
Review Article

Understanding the role of antibodies in murine infections with

Heligmosomoides (polygyrus) bakeri: 35 years ago, now and

35 years ahead

N. L. HARRIS,1 R. PLEASS2 & J. M. BEHNKE3

1Global Health Institute and Swiss Vaccine Research Institute, �Ecole Polytechnique F�ed�erale de Lausanne (EPFL), Switzerland, 2Liverpool
School of Tropical Medicine, Pembroke Place, Liverpool, L3 5QA, UK, 3School of Biology, University of Nottingham, University Park,
Nottingham, NG7 2RD, UK

SUMMARY

The rodent intestinal nematode H.p.bakeri has played an
important role in the exploration of the host–parasite rela-
tionship of chronic nematode infections for over six decades,
since the parasite was first isolated in the 1950s by Ehren-
ford. It soon became a popular laboratory model providing a
tractable experimental system that is easy to maintain in
the laboratory and far more cost-effective than other labora-
tory nematode–rodent model systems. Immunity to this par-
asite is complex, dependent on antibodies, but confounded
by the parasite’s potent immunosuppressive secretions that
facilitate chronic survival in murine hosts. In this review, we
remind readers of the state of knowledge in the 1970s, when
the first volume of Parasite Immunology was published,
focusing on the role of antibodies in protective immunity.
We show how our understanding of the host–parasite rela-
tionship then developed over the following 35 years to date,
we propose testable hypotheses for future researchers to
tackle, and we speculate on how the new technologies will be
applied to enable an increasingly refined understanding of
the role of antibodies in host-protective immunity, and its
evasion, to be achieved in the longer term.
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BACKGROUND

Heligmosomoides polygyrus bakeri is a fascinating intesti-
nal parasitic nematode of mice that was isolated in the
1950s by Ehrenford (1) and since then has attracted
increasing attention from researchers, particularly in the
last two decades and especially from parasite immunolo-
gists. H. p. bakeri represents an important model of
chronic helminth infection and is phylogenetically related
to the ruminant parasites Haemonchus contortus and
Teladorsagia circumcincta and the human hookworms
Ancylostoma duodenale and Nector americanus (2). The
parasite has played an important role in helping us to
explore and understand many different aspects of infection
with helminths, but its pre-eminence is its capacity to
cause long-lasting chronic infections in its murine host (3,
4). Unlike other rodent intestinal nematodes that became
popular laboratory models in the 1960s (e.g. Nippostrongy-
lus brasiliensis, Trichuris muris, Trichinella spiralis, Strongy-
loides ratti (5, 6)) and which cause limited infections
(although note that in some mouse strains, T. muris may
develop to patency and cause chronic infections (7, 8)),
often restricted to 2–3 weeks, and induce strong acquired
immunity in their hosts, H. p. bakeri is able to survive for
up to 10 months in many commonly used laboratory
mouse strains (3, 4). It is this capacity to cause long-last-
ing chronic infections in mice that distinguishes H. p. bak-
eri from other intestinal nematodes and which makes it a
convenient model of chronic nematode infections in
humans and our domestic animals (9–12).
This capacity of H. p. bakeri to survive for so long,

without inducing rapid expulsion, is facilitated by the
mechanisms that this species uses to downregulate local
intestinal immune responses primarily in its immediate
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vicinity, but also in more distant host tissues (13–15).
H. p. bakeri is known to secrete immunomodulatory fac-
tors (IMF) that interfere with both the induction and
expression of mucosal immune responses (12, 16–18), and
one consequence of this is that other parasites residing in
the intestinal tract (and elsewhere in host tissues) of con-
currently infected animals can benefit by sustaining longer
infections than would otherwise be the case. The prolonga-
tion of infections with other species has been demon-
strated in the laboratory (19–22) and has been detected in
the field in wild rodent populations naturally infected with
the close relative H. p. polygyrus (23, 24).

