondary
H. polygyrusinoculation (data not shown). As confirmation, we purified CD4* T cells from
MLN cells by CD4 positive selection and isolated RNA for the measurement of cytokine
gene expression (Fig. 54). Comparable expression of IL-4 and 1L-13 was found in CD4* T
cells from WT and JHD MLNs following either primary or secondary H. polygyrus
inoculation. IFN-y gene expression remained low in all groups. Thus, our findings suggest
that the defective immunity to H. polygyrusinfection in JHD mice is not due to impairment
in T cell activation, Th2 or Treg cell development, or deviation toward Th1 cell
differentiation.
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Cytokine response in granulomas from JHD mice is comparable to that from WT mice
following H. polygyrus challenge

Our results show that JHD mice generate comparable levels of T cell activation, CD4*
CD25" Foxp3* Treg cell expansion, and Th2 cell development with WT; however, it
remains possible that the peripheral Th2-type response at the host—parasite interface is
impaired in B cell-deficient mice. In the H. polygyrus life cycle, infective L3 penetrate the
small intestinal wall and migrate to the submucosal region to develop into parasitic L4 on
day 4; by day 8 these larvae develop into adult worms that return to the intestinal lumen and
produce eggs. Our previous studies have shown that CD4* T cells and alternatively activated
macrophages (AAMacs) accumulate in the granulomas that surround tissue-dwelling L4 and
that more rapid accumulation of these cells after secondary H. polygyrus inoculation
contributes to the protective memory response (21). To examine whether cytokines,
particularly those produced by infiltrating CD4* T cells or AAMacs, are reduced in H.
polygyrus granulomas from B cell-deficient H. polygyrus-inoculated mice, we collected
cells from primary and secondary granulomas of both WT and JHD mice at day 7
postinoculation. RNA was isolated from these granuloma cells for cytokine analysis by
quantitative real-time PCR (Fig. 58). WT and JHD mice expressed similar levels of 1L-4,
IL-13, MCP-1, and Argl in the granulomas containing tissue-dwelling H. polygyrus L4,
suggesting that the Th2-type response and accumulation of AAMacs at the host—parasite
interface is not dependent on B cells or Abs. Levels of IFN-y and inducible NO synthase
(iNOS) mRNA remained low in all groups, consistent with a Th2-polarized response.
Thymic stromal lymphopoietin mRNA also remained low. Expression of the inhibitory
cytokines IL-10 and TGF-p was similar in the H. polygyrus granulomas from WT and JHD
mice. Using immunofluorescence staining, AAMacs and other immune cell types
accumulated in the granuloma similar to that of H. polygyrus inoculated WT mice, although
some increase in neutrophils in H. polygyrus-inoculated JHD mice compared with
inoculated WT mice was observed (data not shown). Because accumulation of AAMacs is
dependent on IL-4 signaling (21), these studies show that Th2 cytokine effector function
was intact. These data suggest that the development of the pronounced Th2-type response
and the associated formation of the Th2-type granuloma at the site of parasite invasion in the
intestinal submucosa are B cell independent.

Transfer of H. polygyrus memory B cells or IS from WT mice to H. polygyrus-primed JHD
mice restores host protection following H. polygyrus challenge

Our results suggest that B cells contribute to host defense against H. polygyrus during the
tissue-dwelling stage, but that their absence does not affect the development of cytokine-
expressing Th2 cells either in the MLNs or at peripheral sites of inflammation in the
submucosa of the intestine. To further address the function of B cells in the protective
response to H. polygyrus, transfer experiments of cells or serum from immune WT mice into
JHD mice were performed. B cells from either untreated WT or H. polygyrus-primed WT
donors were purified using magnetic bead cell sorting. JHD recipients were inoculated with
H. polygyrus followed by drug cure. Three months later, naive or memory B cells were
transferred i.v. to JHD recipients, which were then challenged again with H. polygyrus?2 d
later and sacrificed at day 14 after secondary inoculation. As shown in Fig. 64, transfer of
naive B cells to H. polygyrus-primed JHD recipients only moderately enhanced host
resistance to H. polygyrus secondary inoculation. However, transfer of memory B cells to H.
polygyrus-primed JHD recipients significantly increased host immunity to secondary H.
polygyrus infection (p <0.001). These findings confirm that memory B cells play a
significant role in mediating host resistance to H. polygyrus infection.

