1682

Mark S. Wilson et al.

DOI 10.1002/eji.200939721

Eur. J. Immunol. 2010. 40: 1682-1696

Helminth-induced CD19"CD23™ B cells modulate
experimental allergic and autoimmune inflammation

Mark S. Wilson, Matthew D. Taylor, Mary T. O’Gorman, Adam Balic,
Tom A. Barr, Kara Filbey, Stephen M. Anderton and Rick M. Maizels

Centre for Immunity, Infection and Evolution, and Institute of Immunology and Infection
Research, University of Edinburgh, Edinburgh, UK

Numerous population studies and experimental models suggest that helminth infections
can ameliorate immuno-inflammatory disorders such as asthma and autoimmunity.
Immunosuppressive cell populations associated with helminth infections include Treg
and alternatively-activated macrophages. In previous studies, we showed that both CD4™*
CD25" Treg, and CD4~ MLN cells from Heligmosomoides polygyus-infected C57BL/6 mice
were able to transfer protection against allergic airway inflammation to sensitized but
uninfected animals. We now show that CD4 CD19" MLN B cells from infected, but not
naive, mice are able to transfer a down-modulatory effect on allergy, significantly
suppressing airway eosinophilia, IL-5 secretion and pathology following allergen
challenge. We further demonstrate that the same cell population can alleviate auto-
immune-mediated inflammatory events in the CNS, when transferred to uninfected mice
undergoing myelin oligodendrocyte glycoproteinyss_ss)-induced EAE. In both allergic and
autoimmune models, reduction of disease was achieved with B cells from helminth-
infected IL-10~/~ donors, indicating that donor cell-derived IL-10 is not required. Pheno-
typically, MLN B cells from helminth-infected mice expressed uniformly high levels of
CD23, with follicular (B2) cell surface markers. These data expand previous observations
and highlight the broad regulatory environment that develops during helminth infections
that can abate diverse inflammatory disorders in vivo.
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Introduction

The question of if, and how, infection may modulate the severity
of allergic and autoimmune pathologies is steadily gaining
prominence, reflecting the continuing rise in prevalence of
immunopathologies, and the evidence for an inverse correlation
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between viral, bacterial and parasitic infections with rising
asthma, multiple sclerosis and Crohn’s disease [1-6].

Until recently, the Th1-Th2 dichotomy was invoked to explain
the regulation of immunopathologic disease. Thus, reduced Th1-
associated autoimmune pathologies were observed following
[7-9], while, Th2-driven
allergic reactions are reduced following infection with Thl-
inducing pathogens [10-12]. However, Th2-inducing human
helminth infections are often protective against Th2-mediated
responses to allergen provocation [13-15], while autoimmunity

Th2-inducing helminth infections

can be blocked by some bacterial pathogens [16].
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These studies have led beyond the Th1/Th2 paradigm to a
recognition that a balance between immunoregulatory and
effector mechanisms is required to keep allergic or autoimmune
propensities in check [17-21]. Furthermore, we, and others, have
shown that parasitic infections can expand Treg cell populations
[22-27], including the demonstration that adoptively transferred
H. polygyrus-induced CD4"CD25"% Treg cells suppress inflam-
mation following airway allergen challenge [23].

Although the Treg (CD4"CD25"Foxp3') is a central
player in the immunoregulatory network, in the contexts of both
airway allergy [28, 29] and autoimmune disease [21, 30], this is
not the only cell population capable of down-regulating immune
responsiveness. Suppressive, alternatively activated macrophages
are able to directly block T-cell proliferation, and are selectively
enhanced by helminth infection [31-34]. Recently evidence has
emerged for B cells expressing regulatory function to control
immune pathologies [35-39], and in the context of helminth
infections in mice [40-43] as well as humans [44].

We accordingly set out to test whether B cells, generated
during chronic H. polygyrus infection, were capable of regulating
allergen-induced airway inflammation (AAI), as might be
predicted from our earlier finding that CD4~ MLN cells (MLNC)
from infected C57BL/6 mice could transfer protection to unin-
fected, [23]. As
CD4 CD19" B cells from chronically infected mice can indeed
suppress airway inflammation in uninfected recipients, reducing
bronchoalveolar IL-5, eosinophilia and airway pathology.
Furthermore, the same population of CD4 CD19" B cells from
infected donors can, on transfer, significantly reduce the severity

allergen-sensitized animals shown here,

of disease during EAE in uninfected recipients. We demonstrate
that in neither setting is IL-10 required from the donor B-cell
population to protect against pathogenic inflammation of these
different aetiologies in vivo.

Results

Both CD4" and CD4~ MLNC from H. polygyrus-infected
C57BL/6 mice can mediate suppression

H. polygyrus is a natural enteric-dwelling nematode parasite
which establishes a chronic infection in many strains of mice
[45]. We have previously shown that H. polygyrus-infected mice
display significantly reduced airway inflammatory responses to
OVA or Der pl allergen provocation in BALB/c and C57BL/6
mice, respectively [23]. Notably, in this system suppression of the
allergic outcome was not associated with a shift from Th2 to Th1
responsiveness. In fact, as demonstrated by adoptive transfer,
MLN CD4"CD25" Treg cells from infected animals of both strains
were able to transfer protection from airway inflammation in
uninfected recipients [23].

An intriguing feature of our earlier study [23] was that, in the
C57BL/6 strain, CD4~ MLNC were also able to transfer significant
protection against airway allergy. To investigate this further, we
first extended studies in the transfer model (Fig. 1A) to compare
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airway cell infiltration and inflammatory cytokine production in
allergic mice receiving CD4" (>93% pure) or CD4~ (>97%)
MLNC from H. polygyrus-infected mice, employing an allotypic
difference in CD45 (Ly5) to permit subsequent tracking of
transferred cells [46]. Allergen-sensitized C57BL/6 (CD45.2/
Ly5.2") mice received 4x 10° CD4* or CD4~ MLNC from
infected congenic B6-CD45.1 donors i.v. 7 days before the first of
two (day 28 and day 31) intratracheal Der p1 airway challenges.
Mice were assessed for airway inflammation on day 32.

Der pl airway challenge of Der pl-sensitized mice incited a
substantial cellular influx into the BALF with a significant
proportion of eosinophils, characteristic of allergen-induced
inflammation. As previously observed in the C57BL/6 system
[23], CD4" and CD4~ MLNC showed equivalent efficacy at
reducing total airway cell infiltration (Fig. 1B) and eosinophilia
(Fig. 1C) in recipient mice. Moreover, the two cell populations
were broadly similar in reduction of IL-5 (Fig. 1D) and eotaxin
(Fig. 1E) in the BALF, consistent with the attenuated degree of
eosinophilia.

Because the transferred CD4~ population contains approxi-
mately 70% B cells, we also examined whether total and allergen-
specific antibody responses were altered in recipient animals.
Neither total nor Der p 1-specific IgE levels showed significant
differences between control allergic mice and those receiving cell
transfers (Fig. 1F and G), as found previously for BALB/c mice
[23]. IgG isotype analysis did indicate a reduction in Th2-asso-
ciated IgG1, and a small increment in Thl-linked IgG2a in the
CD4~ MLNC recipients (Fig. 1H and I), but not at levels that
achieved statistical significance.

In addition to the suppression of airway eosinophilia and local
IL-5 and eotaxin secretions, airway pathology was also atte-
nuated. As expected, a dense layer of cells was observed
surrounding the bronchioles and arteries of Der pl-sensitized
mice following Der p1 challenge (Fig. 2A). The adoptive transfer
of CD4" or CD4 cells from chronically infected donors
substantially decreased peri-bronchial and peri-arterial inflam-
mation following Der pl challenge (Fig. 2A). In a further
experiment it was confirmed that down-modulation of airway
inflammation and pathology was affected only by CD4~ cells
from infected, and not uninfected, mice (Fig. 2B).