Taxonomic problems

The literature on H. p. bakeri is large and has been compli-
cated by taxonomic problems centring on the relationships
of H. p. bakeri with another closely related parasite of wild
rodents in Europe, which is now more correctly referred to
as H. p. polygyrus. In the 1950s–1980s, the literature was
further confounded by some scientists referring to the
parasite as Nematospiroides dubius and others as Heligmo-
somoides polygyrus until Behnke et al. (25), having
reviewed the early history of the parasite, strongly recom-
mended that N. dubius should be dropped. However, in
subsequent work, it became apparent that the parasites
used in laboratory studies and those parasitizing wild
wood mice (Apodemus sylvaticus) in Europe were quite
distinct in a number of respects. At first, it was suggested
that these were subspecies and should be referred to as
H. polygyrus bakeri for the laboratory-maintained parasite
and H. p. polygyrus for that in wild rodents (26), but Cable
et al. (27) raised both to full species status on the basis of
molecular genetic data. This controversy about the exact
taxonomic status of the parasite was reviewed again
recently (28), although not everyone has accepted the
change in nomenclature proposed by Cable et al. (29), and
for this reason in this article, we refer to it as H. p. bakeri.

THIRTY-FIVE YEARS AGO

Acquired resistance to infection and immunizing
protocols

In the 1960s–1970s, a key research problem with H. p.
bakeri was how to induce immunity to this parasite, as
primary infections appeared to be so stable for so long.
Many experimenters found that removing a primary infec-
tion and then challenging the mice with a second batch of
larvae just did not induce marked immunity, that is, a sub-
stantial reduction in the success of challenge infections
(30–32), and it was thought at the time that adult worms

were not immunogenic (33). Much effort was given there-
fore to devising various combinations of repeated infec-
tions, sometimes interspersed with anthelmintic treatment
or just superimposed on one another. The breakthrough
came when it was realized that adult worms not only
failed to induce effective resistance in many mouse strains
and appeared not to be susceptible to mucosal responses
in some strains of immune mice (34), but actually pre-
vented the expression of host-protective effector mecha-
nisms operating at the mucosal level (13, 31, 35). The
larval, tissue-dwelling stages of this parasite are in fact
highly immunogenic (36) and can induce immunity even in
poor responder strains of mice (37), as long as the period
of residence of adult worms in the gut lumen is brief, as
for example after infection with irradiated infective larvae
(38), following treatment with ivermectin, which kills the
larvae in situ in the intestinal walls (36), or by chemother-
apy immediately after their emergence from the intestinal
walls 7–9 days post-infection (31, 35). It was shown that
an average of just over 3 infective larvae per mouse was
sufficient to generate an 84% reduction in challenge infec-
tion worm burdens in NIH mice when the immunizing lar-
vae were killed by ivermectin on day 6 post-infection (37).
The emergence of adult worms into the intestinal lumen is
accompanied by a marked downregulation of immunity,
which facilitates the survival of adult worms despite the
earlier stimulation by larvae, and in experimental proto-
cols, delaying anthelmintic treatment for even a few days
after emergence of the L4 stages from the mucosa, thereby
allowing adult worms to reside in the gut lumen for a lim-
ited period of time, can depress markedly the expression
of future acquired immunity.

Passive transfer of resistance by immune serum

Because in most mouse strains worm burdens are so stable
for so long during primary infections, there was little to
dissect immunologically with the available tools in the
1970s and so attention turned to secondary responses.
Once reliable protocols for inducing acquired immunity
had been devised, it was possible then to explore the com-
ponents of the host immune responses to re-infection, and
initially, antibody-mediated mechanisms were technically
the easiest to investigate. Already by the mid-1970s, it was
known that infection with H. p. bakeri elicited a marked
IgG1 immunoglobulin response (39–42), much of which
was not specific to parasite antigens (40), and these two
observations prompted the idea that the IgG1 may be
acting as a blocking antibody enabling adult worms to
survive rather than being detrimental to their survival
(42). Another idea at the time was that the elevated levels
of IgG1 would also shorten the half-life of IgG1 and other