Recent reports of the memory response to H. polygyrus infection have implicated both Ab-
dependent and Ab-independent functions of B cells (18, 19). To clarify the role of memory
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B cells in our transfer system, we repeated the previous experiment with serum instead of B
cells. IS was collected from WT mice at day 14 after secondary H. polygyrus inoculation,
and NS was collected from untreated WT mice. Serum was administered i.p. every 3 d
starting at day — 1 before secondary H. polygyrus inoculation of JHD recipients. At day 14
after challenge, the JHD group receiving NS with secondary inoculation had a poorly
controlled chronic infection, whereas the JHD secondary group given IS exhibited effective
worm expulsion, comparable to WT mice given a secondary H. polygyrus inoculation (Fig.
65). This result indicates that Ab from memory B cells is sufficient to restore the protective
memory response to H. polygyrus in B cell-deficient mice that culminates in worm
expulsion.

Because the effects of the impairment in the JHD response to H. polygyrus challenge were
observed during the tissue-dwelling larval phase (Fig. 3C), we investigated whether
transferred IS could restore the pattern of larval distribution and impaired development seen
in the WT secondary (Hp2”) versus primary (Hp1") response. Primed JHD mice were given
serum transfers with secondary H. polygyrus inoculation and sacrificed at day 4 (Fig. 6C).
The usual pattern of fewer larvae, more distal distribution, and reduced larval length was
observed in WT Hp2” mice compared with WT Hp1’ mice or JHD Hp2’ mice. Transfer of
NS to JHD Hp2” mice failed to restore the characteristic pattern of an effective memory
response. However, IS transfer to JHD Hp2” mice resulted in a response comparable to that
observed with WT Hp2” mice. These results suggest that Ab produced during the memory
response can affect worm invasion and development as early as 4 d after inoculation.

Transfer of memory T cells, B cells, or serum from inoculated WT mice to naive WT mice
promotes protective immunity

We next investigated whether the protective effect of transferred memory B cells on
secondary H. polygyrus inoculation in JHD mice requires memory T cell help. CD4* T cells
and B cells were isolated from spleens and MLNs from H. polygyrus-primed WT mice and
used as memory T cells or B cells for transfer into naive WT recipient mice. One day after
i.v. transfer of memory T and/or memory B cells, the recipient mice were inoculated with A.
polygyrus, and at day 14 postinoculation the mice were assessed for worm expulsion and
egg production (Fig. 7A). Compared with primary inoculation alone, the parasite burden was
significantly lower in H. polygyrus-inoculated mice receiving either memory T cell or
memory B cell transfer (0 <0.001). Moreover, when recipient naive WT mice received both
memory T cells and memory B cells prior to H. polygyrus inoculation, the protective
response was further enhanced (p <0.001). This finding suggests that H. polygyrus memory
T cells and H. polygyrus memory B cells can act independently or in an additive fashion to
mediate host resistance to H. polygyrus inoculation.

H. polygyrus-inoculated WT mice produce high levels of IgE and 1gG1, with significantly
more H. polygyrus-specific Ab seen after secondary inoculation than after primary
inoculation (32). We investigated IgE production in WT mice receiving memory T and/or
memory B cell transfer (Fig. 75). Transfer of WT memory T cells boosted IgE production in
H. polygyrus-inoculated recipient WT mice. Transfer of WT memory B cells with or
without WT memory T cells markedly promoted IgE production in WT recipient mice
following H. polygyrusinoculation. These data suggest that the B cell contribution to host
protection to H. polygyrus inoculation can be mediated through the production of Abs.

To determine whether H. polygyrus-specific Ab can induce protective responses in the
absence of memory B or T cells, we tested the effect of IS transfer during primary H.
polygyrus inoculation. Naive WT recipients of IS or NS were inoculated with H. polygyrus
and sacrificed at day 4, early during the tissue-dwelling larval phase of infection (Fig. 7C).
The group receiving NS transfer had a larval total and distribution similar to the control
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group with PBS injections, whereas the group receiving IS transfer had significantly
decreased larval total (p<0.01) and a distribution that trended more distal. This result
suggests that H. polygyrus-specific Ab, in the absence of memory B or T cells, is sufficient
to induce modest protective effects early during infection.