CD4" and CD4 cells from infected donors traffic to
the airways

The CD45 congenic marker permitted us to track the location of
donor cells in recipient mice at the end-point of the experiment.
At day 32, 11 days after the transfer of cells from infected donors,
we found a significant accumulation of donor CD4" and CD4~
cells in the airspace, lung tissue and draining thoracic LNs of Der
pl-challenged mice (Fig. 3). These data suggest that both CD4*
and CD4~ populations migrate to the sites and local draining
nodes responding to allergen provocation and suppress allergen-
induced IL-5 and eotaxin secretion, reducing the recruitment of
eosinophils.
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Figure 1. CD4" and CD4 ™ cells from helminth-infected donors can suppress Der p1l-induced airway inflammation. 4 x 10° purified CD4" and CD4~
MLNC from 28 day H.polygyrus-infected B6-CD45.1 mice were injected iv. into C57BL/6 (CD45.2%) recipients that had received Der p1l
immunizations 7 and 21 days earlier (day 0 and 14 in (A), respectively). Seven and 10 days after transfer (days 28 and 31, respectively), the mice
were challenged with Derpl and measurements made 1 day later (day 32). D:D denotes mice receiving Der p1 immunizations and challenge. Naive
indicates uninfected, non-immunised or challenged mice. (A) Schematic of the transfer protocol and flow cytometry plots showing the purity of
the MACS-sorted CD4" and CD4~ MLNC prior to transfer; (B) total cell numbers, (C) eosinophil numbers, (D) IL-5 levels and (E) eotaxin levels in BAL,
(F) total IgE, (G) Der p 1-specific IgE, (H) Der p 1-specific IgG1 and (I) Der p 1-specific IgG2a in serum. Data are means+ SE from five individual mice
per group. Statistical analysis by the Mann-Whitney test: *p<0.04; **p<0.02; ***p<0.004.

CD19" B cells from infected WT and IL-10~/~ mice
suppress allergen-induced airway eosinophilia

MLNC from chronically-infected mice consist of approximately
40% CD4" T cells (Supporting Information Fig. 1A, lower left
panel) and a similar proportion of CD19" B Cells (Supporting
Information. Fig. 1A, lower right panel). We therefore purified
CD19™" B cells, representing the majority of the CD4~ population,
from the MLN of naive and chronically infected WT C57BL/6
mice for functional testing in the transfer model (Supporting
Information Fig. 1B). Because of the prominent role of IL-10 in
many B-cell regulatory functions [40, 41, 47] we also purified
CD19" B cells from chronically infected IL-10~/~ mice for assay
in the same system.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CD19" B cells were transferred from the MLN of naive or
infected mice, into Der p1l-sensitized recipients, 7 days before the
first of two Der p1 airway challenges. Mice receiving CD19™" cells
from chronically infected donors had significantly fewer cells
infiltrating the airspaces following Der p1 challenge while CD19™
cells from uninfected donors (naive) had no effect on airway
infiltration (Fig. 4A). Similarly, airway eosinophilia was signifi-
cantly ablated by the introduction of B cells from infected, but not
naive, donors. Importantly, the ability of B cells from infected
to block allergic in both
total cell numbers and eosinophilia irrespective of IL-10
competence.

Furthermore, secretions of IL-5 and eotaxin recovered from

mice reactions was evident

the airspaces were also significantly decreased following the
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Figure 2. Reduced airway pathology and inflammation following adoptive transfer of CD4~ cells from helminth-infected donors. Experiments
were performed as in Fig. 1A with transfer of purified CD4" and CD4~ MLNC from 28 day H.polygyrus-infected mice. (A) On day 32 lung sections
were stained with hematoxylin and eosin to measure cellular inflammation within the broncho-vascular bundles following airway challenge. D:D
denotes mice receiving Der p1 immunizations and challenge. Four individual mice are shown for each group. (B) Experiments were performed as in
Fig. 1A with transfer of CD4 " cells from naive or 28 day H.polygyrus-infected mice. Airway inflammation was measured by total cell and eosinophil
numbers in BAL. Statistical analysis by the Mann-Whitney test: **p<0.02.

transfer of B cells from chronically infected WT or IL-10-deficient
donors, while transfer of naive B cells had no effect (Fig. 4B). In
contrast, B-cell transfers exerted no influence on the overall levels
of serum IgE, or on allergen-specific IgE responses, as observed
previously in recipients of total CD4~ cell populations, and
neither total nor allergen-specific IgA were significantly altered in
recipients of B cells from naive or infected mice (data not shown).

CD4" and CD4 cells from infected donors modulate
the severity of MOG,3s5_s5)-induced EAE

The capacity of helminth-induced cell populations to regulate
inflammatory disorders was further examined in an autoimmune
setting, in which myelin oligodendrocyte glycoprotein (MOG)
reactive T cells cause EAE. Using the CD45.1/2 adoptive transfer
system, we first tested whether CD4"or CD4~ populations from
the MLN of chronically infected B6-CD45.1 mice could influence
disease progression in uninfected MOG 35_s5-immunized
C57BL/6-CD45.2 recipients. Mice were immunized on day 0
with MOG3s_ss) in CFA and received either sterile PBS, 4 x 10°
CD4" or 4 x 10° CD4™ cells from H. polygyrus-infected donors on
day 1. Pertussis toxin was given to all mice on days O and 2
(Fig. 5A). Progression of disease was monitored daily and
assessed using a clinical score based on tail, hind limb and front
limb paralysis as described in Materials and methods.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In two replicate experiments, CD4 ™" cells from infected donors
were able to delay the onset of EAE and to reduce the severity of
clinical signs observed in the first 2wk (Fig. 5B). Beyond this
time, in the recovery phase, the effect of CD4* cell transfer was
not reproducibly significant. However, MOG (p35_s5)-immunized
mice receiving CD4~ cells from infected donors consistently and
significantly had a markedly lower clinical score, with a lower
incidence and maximal clinical score throughout the time course
observed, with an increased recovery rate in both experiments
(Fig. 5C). The transfer of either CD4" or CD4 cells from
H. polygyrus-infected mice did not alter the balance of Th1/Th2
responsiveness, as judged by unchanged MOG-specific recall
splenocyte IFN-y and IL-4 responses in recipient mice (data not
shown).

CD4" and CD4 cells from infected donors show
similar long-term survival following transfer

In view of the more extended protection against EAE accorded by
CD4 " cells, we compared the trafficking and survival of donor
(CD45.1) cells in recipient mice 34 days after i.v. transfer of
chronically infected MLNC. We have established that transferred
B cells disseminate to many lymphoid tissues, but do not enter
the CNS even under conditions of EAE (S M Anderton,
unpublished). We therefore compared the numbers of donor
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Figure 3. Donor cells traffic to allergen-exposed airways, lung interstitium and local draining LN. Experiments were performed as in Fig 1A by
transfer of MLNC from 28 day H.polygyrus-infected B6-CD45.1 mice into C57BL/6 (CD45.2") recipients, and the numbers of donor (CD45.1%) CD4*
and CD4  cells in BAL, lung and thoracic LN determined. Data are means+SE from five individual mice per group. Statistically significant

differences, assessed by the Mann-Whitney test; p<0.02; ***p<0.004.

genotype CD4"CD45.1" (Fig. 5D) and CD4 CD45.1" (Fig. S5E)
cells recovered from the spleen and LN draining the site of
immunization almost 5wk after transfer. These data indicate that
both cell types enjoy similar survival, and most likely proliferate,
within the adoptive host.

CD4" cells from infected WT and IL-10~/~ mice also
reduce the severity of EAE

To test the ability of helminth-induced B cells to modulate FAE, we
adoptively transferred CD19™" cells from naive, chronically infected
WT and IL-107~ donors, into the tail vein of MOGss_ss)-
immunized recipients. MOGss_ssy-immunized mice receiving
CD19" cells from infected donors, irrespective of IL-10 sufficiency,
were significantly protected from EAE (Fig. 6). The onset of clinical
signs was delayed with the maximal clinical score substantially
reduced following the introduction of B cells from infected donors.
The complete recovery was increased by 40 and 100%, at 30 days

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

post-immunization, following the adoptive transfer of B cells from
infected WT or IL-10~/~ donors, respectively.

