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Recombinant Culicoides obsoletus complex allergens
stimulate antigen-specific T cells of insect bite
hypersensitive Shetland ponies in vitro
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Background - Ponies may suffer from Insect bite hypersensitivity (IBH), an allergic IgE-mediated pruritic skin
disorder, induced by allergens from biting midges of the Culicoides spp.

Hypothesis/Objectives — To determine whether recombinant Culicoides obsoletus allergens are able to acti-
vate T cells of ponies exposed to C. obsoletus and whether these allergen-specific responses differ between
|IBH-affected and healthy ponies.

Animals - Ten IBH-affected Shetland ponies and 10 age-matched healthy controls taken from the same stables,
to ensure similar exposure to midges.

Method - Peripheral blood mononuclear cells (PBMC) were cultured with two different pools of recombinant
C. obsoletus complex allergens to expand the allergen-specific T cells. These PBMC cultures were subsequently
co-cultured with mature dendritic cells (DCs) loaded with the same antigens. Induction of Th1, Th2 and regulatory
T (Treg) cells in these DC/PBMC co-cultures was assessed by analysis of IFN-y, IL-4, IL-10 and FoxP3 expression
levels using quantitative RT-PCR and phenotyping by flow cytometry.

Results — Recombinant C. obsoletus allergens increased IFN-y mRNA expression levels, percentages of IFN-y
expressing (Th1) cells and CD25M9"FoxP3*IL-10* Tregs compared to unstimulated DC/PBMC co-cultures. Stimu-
lation of IL-4 expressing Th2 cells by the recombinant allergens was far less pronounced. The DC/PBMC co-cul-
tures did not reveal significant differences between healthy and IBH-affected ponies for any of the analysed
parameters, except for higher IL.-4 mRNA levels in IBH affected ponies after stimulation with one of the two aller-
gen pools.

Conclusion and clinical importance — The recombinant C. obsoletus complex allergens can stimulate
antigen-specific Th1 and IL10 producing Treg cells and are therefore promising candidates for the immunother-
apy of IBH.

saliva of midges of the genus Culicoides."™® Welfare of

Introduction _ . : )
horses suffering from IBH is seriously affected by this

Equine insect bite hypersensitivity (IBH) is the most com- allergic reaction and by self-mutilation in an attempt to

mon skin allergy in horses and ponies. Clinically it is char- reduce the itch.

acterized by intense itch and irritation caused by Various studies have shown that IBH is an IgE-medi-

hypersensitivity reactions mainly to components of the ated allergy that resembles type | allergies in
humans.*® In addition, there is evidence for the

involvement of Th1-, Th2- and regulatory T (Treg)-type
cytokines in IBH in Icelandic horses.®'° It has been
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upon stimulation of PBMC with Culicoides WBE the
expression of FoxP3 by CD4*CD25" cells was signifi-
cantly higher in healthy than in IBH-affected horses.
Moreover, in skin biopsies of healthy Icelandic horses,
significantly higher levels of mRNA for FoxP3
were found compared to the skin of IBH-affected
horses.'® In contrast, another study showed no signifi-
cant differences in Foxp3 mMRNA expression levels
between skin biopsies of IBH-affected and healthy
Shetland ponies.’

Current preventive and treatment options, including
insect blankets, insect repellents, corticosteroids and
antihistamines, fail to target the mechanisms underlying
the allergy and often have limited efficacy and may have
several adverse effects. Therefore, there is a strong need
for allergen-specific immunotherapy for horses suffering
from IBH. Two open immunotherapy trials using WBE of
Culicoides spp. have reported controversial results.’>'3
The only double blind study did not show a beneficial
effect in horses with IBH after 1 year of immunotherapy
with a commercially available extract from Culicoides
nubeculosus.*

Using WBE or recombinant allergens from Culicoides
species that actually feed on horses (in particular those
from the Culicoides obsoletus complex) is important in
diagnostic assays for IBH.'® The use of WBE of other
Culicoides species (C. nubeculosus and C. sonorensis),
which contrary to C. obsoletus can be cultured in the
laboratory but are non-native for Dutch horses, dramati-
cally decreased the sensitivity of these tests. It is
therefore most likely that for optimal efficacy
immunotherapy should be conducted with allergens
from the Culicoides species by which the horses are
mostly bitten.