To examine whether N. brasiliensis-specific Ab could accelerate protective immunity during
the primary immune response to N. brasiliensis, 1S was collected from N. brasiliensis-
inoculated mice (see Materials and Methods). WT mice were administered NSorIS1d
prior to s.c. inoculation with 500 N. brasiliensis L3 and sacrificed at day 7. No difference
was found in total worm burden between the IS- and NS-treated groups, suggesting that Ab
alone is not sufficient to mediate protective immunity against primary N. brasiliensis
inoculation. However, a significant reduction in worm fecundity, as measured by fecal egg
count, was observed in IS-treated mice (p<0.01; Fig. 7D), indicating that exogenous Ab
administration can affect worm fecundity during N. brasiliensis infection.

Discussion

Our findings demonstrate that the Th2-type mucosal immune response is intact in the
absence of B cells during the immune response to the intestinal nematodes H. polygyrus and
N. brasiliensis. Although N. brasiliensis worm expulsion was similar in WT and B cell-
deficient mice, the protective memory immune response to H. polygyruswas compromised
and the B cell effect was primarily mediated by Abs affecting early larval migration and
development during the tissue-dwelling phase.

Previous studies of the immune response to N. brasiliensis in B cell-deficient mice showed a
reduced Th2-type immune response. However, these studies examined the nonmucosal
immune response in the draining ear lymph node after intracutaneous inoculation in the ear
(16). Our studies now show that the mucosal in vivo immune response, including the
development of IL-4—producing Th2 cells, was intact in the intestine draining MLNs and
effectively mediated worm expulsion. A number of previous studies showed increased
permissiveness of Th2 cell differentiation in mucosal tissues (33, 34), and our findings are
consistent with a mucosal microenvironment supporting Th2 cell differentiation, even in the
absence of B cells during the immune response to N. brasiliensis.

The Th2-type mucosal response was also intact in both the primary and secondary mucosal
immune response to H. polygyrus. These latter results are consistent with recent studies (18)
that suggested an intact Th2-type cytokine response in the spleens of H. polygyrus-
inoculated B cell-deficient mice. Our studies expand on these previous findings,
demonstrating that in the draining MLNs and at the peripheral site of parasite invasion of the
intestinal mucosa, Th2 cytokine expression was comparable between H. polygyrus-
inoculated WT and H. polygyrus-inoculated B cell-deficient mice. In contrast, another
recent report (19) concluded that the Th2-type immune response to H. polygyrus was
compromised in B cell-deficient mice. However, these studies relied primarily on lethally
irradiated and reconstituted chimeric mice, which can provide important insights into B cell
function, but may not reflect the natural in vivo immune response to H. polygyrus that also
requires that structural and physiologic components work in concert. The limited studies that
examined Th2 cytokines during the natural immune response to H. polygyrusrelied on
cytokine measurements of cell populations restimulated overnight in vitro (19), which might
bias the cytokine response toward increased B cell dependence. Our studies confirm and
extend those of McCoy et al. (18), indicating that the protective memory response leading to
H. polygyrus expulsion from the intestinal lumen is compromised by the absence of B cells
despite unimpaired development of the mucosal Th2-type response to intestinal nematode
parasites.
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Our studies further identified an important role for B cells and Abs at the early tissue-
dwelling stages of H. polygyrus development. Direct measurements of larval distribution,
number, sex, and length showed quantitative impairment of early parasite development
during the memory response compared with the primary response. These observations
indicated that the protective effects of the memory response were significantly reduced in B
cell-deficient mice and were restored after transfer of IS, as early as day 4 after inoculation.
These findings suggested that Abs mediate protective effects at the tissue-dwelling stage of
development or earlier. In an experimental model of Strongyloides infection, in which larvae
are housed in diffusion chambers, Abs have also been shown to play an essential role in
mediating protective effects during the memory response (35). In addition, other studies
have suggested an important role for Abs in protective responses against intestinal nematode
parasites (36, 37). In the natural H. polygyrus model, parasite-specific Ab can bind the
migrating larvae shortly after inoculation, impairing their penetration or identification of the
intestinal niche and their subsequent migration to preferred sites, and thereby affecting their
distribution in the small intestine. This may also be one mechanism through which
protective immunity to neonates was conferred after transfer of serum from adult mice
immunized multiple times with H. polygyrus (38). IS transfer was also shown to impair
larval migration of hookworms in naive mice (39). Our additional observation that parasites
in the submucosa showed B cell-dependent reduced length further suggests that Ab also
affects development after migration when the parasite is maturing within the granuloma. In
contrast, our finding—that the cytokine expression and immune cell architecture (data not
shown) in the granuloma surrounding the developing parasite were largely unchanged in B
cell-deficient mice compared with inoculated WT controls—suggests that B cells have only
modest effects in terms of regulating the peripheral Th2-type immune response. Previous
studies have shown a significant role for memory Th2 cells and AAMacs in immune
protection (21). It will be of interest in future studies to examine whether macrophage- and
Ab-mediated protective effects are interactive or operate independently.