CD4" B cells from infected mice are phenotypically
similar to B2 cells and express high levels of CD23

The murine B-cell compartment is heterogeneous and can be
separated into distinct subsets using a number of parameters
including maturation stage, surface phenotype, anatomical
localization and state of activation. CD5 and B220 have
commonly been used to distinguish B1 and B2 cells, respectively
[48] and CD23, the intermediate affinity IgE FcR, used to identify
B-cell activation [49].

To characterise the CD19" B cells from the MLN of chronically
infected mice, unseparated MLN and CD19-purified B cells were
recovered and stained with CD19, CD5 and B220 to differentiate
between Bl (CD5™ B220™) and B2 (CD5°"“B220™) B-cell
populations. In addition we stained for CD43, a marker known to
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Figure 4. CD19" cells inhibit allergen-induced airway inflammation, independent of donor IL-10. Experiments were performed as in Fig. 1A with
the transfer of purified CD19* cells from naive, WT-infected and IL-10~/~-infected mice. (A) Total cell and eosinophil infiltration into the BALF. (B)
IL-5 and eotaxin concentrations in BALF and total IgE and Der p 1-specific IgE concentrations in serum. Data are means+ SE from five individual
mice per group. Statistically significant differences, assessed by the Mann-Whitney test: *p<0.04; **p<0.02.

be expressed by splenic B1 cells [50]. Using either unseparated
MLN or CD19" purified cells, the proportion of B1 cells in the
MLN diminished following 28 days of infection with H. polygyrus,
with very few CD43" cells remaining (Fig. 7A). CD19" B cells
from infected mice, moreover, showed uniformly elevated levels
of CD23, the low affinity FceR (Fig. 8B), with MFI of infected cells
approximately twofold higher than cells from uninfected mice
(1805+130 versus 854+19, p=0.0073). Infected MLNC
contained a higher proportion of IgD-negative B cells, although
little change was observed in CD21 expression (Fig. 8C). Few
CD1d-positive B cells were observed in either naive or infected
MLNC populations (data not shown).

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CD4" B cells from naive and infected mice show
similar levels of activation

To assess whether infection resulted in a generalised
activation of mucosal-associated B cells, we also measured
expression of CD69 and CD86, two surface markers up-regulated
on activated B cells. Neither showed increased levels in B cells from
infected mice, and indeed a small downshift in CD69 expression
was evident in the population exposed to infection (Fig. 7D).
Responsiveness to non-specific activation (PMA with ionomycin) or
TLR ligation (with CpG) was also assessed, in terms of IL-6 and

IL-10 cytokine production. In general, whether testing MLN or
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Figure 5. CD4" and CD4  cells from helminth-infected donors can also traffic to CNS-draining LN and suppress MOGpss_ss)-induced EAE. Transfer
of 4x10° CD4" and CD4~ MLNC from day 28 H.polygyrus-infected B6-CD45.1 mice into C57BL/6 recipients that had been immunised with
MOGp3s-s5) plus pertussis toxin (Ptx) 1 day before (day 0 in scheme). One day after transfer, Ptx was injected again; between 12 and 33 days later
(days 14 and 35, respectively) the mice were assessed for the development of EAE. (A) Experimental design of transfer. (B) Effect of transferred CD4™*
and CD4~ MLN cells from day 28-infected donors on MOGpss_ss)-induced EAE. (C) Summary of incidence, mortality and recovery from EAE of the
experiments presented in (B). Numbers of (D) CD4" and (E) CD4 cells in the spleen and popliteal/inguinal LN. (D and E) Data in bar charts are
means + SE from ten individual mice per group, with representative flow cytometry plots presented alongside.

splenic populations, B cells from infected mice showed higher Discussion
responses, particularly when co-stimulated with anti-CD40 anti-
body. However, the incremental effect was quite modest and there
was no clear qualitative difference between the B-cell sets from

naive or infected mice (Fig. 8).

Helminth parasites are strongly associated with polarized Th2
responses [51-54], and have evolved a spectrum of anti-
inflammatory mechanisms that limit immunopathology during
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as detailed in Fig. 5A except that CD19" cells from naive, WT-infected and IL-10~/~-infected mice were transferred. Data are means + SE from five
individual mice per group, with statistical significance assessed by the Mann-Whitney test (WT, p<0.004; IL-10~/~, p<0.0003). Summary data are

shown in the lower panel.

chronic infection [31, 55]. Among these suppressive pathways,
the role of CD4*CD25" Treg has most clearly been substantiated
[23, 25, 26, 56]. However, during infection alternatively
activated macrophages, with the ability to dampen T-cell
responses [33, 34, 57], along with dendritic cells providing
negative signals to T cells [58], collectively suggest that a
broader-based regulatory environment takes shape during
helminth infections. Several studies in a range of systems have
identified B-cell populations with significant regulatory potential
[35, 38, 47, 59, 60]. Recent reports demonstrating regulatory
activity of B cells in murine helminth infections [40, 43] have
been followed by a report associating CD19™" B cells in helminth-
infected MS patients with limited disease progression [44].

We accordingly tested whether B cells with regulatory capa-
city are generated by a chronic helminth infection, extending our
earlier findings in the C57BL/6 strain, that both CD4"CD25"* and
CD4"~ subsets from H. polygyrus-infected mice are able to down-
modulate allergic inflammation [23]. We found that, within the
MLNC of chronically-infected mice, the CD19* B-cell population
exerts a suppressive effect on airway allergy, and that suppres-
sion is mediated in an IL-10-independent manner. Importantly,
the inhibition of allergy cannot be attributed to a shift towards
Th1 responsiveness, as it is well-established that H. polygyrus
drives a strong Th2 response [23-25], and in our experiments no
diminution in IL-4 production or IgE levels was observed.
Furthermore, the same CD19" subset is able to down-regulate
inflammatory pathology in the Th1/Th17-mediated autoimmune
model of EAE, also in the absence of IL-10 capability. Antibody
levels in recipient animals were not significantly altered by B-cell
transfer, suggesting that direct interactions with host cells may be
necessary for suppression. Phenotypically, CD19" B cells from
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infected donors are predominantly follicular-type B2 cells (B220™
CD5 CD437), and in vivo these cells are able to migrate to
inflammatory sites and local draining LN following adoptive
transfer.

Evidence is now building for an important role of B cells in
regulation during helminth infections, acting to cap the magni-
tude of inflammatory responses. Earlier work had shown that
Schistosoma mansoni infection of either uMT mice [61, 62] or
JHD mice [63], both of which are deficient in B cells, leads to
increased fibrosis, failure to down-modulate egg-induced granu-
lomas in the liver (a feature observed in B-cell-competent mice)
and a polarized Thl response. These studies suggest that B cells
assist in restraining potentially pathogenic responses, a role also
ascribed to Treg cells in S. mansoni infection [64, 65]. More
recently, B cells taken from S. mansoni-infected donors were
shown to confer protection from Pen V-induced anaphylaxis and
airway allergy [43], in an IL-10-dependent manner [40], while
IL-10-secreting B cells were found to reduce antigen presentation
and T-cell-driven inflammation during filarial helminth infect-
ions [41].