116 © 2013 John Wiley & Sons Ltd, Parasite Immunology, 36, 115–124

N. L. Harris et al. Parasite Immunology



immunoglobulin classes in infected animals through
increased catabolic activity (43).
Despite several reported attempts at transferring immu-

nity to H. p. bakeri by serum from immune animals, most
experimenters had failed to obtain satisfactory reductions
in worm burdens in passively immunized animals (44–46).
The data published by Behnke and Parish (47) in the first
volume of Parasite Immunology, however, showed for the
first time high levels of transferred resistance, in some
cases up to 86% reduction in parasite burdens, but a cru-
cial aspect of this work was that whilst worm burdens in
immune serum-treated animals were moderately lower in
the first 3 weeks after infection, a marked further loss
occurred after the 4th week of infection. Thus, in addition
to fewer worms completing the tissue phase of develop-
ment in immune serum-treated recipients, and the develop-
ment of smaller stunted, less fecund worms, the surviving
population was subsequently expelled some 4–5 weeks
after the transfer of immune serum, long after most of the
transferred antibodies would have been lost from the cir-
culation by normal catabolism.
These findings prompted the idea that one role of anti-

bodies in this host–parasite system was to neutralize the
immunomodulatory factors (IMF) secreted by the para-
sites to facilitate their own survival (47) and that in the
absence of effective mucosal immunodepression from adult
worms, the mice were able to mount the characteristic
intestinal inflammatory response that had been described
and dissected so well in the case of Trichinella spiralis and
Nippostrongylus brasiliensis (5, 6, 48). Later on, it was
demonstrated clearly that far from being insusceptible to
mucosal responses, as had been thought earlier, when
intense intestinal inflammatory responses were induced in
mice by heterologous challenge, adult H. p. bakeri were
unable to survive and were expelled effectively (49). Thus,
the failure of mice to remove adult worms following pri-
mary infection was not attributable to some inherent
capacity of H. p. bakeri to resist the effector mechanisms
(innate resilience), but rather to a failure of mice to suc-
cessfully express such responses during primary infections.
In subsequent work, it was shown that the sera from

mice immunized by repeated infections synergized with
mesenteric lymphocytes transferred from immune-chal-
lenged mice to make recipients almost solidly resistant to
challenge infection (50). Immune serum and mesenteric
node lymphocytes from immune mice on their own were
not nearly as effective as both given together (50, 51), and
this was interpreted as consistent with the idea that the
lymphocytes transferred from immune donors benefitted
from the presence of transferred antibodies that protected
them from parasite-derived IMF and that without this
antibody-mediated protection, transferred immune

lymphocytes on their own were at best only moderately
effective in causing worm expulsion in recipients (51).
Further support for a crucial protective role of antibod-

ies has come more recently with the demonstration that
passive transfer of immunity from a mother to her suck-
ling neonates provides protection against neonatal infec-
tion with H. p. bakeri (52). In these experiments, maternal
immunity only arose following multiple infections, was
IgG mediated and functioned within the neonatal intesti-
nal lumen to prevent tissue invasion by infective L3.
Whilst infection of adult mice with H. p. bakeri is largely
asymptomatic, infection of neonates with as few as 50 L3
was associated with a 50% mortality rate and significant
weight loss. It was somewhat striking therefore that both
mortality and weight loss could be prevented by maternal
antibodies (52).
As it had been suggested earlier that IgG1 hypergamma-

globulinaemia was responsible for blocking immunity dur-
ing primary infections, the idea that primary infection sera
might impair immunity was also tested (53). No evidence
for blocking activity was found; however, surprisingly,
experiments with serum transferred from mice carrying
primary infections to naive recipients showed that the
IgG1 fraction has some moderate protective activity.
Moreover, the IgG1 fraction of serum from hyperimmune
mice was shown to be host protective (54), a finding that
has been confirmed recently (55). Interestingly, another
recent study showed that the majority of parasite-specific
IgG1 is directed at polypeptides of Val proteins (VAL-3,
VAL-4 and VAL-7), which are dominant components
among the parasite’s vast array of secreted proteins and
which have been shown to have immunosuppressive prop-
erties (56, 57).
A concurrent interest at the time was genetic resistance

