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Introduction

Summary

There is currently great interest in the idea of using helminth-derived
molecules for therapeutic purposes and indeed we have shown that ES-62,
a filarial nematode-derived phosphorylcholine-containing glycoprotein,
significantly reduces the severity of arthritis in a murine model. Clearly,
knowledge of mechanism of action is important when considering mole-
cules for use in treating disease and although much is known regarding
how ES-62 interacts with the immune system, gaps in our understanding
remain. A feature of filarial nematode infection is a defective, T helper 2
(Th2)-polarized antigen-specific T-cell response and in relation to this we
have recently shown that ES-62 inhibits clonal expansion and modulates
effector function towards a Th2 phenotype, of antigen-specific T cells
in vivo. ES-62 is also known to directly modulate B-cell behaviour and
hence to determine whether it was mediating these effects on T cells by
disrupting B-T-cell co-operation, we have investigated antigen-specific
responses using an adoptive transfer system in which traceable numbers
of tg ovalbumin (OVA)-specific T cells and hen egg lysozyme (HEL)-
specific B cells respond to a chemically coupled form of OVA-HEL that
contains linked epitopes that promote cognate T- and B-cell interactions.
Surprisingly, these studies indicate that activated B cells restore T-cell
expansion and prevent Th2-like polarization. However, ES-62-treated dou-
ble cell transfer mice demonstrate a more generalized immunosuppression
with reduced levels of Thl and -2 type cytokines and antibody subclasses.
Collectively, these results suggest that whilst ES-62 can target B-T-cell
co-operation, this does not promote polarizing of T-cell responses towards
a Th2-type phenotype.
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both cytokines and antibodies. With respect to cytokines
there is reduced release of interferon-y (IFN-y) and

Parasitic filarial nematodes represent highly significant
causes of ill health for humans in the Third World."
Infection with these worms persists for many years® and
it is now accepted that this is caused by the parasites
interfering with the host immune system.>* Thus, filarial
nematode infections are associated with altered T-cell
effector responses® not only in terms of inhibition of par-
asite-specific immune responses® but also with respect to
non-specific stimuli’ and bystander antigens, such as rou-
tine vaccinations.®® There is agreement that the immuno-
incorporates not only impairment of
lymphocyte proliferation but also a bias in production of

modulation
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increased synthesis of interleukin (IL)-10. For antibodies,
there are imbalances in immunoglobulin G (IgG) sub-
classes — greatly elevated IgG4 (often considered a ‘block-
ing’ antibody) and decreases in other IgG subclasses.
Overall, the picture is of an immune response demon-
strating a somewhat suppressed, anti-inflammatory, T
helper 2 (Th2)-like, phenotype. It has been speculated
that such a phenotype is conducive to both parasite sur-
vival and, by limiting pathology resulting from aggressive
immune responses, host health.

The basis of this parasite-driven immunomodulation
has been studied extensively and it is now clear that
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excretory-secretory (ES) products released by filarial nem-
atodes subvert the host immune system to help maintain
infection and parasite survival.'® We have previously
characterized the immunomodulatory activities of one
such molecule from the rodent filarial nematode Acantho-
cheilonema viteae, ES-62, which is also produced by
human filarial nematodes.''™"® Specifically, these studies
showed that ES-62 inhibits the ability of B and T lym-
phocytes to respond to ligation of their antigen receptors
by rendering cells hypo-responsive to stimulation in vitro
(reviewed in 19). It can also bias the immune response
towards a Th2 phenotype, thereby preventing the induc-
tion of Thl-mediated-pathology, which would be deleteri-
ous to both host and parasite.'>™'” More recently we have
shown that ES-62 modifies clonal expansion and effector
function of antigen-specific T cells in vivo. Demonstrating
this has involved exploiting a model in which T cells
bearing a transgenic (tg) T-cell receptor (TCR) specific
for the major immunodominant epitope of the model
antigen, ovalbumin (OVA) are transferred into normal
BALB/c mice in numbers large enough to trace in vivo
with an anti-TCR-specific antibody, but small enough to
reflect, and indeed not interfere with, the normal physio-
logical response to antigen.’*”** Using this model, we
showed that exposure to ES-62 in vivo modulates
responses to heterologous antigen by biasing T-cell effec-
tor function towards a modified Th2-like cytokine and
antibody phenotype.”> Thus, ES-62-treated mice exhibited
a Th2-biased IgG antibody response as evidenced by sta-
ble enhancement of anti-OVA IgGl production and a
profound inhibition of anti-OVA IgG2a. Consistent with
this, T cells from ES-62-treated mice produced a Th2-like
cytokine response when re-challenged with antigen
ex vivo. Moreover, such T cells produced lower levels of
IL-2 and proliferated less upon antigen re-challenge
ex vivo. Finally, pre-exposure to ES-62 inhibited the clo-
nal expansion of the transferred antigen-specific CD4" T
cells and altered the functional response of such T cells
in vivo, by modulating the kinetics and reducing the
extent of their migration into B-cell follicles.*’

The precise target of ES-62 was not revealed by these
studies, but it is generally accepted that dendrtitic cells
(DC) are the primary cell type responsible for priming
naive CD4" T cells in vivo. Indeed, we have previously
shown that ES-62 can functionally modulate bone mar-
row derived (bm)-DC maturation in vitro and in vivo.'**
Thus, ES-62 may be modulating effector CD4 T-cell func-
tion in vivo via modulation of DC maturation and hence,
T-cell priming. However, B cells which are also a direct
target of ES-62, similarly have the capacity to present
antigen to T cells, although it is has been proposed that
this process take place after T cells have initially been
activated by DC in the paracortex. These B-cell-T-cell
interactions are important for promoting the production
of early IgM antibody and the induction of signals
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required for germinal centre formation and high affinity
class-switched antibody responses. Furthermore, it has
recently been proposed that interactions between antigen-
specific T and B cells are required for CD4" T cells to
undergo maximal clonal expansion, terminal differentia-
tion and to acquire effector and memory function.*> Con-
sequently, the observed reduction in antigen-specific
T-cell expansion, altered anti-OVA IgG antibody produc-
tion and differential cytokine production following ex vivo
re-challenge in ES-62 treated transfer recipients, could
also be the result of lesions in T- and B-cell interactions.
Indeed, examination of the migratory properties of anti-
gen-specific T cells revealed that ES-62 reduced their
migration into B cell follicles.”> Therefore to determine
whether ES-62 was mediating its effects on effector T-cell
function by disrupting B-T-cell co-operation, we have
investigated OVA responses using the adoptive transfer
system in which traceable numbers of OVA-specific tg T
cells and hen egg lysozyme (HEL)-specific tg B cells
respond to a chemically coupled form of OVA-HEL that
contains linked epitopes that promote cognate T- and
B-cell interactions. Surprisingly, these studies have dem-
onstrated that the presence of activated B cells restored
T-cell expansion and prevented Th2-like polarization of
effector function. At the same time, these ES-62-treated
mice demonstrated a more generalized functional immu-
nosuppression with reduced levels of both Thl and -2
type cytokines and antibody subclasses. Collectively, these
findings suggest that whilst ES-62 can target B-T-cell
co-operation, it does not utilize this mechanism for
polarizing T-cell responses towards an anti-inflammatory/
Th2-type phenotype.