B cells operate interactively across the whole spectrum of
immune system components [66], resulting in both direct and
indirect influences on the T-cell compartment. Functional B-cell
regulation of immunopathology has been established in EAE
[47, 67, 68], chronic intestinal inflammation [35] and systemic
lupus erythematosis [69, 70]. As antigen-presenting cells, B cells
may initiate [71] or tolerise [72] the T-cell response. Further-
more, B cells can modify dendritic cell-orchestrated T-cell
responses [73], indirectly interfering with T-cell activation and
effector function. Most recently, and in the context of H. poly-
gyrus infection, B cells have been shown to be major sources of
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Figure 7. CD19" cells from infected donors comprise B2 cells expressing uniformly high levels of CD23. (A) B220 co-staining with CD5 or CD43
markers for B1 cells in total MLNC and CD19™ purified cells from naive C57BL/6 mice and mice infected for 28 days with H. polygyrus. Percentages
indicate for each gate represent the mean value for infected MLNC from six individual mice, and two determinations from pooled naive MLNC
each from three individual mice. (B) Surface expression of CD23 on MLNC from naive (left panel) and day 28-infected (middle panel) mice. CD23
expression in CD19" B cells from naive and day 28-infected mice is presented in the right-hand panel. Data are representative of four independent
experiments. (C) Expression of IgD and CD21 by MLN CD19" B cells isolated from naive and day 28-infected mice. The proportion of CD19" IgD-
negative B cells rises from 6.67 +0.79% in naive MLNC to 12.18 +0.71% in infected MLNC. Data are representative of four independent experiments.
(D) Expression of CD69 and CD86 by MLN CD19" B cells from naive and day 28-infected mice. Data are representative of two independent
experiments. Grey histogram represents the isotype control.
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Figure 8. CD19™ cells from the MLN, but not the spleen, of helminth-infected mice produce greater IL-6 and IL-10 following TLR9 or polyclonal
stimulation. IL-6 and IL-10 production by flow cytometry sorted MLN and spleen CD19" B cells isolated from naive and H. polygyrus-infected mice
and stimulated in vitro with PMA-ionomyecin or the TLR9 ligand CpG, in the absence (left hand panels) or presence (right hand panels) of agonist
anti-CD40 antibody. Means and SEM of data from three replicate cultures are presented. Data are representative of two independent experiments.

key cytokines, including IL-2, IL-4 and TNF-a [74, 75]. In addi-
tion, of course, B cells are responsible for the production of
antibodies, which are known to contribute towards immunity to
H. polygyrus in mice [76]. It is interesting to note that we
detected regulatory activity in B cells from C57BL/6 mice,
which are fully susceptible to H. polygyrus and are slow to mount
an antibody response, rather than from the more rapidly
responding BALB/c strain, which develops faster immunity to the
parasite.

In contrast to the above studies, we found that IL-10 is
dispensable for H. polygyrus-induced B-cell protection from both
airway allergy and EAE. Thus by both surface markers (CD5,
CD23"™) and by IL-10 independence, these helminth-induced
Breg are dissimilar to the “B10” IL-10-producing regulatory
B cells of the B1 or marginal zone type [37, 68]. We cannot
exclude a role for host IL-10 mediating protection, a scenario
observed with the adoptive transfer of OVA-specific Treg in a
similar allergy model [77], or more closely related to these
studies, adoptive transfer of apoptotic cell-exposed B cells licen-
sing the generation of host IL-10-secreting T cells [59]. Varying
dependence on IL-10 from helminth-induced B cells may reflect
the specific target organs or tissues studied in the different
systems. Moreover, immunological compensation may occur in
CD19" cells from H. polygyrus-infected IL-10~/~ donors, ampli-
fying other mediators, such as TGF-B, as seen in the CTLA-4-
deficient setting [78]. Notably, TGF-B expression is elevated in
both CD4" and CD4~ MLNC during H. polygyrus infection [23],
and TGF-B signalling plays an important role in the T-cell
response to this parasite [79]. As TGF-f has previously been
associated with B-cell-regulatory function [36, 80], and is
responsible for the ability of B cells to induce functional, Foxp3-
expressing Treg cells [60, 81], the involvement of this mediator in
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helminth-induced B-cell suppression of pathology remains an
attractive possibility.

A further factor in the suppression may be the uniformly high
expression of CD23 on B cells from chronically infected mice. CD23
is the low affinity IgE receptor, expression of which is known to be
amplified in gastro-intestinal nematode infection [82] and is posi-
tively regulated by levels of IL-4, IL-13 and IgE [83], all of which
are elevated in H. polygyrus infection [53]. Furthermore, CD23
itself can have inhibitory effects on allergen-induced airway
inflammation, with transgenic over-expression of CD23 limiting
airway eosinophilia and airway hyper-responsiveness [84] and
augmented airway responses in CD23™/~ mice [85, 86].

An alternative hypothesis is that B-cell down-regulation acts in a
cell contact-dependent manner. FasL-expressing B cells, inducing
apoptosis of antigen-specific T cells, have been reported to down-
regulate airway inflammation [87], and significantly during
S. mansoni infection this pathway of inducing T-cell apoptosis is
enhanced [88]. Together, these observations provide an additional
model of helminth-derived B-cell suppression of T-cell responses
that is likely to be relevant to the study presented here.

In conclusion, we have identified CD197CD23" B2 B cells, in
addition to CD4"CD25" Treg cells [23], as important components
of the adaptive response to H. polygyrus infection, which have the
capacity to down-modulate inflammatory reactions. Indeed, B-cell
recruitment of Treg cells [89] might form a collaborative Treg—
B-cell interaction, which continues throughout the chronic phase of
infection. By including B cells within the interplay of immune
mechanisms that develop during helminth infections, we can
significantly broaden our understanding of the regulatory envir-
onment that forms in chronic infections [90], with important
implications for the prospective exploitation of helminth products
to combat major immune-dependent inflammatory disorders.
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Materials and methods

Animals

Female BALB/c, C57BL/6 and congenic CD45.1-allelic C57BL/6 mice
(B6-CD45.1), 6-8wk old, were housed in individually ventilated
cages). A minimum of five mice per group were used in each
experiment. IL-10-deficient mice were on the C57BL/6 background
[91]. All experimental animals were conducted following institutional
ethical review and with authorisation of UK Home Office licence.

Parasites

Mice were infected with 200 Heligmosomoides polygyrus bakeri
infective L3 larvae using a gavage tube. After 28 days of infection,
the chronicity of infection was confirmed with eggs recoverable
from faecal pellets and gravid worms in the intestinal tract.

Antigens, allergens and antibodies

For H. polygyrus antigen, adult worms were homogenised in PBS,
followed by centrifugation (13000g for 10min). Supernatant
fractions were filtered through a 0.2 um membrane (Millipore).
Antigen concentrations were determined by the Coomassie Plus
protein assay (Pierce). House dust mite allergen, Der p 1, was
affinity-purified from spent mite medium using the monoclonal
antibody 4C1 (INDOOR Biotechnologies, UK), according to
published procedures [92]. Grade V Ovalbumin (A5503) was
purchased from Sigma, UK.

Allergen-induced airway inflammation

Mice were immunized by i.p. inoculation with 10pg Der p 1
(C57BL/6) adsorbed to 9% potassium alum (Sigma A7167), and
boosted again with 10 ug Der p 1 in alum i.p. 14 days later. On
days 28 and 31, mice were anaesthetised with 20 pL/g body
weight i.p. of a tribromoethanol anaesthetic, Avertin. Mice were
then given two airway challenges with 10 ug Der p 1 in PBS by
the intratracheal route. Mice were killed 24h after the final
airway challenge to assess airway inflammation. For histopatho-
logical analyses, formalin (4% paraformaldehyde in PBS) fixed
lungs were processed and embedded in paraffin for sectioning.
Hematoxylin and eosin stains (Sigma, 03972) were used for
analysis of airway inflammation and pathological changes.

Induction and assessment of EAE

EAE was induced by immunization with 100 pg of MOG y35_s5)
peptide emulsified in CFA containing 50png of heat-killed
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Mycobacterium tuberculosis H37RA (Sigma, Poole, Dorset, UK).
The emulsion was administered as two 50-ul. subcutaneous
injections, one into each hind leg. Mice also received 200 ng of
pertussis toxin (Speywood Pharmaceuticals, Maidenhead, UK)
intraperitoneally in 0.5 mL of PBS on the same day and 2 days
later. Clinical signs of EAE were assessed daily in a blinded
fashion using a 0-6 scoring system (0, no signs; 1, flaccid tail; 2,
impaired righting reflex and/or gait; 3, partial hind limb
paralysis; 4, total hind limb paralysis; 5, hind limb paralysis with
partial fore limb paralysis; 6, moribund or dead). Recovery
rates are referred to as the percentage of mice with no observable
clinical signs at day 30. Differences in total disease
burdens between groups were analyzed with the Mann-Whitney
U-test.