to H. p. bakeri, and as inbred mouse strains were devel-
oped and began to play an increasing role in immunologi-
cal research, many different strains were assessed for their
capacity to harbour chronic infections or to resist infec-
tion with H. p. bakeri (31, 58, 59). Already data had been
provided that in contrast to the majority of popular labo-
ratory mouse strains, LAF1 mice lost worms within
3 weeks of infection (60) and SJL were capable of expel-
ling primary infections with H. p. bakeri within 6–
11 weeks of oral infection (58, 61). Another strain that
was also found to be capable of eliminating primary infec-
tion worms rapidly was SWR (62). Many different strains
were ranked in terms of their capacity to resist primary
infections and to express acquired resistance (15, 31, 63,
64), and therefore, it was possible now to correlate anti-
body responses with resistance across mouse strains of
varying genotype and responder phenotype. Much as
expected, it was soon found that good responder strains
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produced high levels of parasite-specific IgG1, and poor
responders much lower (15, 59, 64), and even within the
strong/intermediate responder strains, IgG1 levels corre-
lated negatively with worm burdens (65).
Until now, most work on H. p. bakeri has made use of

polyclonal Abs (particularly IgG1) purified from infection/
vaccination sera in neutralization tests in vitro and in vivo.
These experiments are technically demanding and far from
optimal as sera contain a mixture of antibody isotypes,
some with inappropriate specificities (such as blocking
antibodies) and the potential to trigger inhibitory signals
through immunoreceptor tyrosine-based inhibition (ITIM)
motifs. It is difficult to ensure the absolute purity of such
antibodies, and minor contamination with a highly biolog-
ically active isotype may give misleading results. Purifying
antibodies from small volumes of mouse sera is time-con-
suming and results in small yields that are difficult to
standardize. Furthermore, antigen-directed, isotype restric-
tion means that different subclasses will not recognize
identical epitope populations. As epitope density has a
major influence on the efficiency of effector mechanisms,
such as antibody-dependent cellular cytoadherence
(ADCC), it has been virtually impossible to determine
whether a particular result is representative of the funda-
mental role played by IgG1. One way forward in achieving
a deeper understanding of the precise role of antibodies in
H. p. bakeri infection will be to engineer recombinant epi-
tope-matched monoclonal antibodies for each IgG class
with which to dissect their function without fear of con-
tamination from other antibody types or other serum
components that co-purify on protein G/A columns, as
has been done recently in the case of malaria (66, 67).

NOW IN 2013

The last three decades, since the start of the 1990s, have
seen an unprecedented pace of change and advances in
technologies in biology. Parasite immunologists working
with H. p.bakeri have benefitted enormously through the
development of knockout strains of mice in which specific
genes or combinations of genes playing essential functions
in immune responses have been silenced. Likewise, trans-
genic animals with enhanced expression of particular genes
have been exploited. Novel molecular techniques including
real-time PCR for the detection of activated genes and
their products, gene sequencing technologies, batteries of
specific reagents for detecting cytokines and their recep-
tors, and the accompanying rapid development of next-
generation sequencing and growing field of bioinformatics
have all revolutionized the depth of dissection of the host
immune response that is now possible. Collectively, all
these methods have enabled the individual components of

host responses to be documented in a manner that just
could not be contemplated in the 1970s–1980s. Advances
in our understanding of epigenetics, novel approaches to
glycan analysis and post-translational modifications of
proteins, although slower in their application to H. p. bak-
eri than, for example, with viruses (68), in the long-term
may turn out to be equally, if not more, important in aid-
ing us to piece together all the threads of the host–parasite
relationship of this model system.

The role of antibodies in resisting challenge in immune
mice

As explained earlier, the development of protective immu-
nity requires immunization of mice by a single or several
priming infections, each abbreviated with an anthelmintic
drug to prevent worm burdens accumulating. In this set-
ting, antibody also appears to be essential for expression
of protective immunity. B cell–deficient mice cannot expel
worms following challenge infections, even though they
show marked expression of Th2 cytokines in the intestinal
mucosa, but do so when given immune serum by passive
transfer (69). Interestingly, the antifecundity response in
immunized B cell–deficient mice is unimpaired, indicating
that worm fecundity can be entirely abrogated by mecha-
nisms that do not involve antibody. However, antibody
was found to play a role in mediating growth impairment
and consequently stunting of the worms. Additionally
B cells in this host/parasite system play an important
helper role in supporting the expansion and maturation of
memory Th2 lymphocytes through secretion of IL-2 (70).
Use of gene-deficient mice demonstrated that IgE does
not play an essential role in protective immunity and IgA
contributes only to a small extent (55). By contrast, IgM
was not found to play a role in protective immunity as
AID-/- strain mice (lacking the RNA editing enzyme AID,
[activation-induced cytosine deaminase] (71), and hence
unable to undergo isotype class switching, for example
from IgM to IgG (55)) failed to reject challenge infections
with H. p. bakeri, despite producing enhanced levels of
parasite-specific IgM (72). Taken together, these findings
support earlier work showing that the protective capacity
of immune serum is largely contained within the IgG
fraction (54).
Examination of parasite numbers, their location in the