Materials and methods

Animals

Eight-week-old, male BALB/c mice (H-294, IgM?®) were
purchased from Harlan-Olac (Oxford, UK) and used as
recipients. Mice homozygous for the transgenic TCR that
is specific for chicken (c) OVA peptides,;3_339 in the con-
text of I-A% were used as T-cell donors. The tg TCR
(which is expressed on 70-80% of the CD4" T cells from
DO.11.10 BALB/c mice and recognizes the major immuno-
dominant epitope of chicken ovalbumin) was detected
by flow cytometry using the clonotypic monoclonal anti-
body KJ1.26.2%* Similarly, mice heterozygous for the
anti-HEL IgM" and IgD" transgenes on a BALB/c back-
ground (MD4) were screened for the expression of the
MD4 transgenes by flow cytometry and positive mice
were used as B-cell donors. All animals were specified
pathogen-free and were maintained under standard
animal house conditions at the University of Glasgow
Central Research Facilities in accordance with local and
home office regulations.
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Preparation of ES-62

ES-62 is a major secreted glycoprotein of the rodent filari-
al nematode Acanthoceilonema viteae and homologue of
molecules found in filarial nematodes that parasitize
humans. The molecule consists of a tetramer of identical
monomers of 62 000 MW that contain phosphorylcholine
(PC) attached to N-type glycans.”” ES-62 was purified
to homogeneity from spent culture medium of adult
A. viteae using endotoxin-free reagents essentially as
described previously."" Purity and identity of each batch
was confirmed by a combination of sodium dodecyl sul-
phate—polyacrylamide gel electrophoresis and Western
blotting. That ES-62 preparations were truly endotoxin-
free was confirmed using an Endosafe kit (Charles River
Laboratories, Margate, UK).

Flow cytometry

Analysis of cell surface marker expression was performed
as described previously.?>*® Briefly for detection of CD4"
DO11.10 tg T cells, the cell suspensions were incubated
with phycoerythrin (PE)-conjugated anti-CD4 and bio-
tinylated clonotypic anti-TCR antibody KJ1.26 with fluo-
roscein isothiocyanate (FITC)-conjugated streptavidin (all
BD Pharmingen, Oxford, UK) and for detection of B220*
MD4 B cells, cell suspensions were detected as above
using PE-conjugated anti-B220 (BD Pharmingen) and
biotinylated HEL or anti-IgM* (BD Pharmingen) with
FITC-conjugated streptavidin at concentrations previously
determined by titration of optimum binding. Immediately
prior to data acquisition 50 pg/ml propidium iodide
(Calbiochem, Nottingham, UK) was added to each sam-
ple to enable exclusion of dead cells from the analyses.
Cellular fluorescence data were acquired using a Becton
Dickinson FACSCaliber™ flow cytometer and analysed
using FlowJo software (Tree Star Inc, OR).

Adoptive transfer and immunization

Peripheral lymph nodes (axillary, brachial, inguinal, cervi-
cal; PLN), mesenteric lymph nodes and spleens from
MD4 BALB/c and DO.11.10 BALB/c mice were pooled
and forced through Nitex (Cadisch Precision Meshes,
London, UK). The suspensions were washed in sterile
RPMI-1640 (Life Technologies, Paisley, UK). Cells were
washed by adding 1 ml of washing medium before the
suspensions were centrifuged at 400 g for 5 min The per-
centage of IgM®" B220" MD4 B cells or KJ1.26" CD4"
DO.11.10 T cells in these preparations was determined by
flow cytometric analysis as described above. Cell suspen-
sions containing either 2-5 x 10° transgenic (tg) T cells
(single transfer) or 2-5 X 10° both tg T and B cells (dou-
ble transfer) each in 100 pl were mixed and 200 pl was
injected intravenously (i.v.) into age matched, male
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BALB/c recipients as described previously.”> Where indi-
cated, adoptive transfer recipient mice were injected sub-
cutaneously (s.c.) with 2 pug ES-62 in phosphate-buffered
saline (PBS) three times in total, 2 days before transfer,
on the day of transfer and the following day when mice
were also immunized. Such quantities of ES-62 are similar
to those used in ameliorating collagen-induced arthritis
(CIA)® and will give serum concentrations within the
range found for PC-containing molecules in filarial nema-
tode infection (e.g. see refs 18,30). In indicated experi-
ments, cells (5 x 107 cells/ml) were labelled with CFSE
(5 pm 5-(and-6-) carboxyfluorescein diacetate, succinim-
idyl ester (5(6)-CFDA, SE; Molecular Probes Inc., Eugene,
OR) prior to transfer as described above.*”

Following adoptive transfer, recipient mice were
exposed to antigen by immunizing s.c. in the scruff of the
neck with either 130 pg of OVA-HEL conjugates or
molar equivalents of OVA and HEL conjugates in 100 pl
PBS/50% complete Freund’s Adjuvant (CFA) (Sigma,
Poole, UK). OVA-HEL and OVA-OVA or HEL-HEL
conjugates were prepared by gluteraldehyde treatment as
described previously.*®

Measurement of antigen-specific proliferation ex vivo

Proliferation of antigen-specific T cells was assessed by
the [*H]-thymidine uptake assay to evaluate DNA synthe-
sis. Briefly, on day 10-post immunization, PLN were
removed and single cell suspensions prepared as described
above. Cells (2 x 10° cells/well) were cultured in triplicate
in flat bottomed 96-well plates in RPMI-1640 medium
supplemented with 2 mm glutamine, 50 U/ml penicillin,
50 pg/ml streptomycin and 10% fetal calf serum (FCS;
Sigma). Cells were stimulated with 10 pg/ml OVAj,3-339
peptide at a final well volume of 200 pl for 48 hr at
37° in a 5% (v/v) CO, atmosphere at 95% humidity.
DNA synthesis was assessed by pulsing with 0-5 uCi/well
[6—3H]-thymidine (Amersham Pharmacia Biotech, Amer-
sham, UK) for the last 4 hr of culture to allow incorpora-
tion into cellular DNA. Cells were harvested onto glass
fibre filter mats (Wallac, Warrington, UK) using a Beta-
plate 96-well harvester (Amersham Pharmacia Biotech).
Incorporated label was assessed by liquid scintillation
counting and results are expressed as counts per minute
(c.p.m.) incorporated + SEM (of pooled triplicate values
of three individual mice).