BALTF and differential cell counts

Twenty-four hours after the final challenge, mice were terminally
anaesthetised with ketamine (Vetalar V, Pharmacia & Upjohn)
and Xylazine (Rompun 2%, BAYER). The trachea was cannu-
lated, and internal airspaces lavaged with an initial 500 uL. of
sterile PBS, followed by two 350uL washes. Fluids were
centrifuged at 1200 g, and pellets recovered for cellular analysis.
The supernatants of the initial 500 uL. of BALF were stored at
—80°C for biochemical analyses. Cytospins were prepared by
spinning 5 x 10 cells onto poly-(i-lysine) coated slides (BDH)
followed by Diff Quick® (Boehringer, UK) staining. Differential
cell counts were performed at 100 x magnification; a minimum
of 200 cells were counted for each slide.

Quantification of allergen-specific antibodies and
total IgE

Allergen-specific responses were determined by ELISA. Multisorp
(NUNC) plates were coated with 4pug/mL Der p 1 diluted in
0.06 M carbonate buffer, and incubated overnight at 4°C. Plates
were blocked with 5% BSA (Fraction V, Gibco) for 2h at 37°C.
Serum dilutions were added to plates in TBS, 0.05% Tween
(TBS-T) and incubated overnight at 4°C. HRP-conjugated goat
anti-mouse IgG1l (1070-05) and anti-IgG2a (1080-05) (both
from Southern Biotech) and ABTS peroxidase substrate
(50-62-00, KPL) were used to detect allergen-specific IgG
isotypes. Prior to allergen-specific IgE assays, IgG was removed
from sera by overnight incubation with protein-G sepharose
beads; biotinylated anti-mouse IgE (Clone R35 118, BD
Pharmingen), ExtrAvidin-Alkaline phosphatase conjugate
(Sigma, E-2636) and pNPP Substrate (Sigma) were then used.
Total IgE was measured with anti-mouse IgE capture
antibody (clone R35-72, 553413, BD Pharmingen) and biotiny-
lated anti-mouse IgE detection antibody (clone R35-118,
553419), using a monoclonal IgE standard curve (clone 27-74,
553481).

www.eji-journal.eu



Eur. J. Immunol. 2010. 40: 1682-1696

Cytokine and chemokine (eotaxin) measurements

Cytokines were measured by ELISA according to suppliers’
guidelines as previously described [24]. Capture antibodies used
were: for IL-5, TRFKS5, 2 pg/mL; IL-6, MP5-20F3, 2 pg/mL; IL-10,
JES5-2A5, 4 ug/mL; eotaxin AF420NA, 0.4 pg/mL. Biotinylated
detection antibodies were purchased from Pharmingen
for IL-5 (TRFK4, 2pug/mL), IL-6 (MP532C11, 0.5 pg/mL) IL-10
(SXC-1, 2pg/mL) or R&D systems (Eotaxin, mAb BAF420,
0.4 pg/mL).

CD4",CD4 and CD19" isolation and adoptive transfer

MLN were removed from mice infected 28 days earlier with 200
H. polygyrus larvae. Single-cell suspensions in RPMI-0.5% normal
mouse serum were made using a cell strainer. For CD4" cell
purification, cell suspensions were incubated with CD4 (L3T4)
microbeads (Miltenyi Biotech, Bisley UK 130-049-201) and
separated on two MACS LS separation columns (130-042-401)
to enhance purity after filtering with pre-separation filters
(130-041-407); 4 x 10° CD4* or CD4~ cells were injected i.v.
into recipient mice. For CD19™ cell purification, MLNC were first
incubated with CD19 microbeads (Miltenyi Biotech 130-052/
201) and separated on two MACS LS separation columns as
above. Uninfected, allergen-sensitized mice received cells from
infected donors 7 days before the first airway challenge.
MOG (p35_s5)-immunized mice received cells from infected donors
1 day after MOG (p35_s55) immunization.

In vitro B-cell culture

Following a previously published protocol [93], single cell
suspensions from the MLN and spleens of naive and infected
C57/BL6 mice, were prepared in complete Iscove’s modified
Dulbecco’s medium (cIMDM+10%FCS+1% penicillin/strepto-
mycin+1% i-glutamine). Following red blood cell lysis, cell
preparations were labelled with anti-CD19 microbeads and
separated by positive selection on a magnetic column, according
to the manufacturer’s instructions (Miltenyi Biotech). Purified B
cells were cultured in triplicate at 5 x 10° cells/mL in cIMDM in
the presence or absence of anti-CD40 (clone FGK-45, 10 mg/mL),
and either CpG (25 mg/mL) or PMA and ionomycin (Sigma UK)
(50ng/mL and 1mg/mL respectively). Supernatants were
collected after 5 days and stored at —80°C until used for cytokine
analysis.

Flow cytometry
Cells were stained with antibodies diluted in PBS with 0.5% BSA
(Sigma-Aldrich), 0.05% sodium azide (Sigma-Aldrich) for 20 min

at 4°C. For detection of CD4"CD45.1" donor cells, monoclonal
rat anti-mouse CD4 (L3T4, clone RM4-5, Isotype Rat 1gG2a) and
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rat anti mouse-CD45.1 (Ly5.1, Clone A20, Isotype Mouse IgG2a)
were used. The expression of surface markers was analysed on
FACSCalibur or LSRII flow cytometers using FlowJo software
(Tree Star). All fluorochrome-labelled antibodies were obtained
from BD Pharmingen, unless otherwise stated. For detection of
B-cell-associated markers, the monoclonal rat IgG2a antibodies
were used to the following antigens: B220 (clone RA3 6B2), CD5
(Clone 53-7.3), CD19 (Clone 1D3, E-Bioscience), CD21 (Clone
7E9, BioLegend), CD23 (Clone B3B4, BioLegend), CD43 (Clone
1B11, BioLegend), CD69 (H1.2F3), CD86 (GL1) and IgD
(11-26c¢.2a).

Splenocyte and LN re-stimulation

Spleens or LN were immediately removed from recently killed
mice, sieved into single-cell suspensions in RPMI-0.5% normal
mouse serum using a cell strainer. Cells were incubated in
quadruplicate at 1 x 10° cells/well of a round-bottomed 96-well
plate in a total of 200 uL at 37°C. Supernatants were collected,
after 54 h of culture, and stored at —80°C for cytokine analysis.

Statistical analysis

The Mann-Whitney test was used for all statistical comparisons,
unless otherwise stated; p values <0.05 were considered
significant.

M.S.W. and R.M.M. thank the Wellcome
Trust for a Prize Studentship associated with a Programme Grant
to RMM; Mel Leech, Andrew Jeske and Wayne Thomas for
providing Der p 1 allergen; Grace Grant and Francis Rae for help
with Histology; and Leigh Stephens and Mandy McGeachy for
assistance with the EAE work. S.M.A. and R.M.M. thank the MRC
for grant funding. We thank Judith Allen for critical comments
and John Tweedie for meticulous assistance with this work.

The authors declare no financial or
commercial conflict of interest.

References

1 Bach, J. F, The effect of infections on susceptibility to autoimmune and
allergic diseases. N. Engl. ]. Med. 2002. 347: 911-920.

2 Kamradt, T.,, Goggel, R. and Erb, K. ], Induction, exacerbation and
inhibition of allergic and autoimmune diseases by infection. Trends
Immunol. 2005. 26: 260-267.