Seven allergens from C. obsoletus complex midges
(Cul 0 1-Cul o 7) were recently identified and expressed
in Escherichia coli.'® They were all recognized by IgE pre-
sent in plasma of horses with IBH and were able to
induce an immediate type hypersensitivity reaction in skin
of IBH-affected horses. Hence, these C. obsoletus
recombinant allergens may be interesting candidates for
immunotherapy. Whereas previous studies'’ focused on
recognition of these recombinant allergens by IgE, their
relevance for cellular immunity is still unknown. More-
over, studies aiming at the analysis of T-cell responsive-
ness in IBH have only used WBEs of C. nubeculosus and
were conducted in Icelandic horses.® '8

In the present study we used a dendritic cell (DC)/
PBMC co-culture system to determine whether the
recombinant C. obsoletus allergen combinations P1 (Cul
01, Culo2, Culob5)and P2 (Cul 03, Cul o5, Culo7)"”
were able to stimulate T cells of Shetland ponies and
whether allergen-specific responses differed between
IBH-affected and healthy ponies. We show that recombi-
nant C. obsoletus allergens are capable of stimulating
allergen-specific Th1 and Treg cells in DC/PBMC co-cul-
tures of both healthy and IBH-affected ponies exposed to
midges of the C. obsoletus complex. These cultures did
not reveal significant differences between healthy and
IBH-affected ponies, except for higher IL-4 mRNA levels
in IBH-affected ponies after stimulation with allergen
combination P1.
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Material and methods

Animals

Twenty privately-owned Shetland ponies were included in this study.
IBH-affected Shetland ponies (n = 10, age range 2-21 years) were
selected based on clinical signs in the present IBH season and his-
tory, namely recurrent, pruritic skin lesions located at the mane and
the base of the tail. Healthy (control) Shetland ponies (n = 10, age
range 3-17 years) had no clinical signs or history of IBH and were
age-matched as closely as possible to the IBH-affected ponies from
the same stables. None of the ponies received corticosteroids or any
other immunosuppressive or itch-reducing treatment. All animal
experiments were approved by the Animal Ethics Committee of
Utrecht University.

Production of recombinant allergens
The C. obsoletus complex allergens Culo 1, Culo 2, Culo 3, Culo 5
and Cul o 7 (Genbank accession numbers KC339671, KC339672,
KC339673, KC339675 and KC339677) were produced as previously
described.'®

We used pools, P1 (Cul o 1, Cul 0 2 and Cul 0 5) and P2 (Cul 0 3,
Cul o 7 and Cul o 5), of recombinant allergens instead of single aller-
gens, in order to increase the sensitivity of the assay by stimulating a
greater variety of allergen-specific T cells. These allergen pools were
based on a previous study that showed that Cul 0 5, which is present
in both pools, is the strongest of the seven recombinant allergens.’
Cul 0 5 allergen was combined with promising other allergens which
also show high IgE binding reactivity in ELISA and high skin reactivity
in intradermal tests. These additional allergens were different
between P1 and P2 to assess potential profound differences in T-cell
stimulation by these additional allergens. We did not include Cul o0 4
and Cul o 6, because these allergens reacted relatively weakly with
IgE and were less able to distinguish between healthy and IBH-af-
fected horses.

Production of recombinant horse cytokines GM-CSF
and IL-4

The sequences of horse GM-CSF and horse IL-4 (Genbank, accession
number NM_001082519.1 and NM_001081882.1) encoding the
mature form (without signal sequence) of the proteins were ordered
as synthetic genes (GeneArt, Life Technologies; Bleiswijk, the
Netherlands) codon-optimized for expression in E. coli and with a
BamHI and Hindlll restriction site at the 5’and 3’-ends, respectively.
The products obtained were cut with BamH| and Hindlll, and cloned
downstream of the hexahistidine encoding tag into the correspond-
ing restriction sites of a pET15b derived vector, pET15bNew (Nova-
gen; Billerica, MA, USA). The isolated pET15bNew plasmids
encoding IL-4 or GM-CSF were used to transform E. coli BL21
CodonPlus (DE3) (Agilent Technologies; Amstelveen, the Nether-
lands). Expression, purification and refolding of the insoluble (inclu-
sion bodies) horse GM-CSF was performed as described for
recombinant carp chemokines.'® The horse IL-4, produced using the
same approach as described for GM-CSF, was present in the soluble
protein fraction of the bacterial lysate, which was kept on ice. After
addition of 0.4 mol/L NaCl, 25 mmol/L imidazole and 1% Tri-
ton x 114 soluble protein fraction was purified by incubation with
chelating sepharose fast flow (Amersham-Biosciences GE Health-
care; Eindhoven, the Netherlands) charged with Ni%* according to the
manufacturer’s instructions. The Ni2* beads were subsequently
washed with 40 column volumes of ice-cold Phosphate Buffered Sal-
ine (PBS), containing an additional 0.4 mol/L NaCl, 25 mmol/L imida-
zole and 1% Triton x 114 to remove contaminating proteins and
Lipopolysaccharide (LPS). The Ni?* beads were then washed with
five volumes of 40% isopropanol in PBS to remove the Triton- x 114
and subsequently washed with 10 column volumes of PBS contain-
ing an additional 0.4 mol/L NaCl. The his6-tagged, recombinant horse
IL-4 was finally eluted with the same buffer containing 250 mmol/L
imidazole. Protein-containing fractions were pooled and dialyzed
extensively against PBS and, after filter sterilization (0.2 um), stored
at —20°C.
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Production and FITC labelling of the monoclonal anti-
equine CD4