Measurement of antigen-specific cytokine production
ex vivo

PLN were removed and single cell suspensions prepared
as described above. Cells (2 x 10° cells/well) were cultured
in triplicate in flat bottomed 24-well plates (Cellstar) in
RPMI-1640 medium supplemented with 2 mMm glutamine,
50 U/ml penicillin, 50 pg/ml streptomycin and 10% FCS
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(Sigma). Cells were stimulated with 10 pg/ml OVAjy;3_339
peptide at a final well volume of 1 ml. Cells were cultured
for 72 hr at 37° in a 5% (v/v) CO, atmosphere at 95%
humidity. Cell culture supernatant was then removed and
frozen at —20° until analysis.

Cytokine enzyme-linked immunosorbent assays (ELISA)
were performed according to the antibody supplier’s rec-
ommendations. IL-2, IL-4, IL-5, IL-10 and IFN-y were
analysed using OPTEIA Mouse ELISA kits (BD Pharmin-
gen) and transforming growth factor-f (TGF-f3) was anal-
ysed by Immunoassay ELISA kit system (Promega,
Cheshire, UK). Briefly, Nunc-immuno Maxisorp plates
were coated overnight at 4° in 0-1 M NaHCOj; buffer,
pH 7-4 (or 0-2 M sodium phosphate buffer, pH 6-5 for
IL-10 ELISA) before blocking for 2 hr with 10% FCS in
PBS at 37° and samples and standard were diluted in cul-
ture medium and incubated for 1 hr at 37° or overnight
at 4°. Detection antibodies and ExtrAvidin (Sigma) were
diluted in blocking buffer and incubated for 1 hr each at
37°. Plates were washed at least five times between stages.
Finally, plates were developed using tetramethylbenzidine
(TMB) substrate and absorbances at 630 nm were deter-
mined. In some experiments, the production of cytokines
from cell cultures supernatants was also analysed using
Cytometric Bead Array assay (CBA; BD Pharmingen)
according to the manufacturer’s instructions. Briefly, five
bead populations with distinct fluorescent intensities were
coated with capture antibodies specific for IL-2, IL-4, IL-5
and IFN-y. These cytokine capture beads were mixed with
PE-conjugated detection antibodies and then incubated
with recombinant cytokine standards or 50 pl test culture
supernatant. Following acquisition of sample data using a
Becton Dickinson FACSCalibar™ flow cytometer, data
were analysed using the BD CBA Analysis Software (BD
Biosciences).

Detection of serum antibodies from adoptive transfer
recipients

To detect B cell-derived anti-HEL IgM" in serum, Nunc-
Immuno plates (Nalge Nunc International, Denmark)
were coated with 100 pl of 20 pg/ml HEL in PBS at 4°
overnight. Plates were then washed at least three times
with PBS—0-05% Tween 20 (Sigma) before being blocked
with PBS—10% FCS for 1 hr at 37°. Plates were washed
and incubated with serially diluted serum samples at 4°
overnight before further washing. IgM® levels in serum
were determined by incubation with biotinylated anti-
IgM* (2 pg/ml; BD Pharmingen) for 1 hr at 37°. Plates
were then washed and incubated with Extravidin (1/1000;
Sigma) for 1 hr at 37°. Plates were washed again and
TMB Microwell Peroxidase Substrate (Kirkegaard & Perry
Laboratories, Gaithersburg, MD) was added. All ELISAs
were read on a plate reader at 630 nm. The above proto-
col was similarly used to detect anti-OVA IgGl, IgG2a,
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total IgG and IgE, except the plates were coated with
100 pl of 20 pg/ml OVA (biotinylated anti-IgM® was
substituted with either 2 pg/ml biotinylated anti-IgG,
IgGl1, IgG2a or IgE (BD Pharmingen)).

Laser scanning cytometry (LSC)

Sections were stained as described previously.”* Briefly,
PLN were frozen in liquid nitrogen in OCT embedding
medium (Miles Diagnostic Division, Elkart, IN) and stored
at —70°. Sections (8 um) were cut, mounted on microscope
slides (Shandon Co, Runcorn, UK) and stained immedi-
ately with biotinylated anti-KJ1.26 and FITC-anti-B220
(BD Pharmingen), for 30 min, washed and then incu-
bated with streptavidin—horseradish peroxidase (HRP) for
30 min After washing, the cells were treated with biotiny-
lated-tyramide (TSA™ Biotin system, Perkin Elmer Life
Sciences, Boston, MA) for 10 min, washed and then incu-
bated with Streptavidin Alexa Fluor® 647 (Molecular
Probes) for 30 min. Finally, slides were washed three times
and mounted in Vectashield (Vector, Peterborough, UK)
for analysis by LSC. Tissue maps were generated from this
data. Upon these tissue maps, equally sized regions were
randomly placed within follicular and paracortical areas.
This allowed statistical data on the number and percentage
of KJ1.26" located within B-cell follicles to be determined
using Wincyte software (Compucyte Corp, Essex, UK).
Using the relocation feature of the LSC, areas surrounding
follicular regions were relocated to and high quality digital
images of the fluorescently stained tissue sections were
obtained using a Hammamatsu camera and Openlab
software (Improvision, Coventry, UK).

Statistical analysis

Statistical significance was determined by Student’s t-test
and P < 0-05 was considered to be significant.

Results

Recipients of double cell transfers are protected from
the inhibitory effects of ES-62 on T-cell expansion