The observation that effective worm expulsion required B cells after H. polygyrus
inoculation but not N. brasiliensis inoculation suggests that B cells are not always an
essential component of the host protective response against intestinal nematode parasites.
Because an absence of B cells did not affect the accelerated protective memory response to
N. brasiliensis, it is unlikely that specific Abs play a significant role in protective host
responses against this parasite. These findings are consistent with other studies indicating
that specific components of the Th2-type response, such as mast cells or goblet cells, might
be more effective against some helminth parasites than others (4, 40). Our studies now
implicate B cells as also showing variability in their capacity to mediate protective responses
against different nematode parasites. It should be noted though that increasing specific Ab
levels by exogenous administration of IS during primary infection of WT mice with either
N. brasiliensis or H. polygyrus can contribute to protective immunity.
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FIGURE 1.
The development of Th2 cells in draining MLNSs after N. brasiliensis inoculation does not

require B cells. JHD and WT mice were inoculated s.c. with 500 A. brasiliensis L3 and
sacrificed 10 d (A) or 7 d later (B-C). A, Frequency of B220* cells in MLNs was analyzed
by flow cytometry. Serum IgE levels were determined by ELISA. Results are representative
of two independent experiments. B, The number of IL-4—producing cells in 1 million MLN
cells was determined by ELISPOT assay. IL-4, IL-13, and IFN-y mRNA expression in
MLN cells were detected by real-time quantitative PCR. C, CD4* T cells were isolated from
MLN cells of N. brasiliensis-inoculated and untreated JHD and WT mice, and quantitative
PCR was used to measure IL-4 and 1L-13 mRNA. Results are representative of two
independent experiments.
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FIGURE 2.

The host protective response to . brasiliensisinoculation depends on CD4 cells but not B
cells. A, JHD and WT mice were inoculated s.c. with N. brasiliensis L3, and some mice
were administered an additional 1 mg anti-CD4 mAb once per week starting the day before
inoculation. Mice were sacrificed 12 d postinoculation, and worm burden in small intestine
and egg burden in large intestine were measured. IL-4 mRNA expression of MLN was
detected by real-time quantitative PCR. B, JHD and WT mice were primed with N.
brasiliensis L3 s.c. Two months later, these mice were given a secondary challenge (Nb2")
and compared with naive mice given a primary inoculation (Nb1"). At day 7 after challenge,
mice were sacrificed and assayed for worm burden in the small intestine and egg burden in
the large intestine. Results are representative of two independent experiments.
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FIGURE 3.

The host protection to acute or chronic H. polygyrus infection is B cell-dependent. JHD and
WT mice were orally inoculated with 200 H. polygyrus 3, 2 wk later treated with
antihelminthic, and then four weeks after drug cure rechallenged with H. polygyrus (Hp2").
Other mice were given primary challenge alone (Hp1”). A and B, The mice were sacrificed
at day 14 after final inoculation. Worms and eggs were counted in the small intestinal lumen
and fecal contents, respectively (A), and serum IgE and IgG1 levels were determined by
ELISA (B). Results are representative of three independent experiments. C, Primary and
secondary challenged mice were sacrificed at day 4 postinoculation. Tissue-dwelling larvae
were counted in situ to determine total number and distribution along small intestine.
Individual larvae were removed, sexed, and measured. Means represent at least 10 larvae per
mouse, 4 mice per group. Asterisks mark significant difference (v <0.01) from WT Hp2’

group.
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FIGURE 4.