intestine and body length in B cell–deficient mice has indi-
cated that worm development is affected as early as day 4
post-challenge infection (69). Thus, IgG-mediated protec-
tive immunity appears to act predominately against the
larval stages of the parasite, which are also the major
stimulus for acquired immunity and the target of acquired
responses (36). The next challenge will be to determine the
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mechanisms by which IgG antibodies target H. p. bakeri
larvae. Numerous possibilities exist, perhaps acting in par-
allel or even synergistically, including neutralization of lar-
val products required for tissue migration/feeding and for
evasion of the immune response or antibody-dependent
cellular activation and the consequent destruction or trap-
ping of larvae by immune cells. Of note, macrophages are
also required for protective immunity against H. p. bakeri
(73), and both antibodies and macrophages are abundant
in the Th2-type granuloma surrounding the larvae (55,
73). These findings raise the possibility that antibodies
may activate macrophages to kill or trap parasitic larvae.
Whether this occurs still needs to be determined, but it is
known that larvae can survive in the granuloma for a long
time, as they can be re-activated to continue their growth
and maturation into fecund adults by treatment with
immunosuppressive corticosteroids as long as 3 weeks
after challenge infection (74). The entrapment of larvae in
granuloma and their eventual destruction could involve
binding of IgG to the high- or low-affinity receptors,
FccRI and FccRIII, known to be expressed by macro-
phages (75).
Alternatively, antibodies may act in an indirect manner

by promoting the recruitment of immune cells into the
granuloma or by activating complement. In this regard, a
recent publication indicated that antibodies play an impor-
tant role in mediating the production of basophils within
the bone marrow following H. p. bakeri infection (72).
However, specific depletion of basophils had a minor
impact on larval killing, indicating that this is not the
major pathway of antibody-mediated protective immunity
(72).

The role of antibodies in primary infections

As discussed, H. p. bakeri forms a chronic infection in
most mouse strains following primary infection. In the
poor responder strain, C57BL/6, B-cell deficiency had
little impact on the development of adult worms 14 days
following infection (55). However, fecundity was strikingly
increased and remained high for several weeks following
primary infection of B cell–deficient mice (55). Primary
infection with H. p. bakeri infection elicits a striking, but
largely polyclonal, IgG and IgE response, and the
observed impact on worm fecundity could be ascribed to
low-affinity IgG antibodies, (55). These low-affinity IgG
antibodies were present even in na€ıve animals presumably
in response to environmental antigens or intestinal bacte-
ria and were amplified by infection (55). This contrasts
with the ability of antibodies to provide protective
immunity against challenge infections, where high-affinity
parasite-specific antibodies are necessary. Thus, early

production of polyclonal antibodies following primary
infection with H. p. bakeri appears to serve the interests of
both the host and the parasite by allowing the develop-
ment of adult worms, but limiting egg production and
spread of the parasite into the environment. To date, few
data are available investigating the impact of antibodies
on parasite chronicity, although lines of Biozzi mice bred
selectively for either high or low antibody responses to a
wide range of antigens showed no difference in the pattern
and extent of faecal egg counts over a 4-week period fol-
lowing primary infection (76). However, consistent with
the crucial role of antibodies in acquired resistance, faecal
egg output differed markedly in secondary and tertiary
infections with complete suppression of faecal egg counts
in the lines bred for high antibody responses and in excess
of 90% loss of worms (76). Inbred strains of mice that
show poor antibody responses also harbour longer infec-
tions than those that respond more vigorously (65, 77),
but clearly, the role of antibodies needs to be investigated
more thoroughly through the kinetics of worm rejection in
wild-type or genetically modified antibody-deficient mice
as has been done for challenge infections. This would be
an important and exciting task for the near future given
that antibodies might be expected to neutralize parasite
products important in the modulation of the host immune
response.