To investigate whether the polarizing effects of ES-62 on
antigen-specific T-cell responses in vivo®>>' were medi-
ated via modulation of T-cell and B-cell interactions,
mice were either transferred with 25 x 10° OVA-specific
TCR tg CD4" T cells from donor DO.11.10 mice (single
transfer) as before, or cotransferred with 2-5 x 10° OVA-
specific TCR tg CD4" T cells from donor DO.11.10 mice
and 2-5x 10° HEL-specific B-cell receptor (BCR) tg
B220" B cells from donor MD4 mice (double transfer).
All groups were subsequently immunized with OVA
chemically coupled to HEL (OVA-HEL), which contains
linked epitopes that can be recognized by both tg T and
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B cells. Importantly, this promotes cognate interactions Similar results were obtained when mice were transferred
between OVA-specific Tcells and HEL-specific B cells, with a variety of T : B cell ratios ranging from 0-25 : 1 to
which have been shown to be required for optimum 10 : 1, with ES-62 treated groups showing comparable
HEL-specific B-cell responses.”! levels of T-cell expansion levels to those in control groups
Unlike our previous adoptive transfer experiments (results not shown). Although the peak T-cell clonal
where mice were only transferred with OVA-specific T expansion obtained in response to control mice appeared
cells (single transfer) (Fig. la), treatment of mice with to be higher in single relative to double transfers, analysis
ES-62 did not inhibit antigen-specific T-cell clonal expan- of the day 5 T-cell clonal expansion data pooled from
sion when both antigen-specific T and B cells were trans- four independent experiments, indicated that these differ-
ferred together (double transfer) (Fig. 1b). The transfers ences were not significant. Nevertheless, this analysis con-
were performed simultaneously and under identical firmed that exposure to ES-62 in vivo significantly
experimental conditions, using the same donor pool of T inhibited T-cell expansion in single but not double trans-
cells and same batch of recipient mice. Indeed, in the fers (Fig. 1d).
double transfer, both ES-62 treated and control groups Our previous experiments examining the number
had very similar kinetics and profiles of expansion. Simi- of cell divisions undergone by adoptively transferred
larly, both control and ES-62 treated groups, demon- CFSE-labelled OVA-specific T cells in vivo® provided
strated analogous levels of B-cell expansion, which peaked corroborative evidence of ES-62-mediated inhibition of
at day 5 post immunization and subsequently declined antigen-specific T-cell expansion (as indicated by flow
towards day 10 (Fig. 1c). Importantly, because B cells cytometry analysis of the tg TCR expression) rather than
require T-cell help to undergo optimal clonal expan- migration. Therefore, the profile of CFSE staining of
sion”? the analogous levels of HEL-specific B-cell OVA-specific T cells in control and ES-62 treated single
expansion between ES-62 and control groups, strongly and double transfer mice was examined (Fig. 2). In the
suggests that ES-62 was not preventing interactions single transfer system it can be seen as established previ-
between OVA-specific T cells and HEL-specific B cells. ously that ES-62 induces a population of non-dividing
6
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Figure 1. Effects of ES-62 on antigen-specific CD4" T cell and B220" B-cell clonal expansion in vivo. Non-transgenic BALB/c recipient control
and ES-62 treated mice were injected with 2-5 x 10® CD4" KJ1.26" T cells (a) or 25 x 10° CD4* KJ1.26" T cells and B220* HEL* B cells (b and ).
Twenty-four hr later, these mice were immunized s.c. with 130 pg OVA-HEL in CFA. The percentage of CD4" KJ1.26" T cells (a and b) and
B220" HEL"' B cells (c) in the draining lymph nodes of adoptively transferred recipients was assessed by flow cytometry on days 3, 5, 7 and 10
after immunization. Each time point represents the mean + SEM for three mice per group, **P < 0-01 where U represents unimmunized, control
mice; E represents unimmunized, ES-62-treated mice; I represents immunized control mice and I + E represents immunized, ES-62-treated mice.
Data are representative of at least four independent experiments and the day 5 T-cell clonal expansion data from four of these experiments have
been pooled and presented in (d). **P < 0-01 for I (immunized, control mice) versus I + E (immunized, ES-62-treated mice) from single transfer
experiments and *P < 0-05 for immunized, ES-62-treated single transfer versus double transfer mice.
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Figure 2. Effects of antigen-specific B cells on the ability of ES-62 to
modulate cell division of antigen-specific CD4" T cells in vivo fol-
lowing immunization. Non-transgenic BALB/c recipient control and
ES-62-treated mice were injected with 2.5 x 10° CD4" KJ1.26" T
cells (single transfer) or 2:5x 10° CD4" KJ1.26" T cells and
B220" HEL™ B cells (double transfer). Prior to transfer, T cells were
labelled with CFSE. Twenty-four hr later, these mice were immu-
nized s.c. with 130 pg OVA-HEL in CFA. Five days after immuniza-
tion, draining lymph nodes from immunized control (a) and
immunized and ES-62-treated (b) adoptive transfer recipients were
removed and CFSE fluorescence, a measure of cell division, was
assessed in CD4" KJ1.26" T cells by flow cytometry. Data are shown
as histograms of CFSE fluorescence intensity (increasing from left to
right) versus number of CD4" KJ1.26" T cells and are from one
mouse, which is representative of three mice per group and a total
of two independent experiments. Each peak represents a cell division
event with the number of cell divisions increasing from right to left.
The percentage of cells present in each peak is shown within the
figure.

cells — 16-3% versus 8:9% for the control (Fig. 2 and ref
23). The mean value obtained from four independent
experiments for this population was 147 £ 2-4% of cells
versus 8:6 + 1-5% in the absence of ES-62. Although this
difference may appear on the small side when considering
the ~60% reduction in clonal expansion induced by ES-
62, it is possible that the helminth product targets the
most actively dividing cells and/or that it may after all
additionally affect T-cell migration/homeostasis. These
points were addressed by the quantitative, statistical anal-
ysis afforded by FloJo software which indicated that
whilst exposure to ES-62 reduced the percentage of cells
that had divided from 32-3 + 2:1% to 20-5 * 3-5% (num-
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bers consistent with the increase in the non-dividing pop-
ulation cited above), it did not significantly affect the
proliferation index (i.e. the average number of divisions
of the cells that divided underwent; 2-95 + 0-09 versus
2:27 £ 0-62). However, it did substantially reduce the
division index (i.e. average number of divisions that a
cell in the starting population has undergone) from
095+ 0-02 to 0-56 £ 0-06, P <0-01 suggesting that
ES-62 may have indeed converted a small population of
highly dividing cells into a non-responsive population. By
contrast, tg T cells from the double transfer from both
control and ES-62 groups exhibited very similar CFSE
staining of tg T cells indicating essentially identical popu-
lations of non-dividing cells at day 5 post immunization
(8-4 £ 1-2% versus 8-1 + 0-7%, n = 4 independent exper-
iments) results consistent with the similar levels of clonal
expansion observed. Moreover, exposure to ES-62 had no
significant effect on any of the division (0-97 + 0-10
versus 0-90 £ 0-05), proliferation (2-96 + 0-34 versus
2-94 + 0-20) or percentage cells divided, indices (33-0 £
1-7% versus 32-3 £ 1-8%). Taken together, these results
suggest that the presence of a large population of acti-
vated antigen-specific B cells restores the proliferative
capacity of OVA-specific T cells in ES-62-treated mice.

Exposure to ES-62 is associated with inhibition
of both Th1l and Th2 antibodies in double cell
transfer mice

The nature of the double transfer system allows the
helper ability of the OVA-specific T cells for anti-HEL
IgM production by the transferred HEL-specific B cells
to be examined. This is because immunization with the
linked OVA-HEL antigen permits HEL-specific B cells
to endocytose the antigen via their BCR and subse-
quently process and present OVA epitopes to the trans-
ferred OVA-specific T cells. Therefore, because B cells
require T-cell-mediated help for IgM production®">
the effects of ES-62 on the ability of OVA-specific T
cells to provide help to HEL-specific B cells can be
investigated.