3 Maizels, R. M., Infections and allergy-helminths, hygiene and host
immune regulation. Curr. Opin. Immunol. 2005. 17: 656-661.

www.eji-journal.eu

1693



Mark S. Wilson et al.

4 Fleming, ]. and Fabry, Z., The hygiene hypothesis and multiple sclerosis.
Ann. Neurol. 2007. 61: 85-89.

wv

Rook, G. A. W,, The broader implications of the hygiene hypothesis.
Immunology 2009. 126: 3-11.

6 Maizels, R. M. and Wiedermann, U., Immunoregulation by microbes and
parasites in the control of allergy and autoimmunity, in: Rook, G. A. W.
(Ed.) The hygiene hypothesis and Darwinian medicine, Birkhduser Verlag,
Basel 2009, pp. 45-75.

~N

Cooke, A., Tonks, P, Jones, F. M., O’Shea, H., Hutchings, P, Fulford, A. J.
and Dunne, D. W., Infection with Schistosoma mansoni prevents insulin
dependent diabetes mellitus in non-obese diabetic mice. Parasite Immunol.
1999. 21: 169-176.

8 Khan, W. I, Blennerhasset, P. A., Varghese, A. K., Chowdhury, S. K.,
Omsted, P., Deng, Y. and Collins, S. M., Intestinal nematode infection
ameliorates experimental colitis in mice. Infect. Immun. 2002. 70:
5931-5937.

9 Sewell, D., Qing,Z., Reinke, E., Elliot, D., Weinstock,J., Sandor, M. and
Fabry, Z., Immunomodulation of experimental autoimmune encephalo-
myelitis by helminth ova immunization. Int. Immunol. 2003. 15: 59-69.

10 Erb, K. J., Holloway, J. W., Sobeck, A., Moll, H. and Le Gros, G., Infection of
mice with Mycobacterium bovis-Bacillus Calmette-Guerin (BCG) suppresses
allergen-induced airway eosinophilia. J. Exp. Med. 1998. 187: 561-569.

11 Bilenki, L., Wang, S., Fan, Y., Yang, J., Han, X. and Yang, X., Chlamydia
trachomatis infection inhibits airway eosinophilic inflammation induced
by ragweed. Clin. Immunol. 2002. 102: 28-36.

12 Zuany-Amorim, C., Manlius, C., Trifilieff, A., Brunet, L. R., Rook, G.,
Bowen, G., Pay, G. and Walker, C., Long-term protective and antigen-
specific effect of heat-killed Mycobacterium vaccae in a murine model of
allergic pulmonary inflammation. J. Immunol. 2002. 169: 1492-1499.

13 van den Biggelaar, A., van Ree, R., Roderigues, L. C., Lell, B., Deelder,
A. M,, Kremsner, P. G. and Yazdanbakhsh, M., Decreased atopy in
children infected with Schistosoma haematobium : a role for parasite-
induced interleukin-10. Lancet 2000. 356: 1723-1727.

14 Araujo, M. I. A. S., Hoppe, B., Medeiros, M., Jr., Alcdntara, L., Almeida,
M. C., Schriefer, A., Oliveira, R. R. et al., Impaired T helper 2 response to
aeroallergen in helminth-infected patients with asthma. J. Infect. Dis.
2004. 190: 1797-1803.

15 Cooper, P. J., Interactions between helminth parasites and allergy. Curr.
Opin. Allergy Clin. Immunol. 2009. 9: 29-37.

16 Sewell, D. L., Reinke, E. K., Hogan, L. H., Sandor, M. and Fabry, Z.,
Immunoregulation of CNS autoimmunity by helminth and mycobacterial
infections. Immunol. Lett. 2002. 82: 101-110.

17 Wills-Karp, M., Santeliz, J. and Karp, C. L., The germless theory of allergic
disease: revisiting the hygiene hypothesis. Nat. Rev. Immunol. 2001. 1:
69-75.

18 Yazdanbakhsh, M., van den Biggelaar, A. and Maizels, R. M,
Th2 responses without atopy: immunoregulation in chronic
helminth infections and reduced allergic disease. Trends Immunol. 2001.
22: 372-377.

19 Akbari, O., Stock, P., DeKruyff, R. H. and Umetsu, D. T., Role of regulatory
T cells in allergy and asthma. Curr. Opin. Immunol. 2003. 15: 627-633.

20 Wilson, M. S. and Maizels, R. M., Regulation of allergy and autoimmunity
in helminth infection. Clin. Rev. Allerg. Immunol. 2004. 26: 35-49.

21 Sakaguchi, S., Ono, M., Setoguchi, R., Yagi, H., Hori, S., Fehervari, Z.,
Shimizu, J. et al., Foxp3*'CD25'CD4" natural regulatory T cells in
dominant self-tolerance and autoimmune disease. Immunol. Rev. 2006.
212: 8-27.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

oo

Eur. J. Immunol. 2010. 40: 1682-1696

22 Belkaid, Y., Piccirillo, C. A., Mendez, S., Shevach, E. M. and Sacks, D. L.,

CD4"CD25" regulatory T cells control Leishmania major persistence and
immunity. Nature 2002. 420: 502-507.

Wilson, M. S., Taylor, M., Balic, A., Finney, C. A. M., Lamb, J. R. and
Maizels, R. M., Suppression of allergic airway inflammation by helminth-
induced regulatory T cells. J. Exp. Med. 2005. 202: 1199-1212.

Finney, C. A, Taylor, M. D., Wilson, M. S. and Maizels, R. M., Expansion
and activation of CD4"CD25+regulatory T cells in Heligmosomoides
polygyrus infection. Eur. J. Immunol. 2007. 37: 1874-1886.

Rausch, S., Huehn, J., Kirchhoff, D., Rzepecka, J., Schnoeller, C., Pillaj, S.,
Loddenkemper, C. et al., Functional analysis of effector and regulatory T
cells in a parasitic nematode infection. Infect. Immun. 2008. 76: 1908-1919.

D’Elia, R., Behnke, J. M., Bradley, J. E. and Else, K. J., Regulatory T cells: a
role in the control of helminth driven intestinal pathology and worm
survival. J. Immunol. 2009. 182: 2340-2348.

Taylor, M. D., van der Werf, N., Harris, A., Graham, A. L., Bain, O., Allen,
J. E. and Maizels, R. M., Early recruitment of natural CD4+Foxp3+
regulatory T cells by infective larvae determines the outcome of filarial
infection. Eur. J. Immunol. 2009. 39: 192-206.

Umetsu, D. T. and Dekruyff, R. H., The regulation of allergy and asthma.
Immunol. Rev. 2006. 212: 238-255.

Larche, M., Regulatory T cells in allergy and asthma. Chest 2007. 132:
1007-1014.

Kim, J. M., Rasmussen, J. P. and Rudensky, A. Y., Regulatory T cells
prevent catastrophic autoimmunity throughout the lifespan of mice. Nat.
Immunol. 2007. 8: 191-197.

Maizels, R. M., Balic, A., Gomez-Escobar, N., Nair, M., Taylor, M. and
Allen, J. E., Helminth parasites: masters of regulation. Immunol. Rev. 2004.
201: 89-116.

Anthony, R. M., Urban, J. F, Jr,, Alem, F,, Hamed, H. A,, Rozo, C. T.,
Boucher, J. L., Van Rooijen, N. and Gause, W. C., Memory Ty2 cells induce
alternatively activated macrophages to mediate protection against
nematode parasites. Nat. Med. 2006. 12: 955-960.

Taylor, M. D., Harris, A., Nair, M. G., Maizels, R. M. and Allen, J. E., F4/80"
alternatively activated macrophages control CD4" T cell hyporespon-
siveness at sites peripheral to filarial infection. J. Immunol. 2006. 176:
6918-6927.

Pesce, J. T., Ramalingam, T. R., Mentink-Kane, M. M., Wilson, M. S., El
Kasmi, K. C., Smith, A. M., Thompson, R. W. et al., Arginase-1-expressing
macrophages suppress Th2 cytokine-driven inflammation and fibrosis.
PLoS Pathog. 2009. 5: e1000371.