T cell activation, Treg cell frequency, and Th2 differentiation in draining MLNs were
comparable in H. polygyrus-inoculated JHD and WT mice. Primary (Hp1”) and secondary
(Hp2") H. polygyrus challenges were administered to WT and JHD mice as described in Fig.
3. On day 7 after challenge, the mice were sacrificed, MLNs were collected, and cell
suspensions were prepared. A, The cells were stained for anti-CD4 and anti-CD69. The
expression of CD69 on CD4* populations is shown. B, Cell suspensions were stained for
surface CD4 and CD25 expression and intracellular Foxp3. Cells were gated on CD4*
population, and the frequency of CD25* Foxp3* Treg cells is shown. C, Cells were
stimulated with PMA and inomycin for 6 h and stained for surface CD4 and intracellular
IL-4 and IFN-y. The IL-4 and IFN-y production by CD4* T cells is shown.
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The cytokine profile at the host—parasite interface is intact in JHD mice. WT and JHD mice
were challenged with primary and secondary H. polygyrusinoculation as previously
described. A, CD4 T cells were purified from MLNSs by positive selection and RNA was
isolated. IL-4, IL-13, and IFN-y mRNA expression by these CD4 T cells were detected by
quantitative PCR. Results are representative of two independent experiments. B, On day 7
after challenge, granulomas were collected and RNA was isolated. IL-4, IL-13, MCP-1,
Argl, IL-10, TGF-B, IFN-v, iNOS, and thymic stromal lymphopoietin mRNA expression
were detected by real-time quantitative PCR. Results are representative of two independent

experiments.
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FIGURE 6.

B cells and serum can restore the protective memory response against acute or chronic H.
polygyrus infection in JHD mice. IS, NS, and memory B cells were collected from H.
polygyrus-challenged WT mice. Naive B cells were isolated from untreated WT mice. JHD
mice were primed with H. polygyrusand drug-cured in preparation for secondary challenge.
B cells were transferred i.v. 2 d before secondary challenge, or serum was transferred i.p.
every 3 d beginning 1 d before secondary challenge. A, Parasite burden at day 14
postinoculation was compared between groups of JHD Hp2” mice given memory B, naive
B, or no cells. B, Day 14 worm and egg burdens were compared for JHD Hp2” with IS or
NS versus WT and primary control groups. C, Day 4 larval burden, distribution, and
development was measured as previously described for JHD Hp2” given IS or NS. Results
are representative of two independent experiments. Asterisks mark significant difference (p
<0.01) from WT Hp2’ group, or as indicated by brackets.
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FIGURE 7.

T cells, B cells, and serum from immunized mice can transfer protection against acute or
chronic primary H. polygyrus infection. WT mice were primed and drug-cured with H.
polygyrus as described. Two months later, some mice were sacrificed for harvest of T and B
cells (memory T, memory B). Other mice were rechallenged with H. polygyrus inoculation
and exsanguinated at day 14 after secondary inoculation with 1S. NS from untreated mice
and PBS were used as control interventions. A and B, Memory B and/or T cells were
transferred i.v. into naive WT mice 2 d before primary H. polygyrus inoculation. Worm and
egg burden (A) and serum IgE (B) were assayed 14 d later as measurements of the response
to chronic infection. C, WT mice were inoculated with H. polygyrus on day 0, administered
PBS, NS, or IS on days — 1 and 2, and the distribution of tissue-dwelling larvae (L4) was
observed as an indicator of the early immune response. DO, WT mice were inoculated with A.
brasiliensis on day 0, administered NS or IS on day — 1, and examined for worm burden on
day 7 after inoculation. Asterisks mark significant difference (p <0.01) from the NS group,
or as indicated by brackets.
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