Thus to examine the effects of ES-62 on the functional
response of the transferred HEL-specific B cells, the pro-
duction of anti-HEL IgM in serum prepared from mice at
3, 5 and 7 days post immunization was analysed. Both
control and ES-62-treated groups demonstrated compara-
ble kinetics and levels of antibody production, indicating
that ES-62 was not altering the ability of OVA-specific T
cells to provide help for IgM production (Fig. 3a). Fur-
thermore, this finding, together with the earlier data dem-
onstrating that ES-62 did not affect HEL-specific B-cell
clonal expansion, strongly argued that ES-62 was not pre-
venting OVA-specific T-cell and HEL-specific B-cell inter-
actions. The production of anti-OVA IgM by endogenous
B cells was also examined, but no significant production
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Figure 3. Effects of ES-62 on the anti-HEL IgM response and of antigen-specific B cells on the ability of ES-62 to modulate the production of
OVA-specific IgGl and IgG2a in vivo. Non-transgenic BALB/c recipient control and ES-62-treated mice were injected with 2-5 x 10°
CD4" KJ1.26" T cells and B220" HEL" B cells. Twenty-four hr later, these mice were immunized s.c. with 130 ng OVA-HEL in CFA. In (a),
serum (1/200 dilution) was prepared at 3, 5 and 7 days after immunization and HEL-specific IgM" was assessed by ELISA. Each time point repre-

sents the mean OD at 1/200 dilution for three mice per group + SEM. Data are representative of two independent experiments. In (b—d), serum
was collected at 10 days after immunization and OVA-specific IgG1 (b), IgG2a (c) and IgG (d) were assessed by ELISA. Data are presented as

the mean of three mice per group + SEM and are representative of two independent experiments. ***P < 0-005, **P < 0-01, *P < 0-05.

could be detected in immunized groups (results not
shown).

One of the most striking effects of ES-62 treatment in
the previously presented single transfer experiments was
that ES-62-treated mice exhibited a Th2-biased anti-OVA
IgG response, evidenced by increased anti-OVA IgGl
production and inhibition of anti-OVA IgG2a (ref. 23
and results not shown). In contrast, in double transfers,
ES-62 treatment resulted in suppression of both Thl and
Th2 associated antibodies at day 10 post immunization
(Figs 3b, ¢). Not only did ES-62 treated mice have sig-
nificantly lower levels of anti-OVA IgGl than control
animals (Fig. 3b), but the production of anti-OVA IgG2a
in ES-62 treated mice was completely abrogated, exhibit-
ing levels comparable to those in unimmunized animals
(Fig. 3¢c). Consistent with this the production of total
anti-OVA IgG was also lower in ES-62-treated mice
(Fig. 3d), also indicating that the decrease in IgGl and
IgG2a production in ES-62-treated animals was not likely
to be associated with increased production of another
IgG isotype, such as IgG3. Furthermore, in agreement
with single transfer data, ES-62 did not induce the pro-
duction of anti-OVA IgE as no anti-OVA IgE could be
detected in either ES-62-treated or control mice (data
not shown). Taken together, these results suggest that
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although the interactions between OVA-specific T cells
and HEL-specific B cells may not be prevented by ES-62,
the signals being delivered to endogenous OVA-specific
B cells by such T cells are modulated following ES-62
treatment.

ES-62 has no effect on the localization of
antigen-specific T cells within draining lymph nodes
in double cell transfer recipients

In order for antigen-specific B cells to undergo affinity
maturation and class switching of immunoglobulin tran-
scripts for IgG antibody production, germinal centres
must be formed within B-cell follicle regions.*® This pro-
cess of germinal centre formation and production of high
affinity class-switched IgG antibodies requires interactions
between antigen-specific T and B cells’° and thus,
T-cell migration into B-cell follicles has been proposed to
play an essential role in the generation of an IgG-medi-
ated immune response. Therefore, using laser-scanning
cytometry, it was investigated whether the decreased pro-
duction of both IgGl and IgG2a in ES-62-treated double
transfer mice was caused by inhibition of antigen-specific
T-cell migration into B-cell follicles. Indeed, in single
transfers we have already shown that ES-62 had the
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capacity to inhibit T-cell migration within lymph nodes
following immunization.*’

Surprisingly, and unlike the single transfer data, ES-62
treatment of double transfer recipient mice had effectively
no impact on the migration of antigen-specific T cells into
B-cell follicles. Thus, when the average number and per-
centage of KJ1.26" T cells contained within the follicle was
calculated it was found that ES-62 was having little effect.
Both groups demonstrated similar number of KJ1.26%
T cells within follicles (data not shown) and these were
equivalent to comparable percentages of the total numbers
contained within the whole lymph node under study
(at day 5, control: 1-5 + 0-1% and ES-62: 1-3 £ 0-2%).

ES-62 inhibits Th1/Th2 cytokine production and cell
proliferation following ex vivo rechallenge of lymph
node cells from double transfer recipients

In contrast to single transfer mice* ES-62 treatment of
double transfer mice resulted in suppression of anti-OVA
IgGl and IgG2a production, rather than promoting an
IgGl-biased response. Because the suppressed IgG anti-
body production could not be explained by reduced anti-
gen-specific T-cell entry into B-cell follicles, it was
hypothesized that perhaps T cells activated in the pres-
ence of ES-62 in double transfer recipients were non-
functional and did not produce the cytokines necessary to
support anti-OVA IgGl or IgG2a production. Alterna-
tively, the reduced production of anti-OVA IgGl and
IgG2a antibodies could reflect the possibility that T cells
activated in ES-62 treated double transfer mice were
induced to develop into regulatory T cells that suppressed
the generation of anti-OVA IgG responses. Therefore,
similarly to before, lymph node cells were removed at
10 days post immunization and re-challenged ex vivo
with OVA to examine the cytokine profile of the culture
supernatant.

Consistent with the idea that suppression of anti-OVA
IgGl and IgG2a production may reflect ES-62-mediated
modulation of cytokine production, ES-62 treated mice
exhibited inhibition of both Thl and Th2 associated cyto-
kines upon ex vivo re-challenge (Fig. 4a—d). Analysis of
cell culture supernatants demonstrated that compared to
control groups, ES-62 treated groups produced less IL-2
and IFN-y as well as IL-4 and IL-5. The inhibition of
IL-5 production in ES-62-treated mice was unique in
being in contrast to that observed with single transfer
data in which IFN-y, IL-2, IL-6, IL-17, IL-4 and IL-13
were all reduced and IL-5 production was elevated in cells
that had been exposed to ES-62 in vivo.”

The overall suppression in IgG production and both
pro-inflammatory/Thl and Th2 cytokines could have
reflected the preferential production of IL-10 and TGF-B
by T cells from ES-62 treated mice. These cytokines have
been shown to mediate suppression of both Thl and Th2
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immune responses and previous in vitro data had demon-
strated that T cell activation by ES-62 matured DC
in vitro was associated with increased production of IL-
10'°. However, surprisingly, IL-10 production was also
inhibited in ES-62-treated mice and there was no differ-
ence in total TGF-B (and activated TGE-f, results not
shown) production (Fig. 4e, f). This suggests that ES-62
may not be inducing the development of regulatory T
cells that produce these ‘suppressive’ cytokines to inhibit
antibody production, but instead may mediate inhibition
of IgGl and IgG2a production via decreased IFN-y and
IL-4 production.