THIRTY-FIVE YEARS FROM NOW (IN 2048)

H. p. bakeri will continue to be an important model
organism for understanding immunity to helminth infec-
tions of humans and of domestic animals. One growing
area where this nematode will play a key role is in eluci-
dating the mechanisms underlying the hygiene hypothesis,
whereby a lack of early exposure to worms increases sus-
ceptibility to autoimmune and allergic disease (78, 79 and
see also ref (80) for diagrammatic explanations of the rela-
tionships between the component parts). H. p. bakeri is
the preferred species for modelling in rodent chronic infec-
tions and immunoregulation in humans (81). Infection
with H. p. bakeri has been shown to inhibit allergy (82,
83), diabetes (84, 85), experimental autoimmune encepha-
lomyelitis (83) and colitis (86). This makes H. p. bakeri a
convenient and interesting model for the development of
novel therapies to treat autoimmune disease, whose public
health importance is accelerating most rapidly in develop-
ing countries (87) and which are also a significant cause of
morbidity in economically challenged African American
and Hispanic American communities in the U.S.A. But
are antibodies involved?
A recent in-depth analysis of the evidence would suggest

that they are (80). The most significant argument being that
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70% of the global supply of intravenous immunoglobulin
(IVIG–pooled IgG purified from 3000 to 30 000 healthy
human donors) is now being used for the treatment of
autoimmune inflammatory conditions, including Kawasaki
disease, idiopathic thrombocytopenic purpura (ITP), anae-
mia, systemic lupus erythematosus (SLE), asthma, Guil-
lain-Barr�e syndrome, Stevens–Johnson syndrome and
Crohn’s colitis (88). Case reports also suggest that IVIG is
effective in patients with diabetes and chronic inflammatory
demyelinating polyneuropathy (88, 89) and can reverse dia-
betes in NOD mice (90).
In trying to understand the suppressive mechanism

behind IVIG, investigators are beginning to tease out the
complex molecular pathways involved in controlling
inflammation by IgG (80, 91), and these are throwing up
new Fc–glycan receptors to explore in the H. p. bakeri
mouse model. Intriguingly, most of these receptors, includ-
ing FcRn (92), FcγRIIb/dectin-1 (93), FcRL5 (94),
DC-SIGN (SIGNR1) (95, 96) and Siglecs (91, 97), have
not been studied with respect to IgG function in any hel-
minth infection, let alone H. p. bakeri.
IVIG may also work via a multistep model where the

injected IVIG first forms a type of immune complex (IC)
in the patient (98–102). Once these ICs are formed, they
interact with improved binding to these Fc and/or glycan
receptors to mediate anti-inflammatory effects (80),
thereby helping to reduce the severity of autoimmune dis-
ease or the inflammatory state (80, 103). Indeed, both the
size and glycosylation of ICs significantly impact the abil-
ity of IgG to interact with low-affinity receptors (104). In
chronic helminth infections including H. p. bakeri, circu-
lating ICs increase dramatically and are maintained at this
high level for long periods. It will be important therefore
to determine what percentage of the polyclonal IgG1
response driven by primary infections can form immune
complexes and how these IgG1 are glycosylated. ICs are
likely to interact with a greater number of low-affinity Fc
and glycan receptors by higher-avidity binding, thereby
altering the inhibitory/activatory balance of antibodies
generated during primary infections (80, 105). Indeed, so
common are ICs that they have even been used as diag-
nostic markers of helminth infection (106).
The mechanism by which IVIG dampens arthritis

depends on both IL-33 and IL-4 to increase expression of
FcγRIIb, and both of these cytokines are upregulated by
H. p. bakeri (95, 107–109). IL-4 induces switching to IgG4
(109), IL-21 increases galactosylation of IgG and is also
upregulated by infection with parasites (110). The anti-
inflammatory activity of immune-complexed IgG1 is
known to be mediated by Fc galactosylation by promoting
the association of FcγRIIb with dectin-1, thereby blocking
C5a-dependent inflammation in vivo (93). IL-10 is induced