Mizoguchi, A., Mizoguchi, E., Takedatsu, H., Blumberg, R. S. and Bhan,
A. K., Chronic intestinal inflammatory condition generates IL-10-produ-
cing regulatory B cell subset characterized by CD1d upregulation.
Immunity 2002. 16: 219-230.

Mizoguchi, A. and Bhan, A. K., A case for regulatory B cells. J. Immunol.
2006. 176: 705-710.

Bouaziz, J. D., Yanaba, K. and Tedder, T. F., Regulatory B cells as inhibitors
of immune responses and inflammation. Immunol. Rev. 2008. 224:
201-214.

Fillatreau, S., Gray, D. and Anderton, S. M., Not always the bad guys: B
cells as regulators of autoimmune pathology. Nat. Rev. Immunol. 2008. 8:
391-397.

39 Yanaba, K., Bouaziz, J. D., Haas, K. M., Poe, J. C., Fujimoto, M. and Tedder,

T. F.,, A regulatory B cell subset with a unique CD1dhiCD5+phenotype
controls T cell-dependent inflammatory responses. Immunity 2008. 28:
639-650.

www.eji-journal.eu



Eur. J. Immunol. 2010. 40: 1682-1696

40

41

42

43

44

45

46

4

~N

48

49

50

5

sy

52

53

54

55

56

57

58

59

Mangan, N. E., Fallon, R. E., Smith, P,, van Rooijen, N., McKenzie, A. N.
and Fallon, P. G., Helminth infection protects mice from anaphylaxis via
IL-10-producing B cells. J. Immunol. 2004. 173: 6346-6356.

Gillan, V., Lawrence, R. A. and Devaney, E., B cells play a regulatory role in
mice infected with the L3 of Brugia pahangi. Int. Immunol. 2005. 17:
373-382.

Mangan, N. E., van Rooijen, N., McKenzie, A. N. and Fallon, P. G.,
Helminth-modified pulmonary immune response protects mice from
allergen-induced airway hyperresponsiveness. J. Immunol. 2006. 176:
138-147.

Smits, H. H., Hammad, H., van Nimwegen, M., Soullie, T., Willart, M. A,
Lievers, E., Kadouch, J. et al., Protective effect of Schistosoma mansoni
infection on allergic asthma depends on intensity and chronicity of
infection. J. Allergy Clin. Immunol. 2007. 120: 932-940.

Correale, J., Farez, M. and Razzitte, G., Helminth infections associated
with multiple sclerosis induce regulatory B cells. Ann. Neurol. 2008. 64:
187-199.

Monroy, F. G. and Enriquez, F. J., Heligmosomoides polygyrus : a model for
chronic gastrointestinal helminthiasis. Parasitol. Today 1992. 8: 49-54.

Sanchez-Fueyo, A., Weber, M., Domenig, C., Strom, T. B. and Zheng, X. X.,
Tracking the immunoregulatory mechanisms active during allograft
tolerance. J. Immunol. 2002. 168: 2274-2281.

Fillatreau, S., Sweenie, C. H., McGeachy, M. J., Gray, D. and Anderton,
S. M., B cells regulate autoimmunity by provision of IL-10. Nat. Immunol.
2002. 3: 944-950.

Hardy, R. R. and Hayakawa, K., B cell development pathways. Annu. Rev.
Immunol. 2001. 19: 595-621.

Conrad, D. H., Fc epsilon RII/CD23: the low affinity receptor for IgE. Annu.
Rev. Immunol. 1990. 8: 623-645.

Wells, S. M., Kantor, A. B. and Stall, A. M., CD43 (S7) expression identifies
peripheral B cell subsets. J. Immunol. 1994. 153: 5503-5515.

Locksley, R. M., Th2 cells: help for helminths. J. Exp. Med. 1994. 179:
1405-1407.

Balic, A., Harcus, Y., Holland, M. J. and Maizels, R. M., Selective
maturation of dendritic cells by Nippostrongylus brasiliensis secreted
proteins drives T helper type 2 immune responses. Eur. J. Immunol. 2004.
34: 3047-3059.

Anthony, R. M., Rutitzky, L. L., Urban, J. F, Jr., Stadecker, M. J. and Gause,
W. C., Protective immune mechanisms in helminth infection. Nat. Rev.
Immunol. 2007. 7: 975-987.

Diaz, A. and Allen, J. E., Mapping immune response profiles: the emerging
scenario from helminth immunology. Eur. J. Immunol. 2007. 37: 3319-3326.

Fallon, P. G. and Mangan, N. E., Suppression of Th2-type allergic reactions
by helminth infection. Nat. Rev. Immunol. 2007. 7: 220-230.

Taylor, M., Le Goff, L., Harris, A., Malone, E., Allen, J. E. and Maizels, R. M.,
Removal of regulatory T cell activity reverses hyporesponsiveness and
leads to filarial parasite clearance in vivo. J. Immunol. 2005. 174: 4924-4933.

Kreider, T., Anthony, R. M., Urban, J. F, Jr. and Gause, W. C., Alternatively
activated macrophages in helminth infections. Curr. Opin. Immunol. 2007.
19: 448-453.

Sun, J., Walsh, M., Villarino, A. V., Cervi, L., Hunter, C. A., Choi, Y. and
Pearce, E. J., TLR ligands can activate dendritic cells to provide a MyD88-
dependent negative signal for Th2 cell development. J. Immunol. 2005.
174: 742-751.

Gray, M., Miles, K., Salter, D., Gray, D. and Savill, J., Apoptotic cells protect
mice from autoimmune inflammation by the induction of regulatory B
cells. Proc. Natl. Acad. Sci. USA 2007. 104: 14080-14085.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Immunity to infection

60 Singh, A., Carson, W. F., IV, Secor, E. R,, Jr., Guernsey, L. A., Flavell, R. A,
Clark, R. B., Thrall, R. S. and Schramm, C. M., Regulatory role of B cells in
a murine model of allergic airway disease. J. Immunol. 2008. 180:
7318-7326.

61 Jankovic, D., Cheever, A. W., Kullberg, M. C., Wynn, T. A., Yap, G., Caspar, P,,
Lewis, F. A. et al, CD4" T cell-mediated granulomatous pathology in
schistosomiasis is downregulated by B cell-dependent mechanism
requiring Fc receptor signaling. J. Exp. Med. 1998. 187: 619-629.

62 Ferru, L., Roye, O., Delacre, M., Auriault, C. and Wolowczuk, I., Infection
of B-cell-deficient mice by the parasite Schistosoma mansoni: demonstra-
tion of the participation of B cells in granuloma modulation. Scand. J.
Immunol. 1998. 48: 233-240.

63 Hernandez, H. ], Wang, Y. and Stadecker, M. ], In infection with
Schistosoma mansoni, B cells are required for T helper type 2 cell responses
but not for granuloma formation. J. Immunol. 1997. 158: 4832—4837.

64 McKee, A. S. and Pearce, E. J.,, CD25'CD4" cells contribute to Th2
polarization during helminth infection by suppressing Thl response
development. J. Immunol. 2004. 173: 1224-1231.

6

vl

Baumgart, M., Tomkins, F., Leng, ]J. and Hesse, M., Naturally-occurring
CD4"Foxp3* regulatory T cells are an essential, IL-10-independent part of
the immunoregulatory network in Schistosoma mansoni egg-induced
inflammation. 2006.

66 LeBien, T. W. and Tedder, T. F., B lymphocytes: how they develop and
function. Blood 2008. 112: 1570-1580.

67 Wolf, S. D., Dittel, B. N., Hardardottir, F. and Janeway, C. A., Jr,
Experimental autoimmune encephalomyelitis induction in genetically B
cell-deficient mice. J. Exp. Med. 1996. 184: 2271-2278.