Although T cells from ES-62-treated double transfer
recipients did not exhibit increased production of regula-
tory T-cell associated IL-10 and TGF-B production, they
exhibited decreased proliferation compared to control
groups (Fig. 4g). Of interest, this phenotype may only be
witnessed when cells receive a secondary stimulation
because as shown in Fig. 1, the presence of B cells in the
transfer system protects primary T-cell expansion. Such a
phenotype is commonly associated not only with the
development of regulatory T cells but also anergic T cells.
However, it is unlikely that the cells in ES-62 treated dou-
ble transfer recipients develop a state of anergy, as we
have previously shown that anergic T cells do not have
the capacity to ‘help’ B cells nor do they home to follicles
in vivo.”’

Unconjugated OVA-HEL mirrors conjugated
OVA-HEL with respect to clonal expansion but not
cytokine inhibition in ES-62-treated mice

The presence of antigen-specific B cells in the adoptive
transfer system was found to dramatically alter ES-62
modulation of the immune response observed in animals
adoptively transferred with T cells alone. Therefore, to
address whether antigen-presentation by B cells plays a
role in modulating the effects of ES-62 treatment, in par-
ticular restoring T-cell clonal expansion and suppressing
the production of both IgGl and IgG2a production, the
immunization strategy was modified. In the conventional
double transfer system, immunization with conjugated
OVA-HEL permits the transferred HEL-specific B cells to
preferentially take up OVA-HEL via their BCR and pres-
ent OVA-derived epitopes to the transferred OVA-specific
T cells. Although, it is somewhat controversial as to
whether B cells have the capacity to activate naive CD4"
T cells, it has been reported that following uptake of
antigen via the BCR, B cells up-regulate the necessary
costimulatory molecules required for T-cell activation.’®
Therefore, to reduce such potential B-cell presentation,
mice were immunized with unconjugated OVA and
HEL, which would result in the transferred HEL-specific
B cells being unable to present OVA to the OVA-specific
T cells. Consequently, in this situation, DC would then
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Figure 4. Effects of antigen-specific B cells on ES-62-mediated modulation of antigen-specific CD4" T cell cytokine production and proliferation
following antigen re-challenge ex vivo. Non-transgenic BALB/c recipient control and ES-62 treated mice were injected with 2-5 X 10°
CD4" KJ1.26" T cells and 2-5 x 10° B220" HEL" B cells. Twenty-four hr later, these mice were immunized s.c. with 130 ug OVA-HEL in CFA.
Draining lymph nodes were removed 10 days post immunization and cells were stimulated in vitro with 10 pg/ml Ovasy;_s39 peptide for 72 hr.
Cell culture supernatants from unimmunized control (U) and ES-62-treated (U + ES-62) and immunized control (I) and ES-62-treated (I + ES-62)
groups, were then removed and assessed for production of IFN-y (a), IL-2 (b), IL-4 (c) and IL-5 (d) by CBA assay and IL-10 (e) and TGEF- (f)
by ELISA. Data are presented as the mean from three mice per group + SEM. Data presented for TGF-f production is from a single experiment,
whereas IL-2, IFN-v, IL-4, and IL-5 are representative of two other independent experiments using conventional cytokine analysis by ELISA (data
not shown). ***P < 0-005, **P < 0-01, *P < 0-05 compared to relative immunized group. In (g), cells from unimmunized control (U), unimmu-
nized ES-62-treated (U + ES-62), immunized control (I) and immunized, ES-62-treated (I + ES-62) groups were cultured for 48 hr and pulsed
with 0-5 pCi/well [6-’H]-thymidine for the last 4 hr of culture. Incorporated, [*H]-thymidine was assessed by liquid scintillation counting. Data
are presented as the mean from three mice per group £ SEM and are representative of two independent experiments. *P < 0-05, OVA recall
responses, control/immunized versus ES-62/immunized groups.
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presumably carry out the majority of OVA presentation,
although, albeit at a very low level, there may be some
endocytosis/pinocytosis-driven presentation by endoge-
nous and transferred B cells.

Following immunization of double transfer recipients
with conjugated OVA-HEL or OVA plus HEL, the clonal
expansion of CD4" KJ1.26" T cells was examined at day 7
post immunization (Fig. 5a). In mice that were immu-
nized with conjugated OVA-HEL, the levels of expansion
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Figure 5. Effects of ES-62 on antigen-specific CD4" T-cell and
B220" B-cell clonal expansion in vivo following immunization with
unconjugated OVA and HEL. Non-transgenic BALB/c recipient
control and ES-62-treated mice were injected with 2.5 x 10°
CD4" KJ1.26" T cells and B220* HEL" B cells. Twenty-four hr later,
these mice were either immunized s.c. with 130 ug of conjugated
OVA-HEL (con) or unconjugated OVA and HEL (uncon) in CFA.
The percentage of CD4" KJ1.26" T cells (a) and B220" HEL* B cells
(c) in the draining lymph nodes of unimmunized control (U) and
unimmunized ES-62-treated (U + E) and immunized control (I) and
immunized ES-62-treated (I + E) adoptively transferred recipients
was assessed by flow cytometry on day 7 after immunization. Data
are presented as a bar chart of the mean + SEM for three mice per
group. Prior to transfer, T cells were labelled with CFSE and five
days after immunization, draining lymph nodes from immunized
control and ES-62-treated adoptive transfer recipients were removed
and CFSE fluorescence, a measure of cell division, was assessed in
CD4" KJ1.26" T cells by flow cytometry (b). Data are shown as
histograms of CFSE fluorescence versus number of CD4" KJ1.26*
T cells and are from one mouse, which is representative of three
mice per group and a total of two independent experiments.