by IVIG and chronic H. p. bakeri infection (111–113).
Both IVIG and H. p. bakeri inhibit differentiation, ampli-
fication and function of Th-17 cells (114–116). Therefore,
IgG and the FcγRs may lie at the interface between
chronic helminth infection and autoimmune disease.
Understanding the genetic nature of this interface is as

crucial as understanding the immunological mechanisms
involved if developing novel intervention strategies for
both autoimmune diseases and worm infections are to be
realized, and H. p. bakeri will continue to be an important
model for such studies. Indeed, a major recent study
explicitly linked evolutionary pressure of helminth infec-
tion with autoimmune disease via adaptation of the FcγR
genes (117). It supports the hygiene hypothesis, which
states that in the absence of chronic helminth infection, as
seen in modern first-world populations, previously selected
FcγR alleles respond differently to immune system chal-
lenges and therefore alter the susceptibility to autoimmune
disease (80). It also points towards genetic and evolution-
ary investigation of complex structurally variable genomic
regions that contain immune genes, of which there are
many (118), as an approach to finding disease susceptibil-
ity alleles.
Further, the antibody theory to explain the hygiene

hypothesis is readily testable in the H. p. bakeri model,
and we therefore propose a number of experiments for
future investigations:
(1). IgG purified from chronic primary infected animals is

better at interacting with low-affinity inhibitory recep-
tors than IgG purified from na€ıve or vaccinated indi-
viduals and thus will be more effective at protecting
against autoimmune disease in mouse models.

(2). Different mouse strains will exhibit genetic variability
of their FcγR and SIGLECs that predict many of the
immunological phenotypes discussed above, and

(3). Chronic infection leads to B cells with modulated
IgG–Fc glycosylation (119).

We also anticipate the discovery of H. p. bakeri glyco-
sidases exquisitely specific for the sugars on IgG, as are
known for bacteria (120). These may even lead to the
development of new therapies for autoimmune disease as
recently demonstrated for bacterial endoglycosidase S
(121).
With the rapid growth of sequencing technologies,

already well under way for H. p. bakeri, the genome of the
parasite is likely to be fully known in the very near future,
and this information should accelerate greatly the discov-
ery of parasite genes and their products. As mentioned
above, antibodies may also prove useful in identifying par-
asite products that interfere with host responses, although
the mechanistic role of antibodies in this process first
needs to be addressed.
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The factors regulating antibody production also need to
be identified clearly. Previous findings that different mouse
strains exhibit poor or strong immunity correlating with
the speed and extent of specific antibody production (15,
64, 65) highlight genetics as a major determinant of the
antibody-dependent protective immune responses in this
system. Today various recombinant inbred mouse lines are
available for use in quantitative trait loci (QTL) studies,
and these could be exploited to build on the work that has
already been pioneered in inbred mouse strains (122, 123)
to provide ever-refined loci for genes involved in protective
and other accompanying responses. For some inbred
mouse strains (among others including parental strains for
the recombinants), whole genome information is already
available, and some of those selected for the Mouse Gen-
ome Project have already been phenotyped for their
responses to H. p. bakeri infections under repeated infec-
tion protocols (124). Screening of H. p. bakeri-induced
IgG responses in such lines, identifying relevant QTL for
antibody responses, as was done for inbred mouse strains
(125), accompanied by single nucleotide polymorphisms,
would thus offer an attractive means of determining host
genes contributing to antibody-dependent protective
immunity against helminths.
H. p. bakeri has played an important role in the explo-

ration of the host–parasite relationship of chronic nema-
tode infections now for over six decades, providing a

tractable experimental system that is easy to maintain in
the laboratory and far more cost-effective than other labo-
ratory nematode–rodent model systems. It is certainly
going to continue to play a crucial role in the years ahead,
as we apply the new technologies and probe in even fur-
ther detail the fine workings of the processes that underlie
the control, expression and evasion of immune responses
to nematodes in mammals.
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