68 Matsushita, T., Yanaba, K., Bouaziz, J. D., Fujimoto, M. and Tedder, T. F,,
Regulatory B cells inhibit EAE initiation in mice while other B cells
promote disease progression. J. Clin. Invest. 2008. 118: 3420-3430.

69 Brummel, R. and Lenert, P., Activation of marginal zone B cells from
lupus mice with type A(D) CpG-oligodeoxynucleotides. J. Immunol. 2005.
174: 2429-2434.

70 Byrne, S. N. and Halliday, G. M., B cells activated in lymph nodes in
response to ultraviolet irradiation or by interleukin-10 inhibit dendritic
cell induction of immunity. J. Invest. Dermatol. 2005. 124: 570-578.

71 Crawford, A., Macleod, M., Schumacher, T., Corlett, L. and Gray, D.,
Primary T cell expansion and differentiation in vivo requires antigen
presentation by B cells. J. Immunol. 2006. 176: 3498-3506.

72 Raimondi, G., Zanoni, I., Citterio, S., Ricciardi-Castagnoli, P. and
Granucci, F, Induction of peripheral T cell tolerance by antigen-
presenting B cells. II. chronic antigen presentation overrules antigen-
presenting B cell activation. J. Immunol. 2006. 176: 4021-4028.

73 Bayry, J., Lacroix-Desmazes, S., Kazatchkine, M. D., Hermine, O., Tough,
D. F. and Kaveri, S. V., Modulation of dendritic cell maturation and
function by B lymphocytes. J. Immunol. 2005. 175: 15-20.

74 Harris, D. P, Goodrich, S., Mohrs, K., Mohrs, M. and Lund, F. E., The
development of IL-4-producing B cells (B effector 2 cells) is controlled
by IL-4, IL-4 receptor alpha, and Th2 cells. J. Immunol. 2005. 175:
7103-7107.

7

vl

Wojciechowski, W., Harris, D. P., Sprague, F., Mousseau, B., Makris, M.,
Kusser, K., Honjo, T. et al., Cytokine-producing effector B cells regulate
type 2 immunity to H. polygyrus. Immunity 2009. 30: 1-13.

76 McCoy, K. D., Stoel, M., Stettler, R., Merky, P, Fink, K., Senn, B. M., Schaer, C.
et al.,, Polyclonal and specific antibodies mediate protective immunity
against enteric helminth infection. Cell Host Microbe 2008. 4: 362-373.

7

~

Kearley, J., Barker, J. E., Robinson, D. S. and Lloyd, C. M., Resolution of
airway inflammation and hyperreactivity after in vivo transfer of CD4+

www.eji-journal.eu

1695 48



I 1696

Mark S. Wilson et al.

CD25+regulatory T cells is interleukin 10 dependent. J. Exp. Med. 2005.
202: 1539-1547.

78 Tang, Q., Boden, E. K., Henriksen, K. J., Bour-Jordan, H., Bi, M. and
Bluestone, J. A., Distinct roles of CTLA-4 and TGF- in CD4°CD25"
regulatory T cell function. Eur. J. Immunol. 2004. 34: 2996-3005.

79 Ince, M. N, Elliott, D. E., Setiawan, T., Metwali, A., Blum, A., Chen, H. L.,
Urban, J. F. et al, Role of T cell TGF-beta signaling in intestinal
cytokine responses and helminthic immune modulation. Eur. J. Immunol.
2009. 39: 1870-1878.

8

o

Parekh, V. V., Prasad, D. V., Banerjee, P. P, Joshi, B. N., Kumar, A. and
Mishra, G. C., B cells activated by lipopolysaccharide, but not by anti-Ig
and anti-CD40 antibody, induce anergy in CD8+T cells: role of TGF-b1.
J. Immunol. 2003. 170: 5897-5911.

81 Shah, S. and Qiao, L., Resting B cells expand a CD4+CD25+Foxp3+Treg
population via TGF-beta3. Eur. J. Immunol. 2008. 38: 2488-2498.

8

N

Yodoi, J., Ishizaka, T. and Ishizaka, K., Lymphocytes bearing Fc receptors
for IgE. II. Induction of Fce-receptor bearing rat lymphocytes by IgE.
J. Immunol. 1979. 123: 455-462.

8

w

Kisselgof, A. B. and Oettgen, H. C., The expression of murine B cell CD23,
in vivo, is regulated by its ligand, IgE. Int. Immunol. 1998. 10: 1377-1384.

84 Haczku, A., Takeda, K., Hamelmann, E., Loader, J., Joetham, A., Redai, I.,
Irvin, C. G. et al., CD23 exhibits negative regulatory effects on allergic
sensitization and airway hyperresponsiveness. Am. J. Respir. Crit. Care
Med. 2000. 161: 952-960.

8

V]

Riffo-Vasquez, Y., Spina, D., Thomas, M., Gilbey, T., Kemeny, D. M. and
Page, C. P, The role of CD23 on allergen-induced IgE levels, pulmonary
eosinophilia and bronchial hyperresponsiveness in mice. Clin. Exp. Allergy
2000. 30: 728-738.

86 Haczku, A. Takeda, K., Hamelmann, E., Oshiba, A., Loader, ],
Joetham, A., Irvin, C. et al., CD23 deficient mice develop allergic airway
hyperresponsiveness following sensitization with ovalbumin. Am. J.
Respir. Crit. Care Med. 1997. 156: 1945-1955.

8

~N

Lundy, S. K., Berlin, A. A., Martens, T. F. and Lukacs, N. W.,, Deficiency of
regulatory B cells increases allergic airway inflammation. Inflamm. Res.
2005. 54: 514-521.

88 Lundy, S. K. and Boros, D. L., Fas ligand-expressing B-la lymphocytes
mediate CD4(+)-T-cell apoptosis during schistosomal infection: induc-
tion by interleukin 4 (IL-4) and IL-10. Infect. Immun. 2002. 70: 812-819.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Immunol. 2010. 40: 1682-1696

89 Bystry, R. S., Aluvihare, V., Welch, K. A., Kallikourdis, M. and Betz, A. G.,
B cells and professional APCs recruit regulatory T cells via CCL4. Nat.
Immunol. 2001. 2: 1126-1132.

90 Maizels, R. M., Pearce, E. J., Artis, D., Yazdanbakhsh, M. and Wynn, T. A,,
Regulation of pathogenesis and immunity in helminth infections. J. Exp.
Med. 2009. 206: 2059-2066.

91 Kiihn, R., Lohler, J., Rennick, D., Rajewsky, K. and Miiller, W., Interleukin-
10-deficient mice develop chronic enterocolitis. Cell 1993. 75:
263-274.

92 Hoyne, G. F.,, O’Hehir, R. E., Wraith, D. C., Thomas, W. R. and Lamb, J. R,,
Inhibition of T cell and antibody responses to house dust mite allergen by
inhalation of the dominant T cell epitope in naive and sensitized mice.
J. Exp. Med. 1993. 178: 1783-1788.

93 Barr, T. A,, Brown, S., Ryan, G., Zhao, J. and Gray, D., TLR-mediated
stimulation of APC: Distinct cytokine responses of B cells and dendritic
cells. Eur. J. Immunol. 2007. 37: 3040-3053.

MLNC: MLN cells MOG: myelin oligodendrocyte

glycoprotein

Dr. Rick M. Maizels, Institute of Immunology and
Infection Research, University of Edinburgh, West Mains Road,
Edinburgh EH9 3JT, UK
Fax: +44-131-650-5450
e-mail: rick.maizels@ed.ac.uk

Dr. Mark S. Wilson, Immunopathogenesis Section,
Laboratory of Parasitic Diseases, National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Bethesda, MA 20892
USA;
Dr. Adam Balic, Surgical Research Laboratory, Murdoch Children’s
Research Institute, The Royal Children’s Hospital, Parkville 3052,
Australia

Received: 22/6/2009

Revised: 20/1/2010

Accepted: 10/3/2010

Accepted online article: 19/3/2010

www.eji-journal.eu