between ES-62-treated and control groups were compar-
able, in agreement with previous double transfer data
(Fig. 1). Similarly, mice that were immunized with un-
conjugated OVA and HEL, demonstrated lack of inhibi-
tion of T-cell clonal expansion in the ES-62-treated group
compared to the control group (Fig. 5a). These data were
corroborated by analysis of CFSE levels in the transferred
T cells which showed essentially identical proliferation
profiles in cells from control and ES-62-treated mice,
irrespective of the type of antigen used (Fig. 5b), although
a slightly higher percentage of the control tg T cells did
not respond to unconjugated OVA plus HEL relative to
the equivalent population in mice that were immunized
with OVA-HEL and this was confirmed by analysis of the
division (OVA-HEL: 0-97 = 0-10 versus 0-90 + 0-05;
OVA + HEL: 0-78 £ 0-05 versus 1-08 * 1-0), proliferation
(OVA-HEL: 2-96 + 0-34 versus 2-94 £ 0-20%; OVA +
HEL: 2-88 + 0-04 versus 3-07 £ 0-09) and percentage cells
divided (OVA-HEL: 33-0 £ 1-7% versus 32-3 £ 1-8%;
OVA + HEL: 27-0 £ 2% versus 35-7 £ 4-2%) indices.
Analysis of antigen-specific B-cell expansion at day 7 post
immunization also supported the necessity of T-cell help
for optimal B-cell clonal expansion. Thus, clonal expan-
sion of the transferred B cells was only seen in mice
immunized with OVA-HEL, which allows HEL-specific B
cells to present OVA and receive help from OVA-specific
T cells (Fig. 5¢). Collectively, these results therefore sug-
gest that the presence of an increased frequency of anti-
gen-stimulated (but not necessarily proliferating) B cells
rather than presentation of linked antigen by B cells may
be responsible for restoring T-cell clonal expansion in the
double transfer model.

These results demonstrated that ES-62 had little effect
on antigen-specific T-cell clonal expansion in double
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Figure 6. Effects of ES-62 on OVA-specific IgG1 production in vivo
following immunization with unconjugated OVA and HEL. Non-
transgenic BALB/c recipient control and ES-62-treated mice were
injected with 2-5 x 10° CD4" KJ1.26" T cells and B220" HEL' B
cells. Twenty-four hr later, these mice were either immunized s.c.
with 130 pg of conjugated OVA-HEL (a) or unconjugated OVA and
HEL (b) in CFA. Serum was collected at 7 days after immunization
and OVA-specific IgG1 assessed by ELISA. There was little or no
OVA-specific IgG1 detected in unimmunized groups. Data are pre-
sented as the mean of three mice per group + SEM and are from a
single experiment. ***P < 0-005, **P < 0-01, *P < 0-05.

transfer recipients that were immunized with either con-
jugated or unconjugated OVA and HEL. Therefore, taking
this into account it was hypothesized that ES-62 would
induce a similar suppression in IgGl and IgG2a produc-
tion in double transfer mice that were immunized with
unconjugated OVA and HEL. However, our data revealed
that the production of anti-OVA IgGl by ES-62-treated
mice that were immunized with unconjugated OVA and
HEL, more closely resembled that observed in single
transfer mice, that is, an increase in OVA-specific IgG1
(Fig. 6) and, although control levels were very low, a
decrease in OVA-specific IgG2a (results not shown).
Thus, collectively these data suggest that B cells may
restore antigen-specific T-cell clonal expansion in ES-62-
treated mice in an antigen-independent manner. By
contrast, however, the suppression of OVA-specific IgG1
production observed in double transfer mice appears to
be the result of ES-62-mediated modulation of B- and
T-cell cognate interactions.

© 2007 Blackwell Publishing Ltd, Immunology, 123, 411-425
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Discussion

In this study we have further explored the immunomodu-
latory properties of ES-62 in vivo in order to more fully
understand and dissect the mechanisms by which it alters
the immune response. In order to specifically examine the
effects of ES-62 on T- and B-cell interactions a double (tg
BCR and tg TCR) transfer procedure was used.”’ ES-62
treated mice were recipients for cotransfer with OVA-
specific tg TCR CD4" T cells and HEL-specific tg BCR B
cells followed by immunization with conjugated OVA-
HEL/CFA to promote cognate interactions between these
cells. Importantly, this experimental set-up has shown
that the clonal expansion and production of HEL-specific
IgM by the transferred B cells depends critically on help
from the transferred OVA-specific T cells.”!

Rather surprisingly, ES-62 appeared to have different
effects on T-cell effector function in the double transfer
system compared to the single transfer system. For
example, we have previously demonstrated using the
single transfer system that ES-62 was able to inhibit
antigen-specific T-cell expansion in vivo. In contrast,
when ES-62-treated mice were cotransferred with anti-
gen-specific B cells prior to immunization, the capacity
of T cells to undergo clonal expansion and division was
restored. Moreover, these antigen-specific T cells dis-
played normal B-cell follicle homing potential. However,
the observed lack of anti-OVA IgG Abs and also pro-
duction of both Thl and Th2 cytokines indicated that
the helper and effector functions of these T cells were
severely attenuated. Further investigation using non-
conjugated antigens into the role of these antigen-speci-
fic B cells in vivo suggested that whereas the restoration
of T-cell expansion in ES-62-treated mice may only
require the presence of an increased frequency of par-
tially activated B cells regardless of specificity, the
reduced production of anti-OVA IgG antibody may have
been a consequence of dysfunctional B-cell presentation
during B-T-cell co-operation.

Although the unconjugated antigen studies suggested
that the restoration of T-cell clonal expansion in ES-62
treated mice was not caused by antigen presentation by
transferred tg B cells, a role for B-T-cell interactions in
the priming of naive CD4" T-cell activation cannot be
ruled out. Indeed, although it is widely accepted that DC
are the primary cell type responsible for the generation of
adaptive immune responses” it has been shown that fol-
lowing antigen uptake via the BCR, B cells subsequently
acquire a phenotype (increased major histocompatibility
complex (MHC) class II and CD86) that supports naive
T-cell activation.® Accordingly, in the double transfer
system it is possible that tg B cells uptake OVA-HEL via
their BCR and subsequently up-regulate costimulatory
expression to a sufficient extent to allow effective presen-
tation of OVA to antigen-specific T cells. Indeed, because
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naive B cells are also found transiently in the paracortex
as they migrate to the follicles*>*! it is possible that the
relatively large population of tg B cells could also acquire
antigen during this passage and induce or modulate T-cell
activation.”** Of relevance, Brocker’s group has recently
shown®’ by adoptively transferring tg TCR CD4" T cells
into transgenic mice expressing selectively the T-cell
restricting MHC class II molecules on either DC, B cells
or DC and B cells, that whilst DC were sufficient to
induce clonal expansion, IL-2 production and follicular
migration of antigen-specific T cells, B cells alone did not
possess antigen-presenting capacities in vivo. Interestingly,
however, in mice in which both DCs and B cells were
capable of presenting antigen in vivo, there was increased
clonal expansion and follicular migration by antigen-
specific T cells in vivo, suggesting that whilst DC are the
primary antigen-presenting cells for T-cell activation, B
cells can further modulate CD4 T-cell responses.*> How-
ever, as it might be expected that most of the transferred
HEL-specific B cells would be unable to present OVA to
OVA-specific T cells in the case of immunization with
unconjugated OVA and HEL antigens, our data may sug-
gest that an increased frequency of partially activated B
cells per se may be sufficient to provide ‘help’ for
enhanced clonal expansion of T cells, presumably via
antigen-independent cell—cell contact or cytokine interac-
tions, rather than an absolute requirement for cognate
B- and T-cell interactions. Alternatively, our findings may
imply that, under conditions of simultaneous immuni-
zation/infection with multiple antigens (e.g. OVA and
HEL), such increased frequencies of partially activated B
cells in the lymph nodes are indeed capable of acquiring,
processing and presenting heterologous antigen (in this
case HEL-specific B cells presenting OVA-derived pep-
tides) to modulate polyclonal T-cell activation.

Taking this into account, ES-62 could be modulating
the initial stages of antigen presentation between DC and
T cells as described previously for the single transfer sys-
tem, but the outcome of this reaction is subsequently
affected by the presence of a large population of antigen-
specific B cells. For example, Ingulli et al. have demon-
strated that as the immune response progresses from the
initial stages of T-cell priming by DC, these DC soon lose
the capacity to present antigen and leave the lymph
node.** As a result, this may create a situation where
B-cell presentation may be favoured in the face of limit-
ing numbers of DC, providing a means to restore the
proliferative capacity of the T cells ‘activated’ by ES-62-
matured DC. Indeed, a study by Linton et al. demon-
strated that B cells could play an essential role in vivo to
amplify the CD4 response, the size of the CD4 pool being
determined by the degree of B-cell dependent T-cell
expansion. Interestingly, it was shown that not only did
the transfer of naive B cells with the capacity for BCR-
mediated antigen-uptake restore the frequency of IL-2-
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producing T cells, but also and pertinent to this study,
transfer of activated B cells loaded with either relevant or
irrelevant antigen to the CD4 response could also restore
the frequencies of primary effector T cells.* Therefore,
the presence of activated B cells in ES-62-treated mice
may be simply amplifying the effector T cells that were
induced during initial activation by ES-62 matured DC.

Because activated B cells could support T-cell expan-
sion, it is possible that costimulation, particularly
reduced expression of CD80/CD86, is the primary defi-
ciency that limits T-cell expansion in response to pre-
sentation by ES-62-DC. Not only are CD28/CD80/CD86
interactions necessary for IL-2-dependent CD4 cell
expansion**™® but through up-regulation of antiapoptot-
ic Bcl-xL, they may maintain T-cell survival during the
primary response.”” Consequently, the restoration of
T-cell clonal expansion in ES-62-treated mice may reflect
the pool of tg B cells up-regulating costimulatory mole-
cule expression following antigen-uptake via their BCR*®
providing supplementary proliferative/survival signals to
the low frequency of T cells originally promoted by
ES-62-DC. These supplementary signals may be delivered
to T cells around the edges of B-cell follicles, consistent
with evidence that following BCR engagement B cells
migrate to the outer T-cell zone and following activation
by DC, T cells migrate towards follicular regions.*">
Indeed, unlike previous single transfers where sub-
optimal clonal expansion was associated with reduced
follicular migration, in this system ES-62 had little effect
on the movement of T cells to B cell follicles, support-
ing the report by Smith et al. proposes that passage
through B-cell follicles is required for optimal T-cell
expansion.?

Interestingly, although the helper ability of these T cells
to promote tg B-cell expansion and anti-HEL IgM pro-
duction appears to be unaltered by exposure to ES-62,
the production of anti-OVA IgG antibody and production
of cytokines upon ex vivo re-challenge are suppressed,
indicating the restoration of clonal expansion has not
fully revived the effector function of these T cells. It was
surprising to observe inhibition of both anti-OVA IgGl
and IgG2a antibodies in this system, because previously it
was demonstrated that ES-62, consistent with its Th2-like
promoting ability, induced the development of CD4" T
cells, which favoured an IgGl bias. Because the produc-
tion of IgGl and IgG2a isotypes has been shown to be
dependent on the production of IL-4/IL-5 and IFN-y,
respectively,”’ the reduced production of these cytokines
by T cells upon ex vivo re-challenge may go some way to
explaining why there appeared to be an overall suppres-
sion in IgG production. Alternatively, because of the nat-
ure of the linked OVA-HEL immunization strategy, the
majority of transferred OVA-specific T cells are likely
to be interacting with transferred HEL-specific B cells
in double transfers. Consequently, those endogenous
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OVA-specific B cells, which have been selected for IgG1
production, may not receive the optimal levels of T cell
help resulting in suppression of anti-OVA IgGl produc-
tion. Consistent with this, when double transfer mice
were immunized with uncoupled OVA and HEL to
reduce the levels of cognate B-T-cell interactions and
promote T-cell help to the endogenous OVA-specific B
cells, the IgG1 antibody response was restored.

Although the mechanisms underlying the functional
differences observed in the single and double transfer
models are unclear, it is plausible that ES-62 exhibits
differential effects on B-cell (suppression-mediated), rela-
tive to DC (polarization-mediated), presentation of anti-
gen and modulation of T-cell effector responses eliciting
differential functional phenotypes depending on the
immunological status of the host. Thus, ES-62, like other
parasite immunomodulatory molecules’*” may inhibit
DC migration from the site of antigen-uptake to draining
lymph nodes, thus reducing the frequency of antigen-
presenting DC. If this occurs when a large population
of B cells with the capacity to present antigen to T cells
are available, then B-cell presentation may be favoured.
Interestingly, we have previously shown that B-cell
CD40 expression, which plays a key role in B-T-cell
interactions, is down-regulated following exposure to
ES-62 in vivo."® Consequently, the observed suppressed
phenotype in ES-62-treated double transfer mice may
reflect ES-62 modulation of antigen-presentation by B
cells with resulting induction of T-cell unresponsiveness,
as demonstrated by studies indicating that naive B-cell
antigen presentation can promote T-cell tolerance as a
result of lack of CD40/CD40L interactions.>® Perhaps con-
sistent with this, there is evidence that as clinical disease
progresses in murine models of experimentally induced
rheumatoid arthritis there is a concomitant increase in
the infiltration of B cells that have the capacity to present
antigen and activate T cells,”>*® and we have previously
demonstrated that ES-62 given therapeutically to such
mice exhibiting clinical symptoms of arthritis results in
amelioration of inflammation and disease in an IL-10-
and Th2-independent manner, with a phenotype of sup-
pression similar to the global suppression described in
double transfers.*>>’

Taken together, these results demonstrate that in a sys-
tem where an expanded population of activated B cells
has the capacity to present antigen to T cells and/or mod-
ulate DC-T-cell priming, ES-62 can interfere with the
outcome of the immune response, such that there is an
overall suppression of immunity. This proposal may
have implications for filarial nematode-infected individu-
als who are often subject to infection with multiple
pathogens at any given time, in the sense that it may go
some way to explaining why filarial nematode infection
gives rise to both specific and generalized immuno-
suppression.

© 2007 Blackwell Publishing Ltd, Immunology, 123, 411-425
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