Hybridoma cells producing monoclonal mouse antibody against
equine CD4 (clone CVS4) (a generous gift of David P. Lunn from Col-
orado State University, USA) were cultured in Opti-MEM with 10%
Fetal Calf Serum (FCS) (Gibco, Life Technologies, Bleiswijk, The
Netherlands) at 37°C and 5% CO,. After 3 weeks, cells were trans-
ferred into medium without FCS to simplify the antibody purification
by a Gammabind Plus Sepharose column (Amersham Biosciences,
GE Healthcare). After purification, the antibodies were labelled with
FITC, using a FluoroTag conjugation kit (Sigma-Aldrich; Zwijndrecht,
the Netherlands) according to the manufacturer’s specifications.

PBMC collection

At the end of the IBH season, heparin blood (140 mL) was collected
from the jugular vein of each pony with Intraflon two catheters (16G
@1.6 mm; Vycon, Ecouen, France) under local anaesthesia with 2%
lidocaine (B. Braun; Melsungen, Germany). The blood was mixed
with 140 mL PBS, containing 2% horse serum. Of this mixture
35 mL was carefully pipetted into a SepMatetm-50 (STEMCELL
technologies; Grenoble, France) tube with Histopaque-1077 (Sigma-
Aldrich) that was centrifuged at RT and 1,300 g for 20 min. The
PBMC fraction harvested from the interphase was then washed
twice with PBS containing 2% horse serum (Gibco, Life Technolo-
gies) and left on ice until further use.

Monocyte-derived DC

After PBMC isolation, 75% of the cells were labelled with a cross-re-
active mouse anti-human CD14 (a monocyte marker, cross-reactive
to horse according to the manufacturer) (biG 10, Biometec; Greif-
swald, Germany) diluted 1:100 and incubated at RT for 15 min. Cells
were then washed twice with Macs buffer (PBS with 2% horse
serum and 2 mmol/L EDTA, Gibco, Life Technologies) incubated with
anti-mouse IgG microbeads (Miltenyi Biotec; Leiden, the Nether-
lands) and isolated via LS columns (Miltenyi Biotec) according to the
manufacturer’'s specifications. The monocyte-depleted cell fraction
was added to the 25% remaining PBMC to be used for antigen-speci-
fic T-cell generation.

In order to produce DC the CD14-positive cells (monocytes) were
transferred into complete medium [RPMI 1640 (Gibco, Life Technolo-
gies), 10% horse serum, 1% Glutamax (Gibco, Life Technologies),
1% Pen/Strep (Gibco, Life Technologies) and 30 umol/L B-mercap-
toethanol (Sigma-Aldrich)] containing horse IL-4 (50 ng/mL) and
horse GM-CSF (50 ng/mL) to induce monocyte differentiation into
DC, and plated into a 24-well plate (1 x 10° cells/well), and incubated
at 37°C and 5% CO, for 2 days.

After 2 days, 0.5 mL medium was carefully removed and replaced
by 0.5 mL fresh complete medium with IL-4 and GM-CSF, both at
50 ng/mL. After three more days, cells were washed with complete
medium and transferred to 96 flat-bottom well plates (0.5 x 10°
cells/well). These immature DC were matured with 1 pg/mL LPS
together with different stimulants: medium only (mock), 2.5 pg/mL
Pokeweed mitogen (PWM) (Sigma-Aldrich), recombinant antigen
pool P1 (1 pg/mL Cul 0 1, 1 pg/mL Cul 0 2, T pg/mL Cul 05) or pool
P2 (1 pg/mL Culo3, 1 pg/mL Cul o5, 1 pg/mL Cul 0 7) and incubated
for 24 h at 37°C and 5% CO,.

After 24 h, 50 pL of each culture was used to measure DC
maturation by fluorescence-activated cell sorting (FACS) analysis.
For this purpose the DC cells were stained with mouse anti-hu-
man CD206%° conjugated to phycoerythrin (PE) (a DC marker)
(3.29B1.10, Beckman Coulter; Woerden, the Netherlands) and
mouse anti-human CD862' conjugated to allophycocyanin (APC) (a
DC maturation marker) (IT2.2, Biolegend, ITK Diagnostics;
Uithoorn, the Netherlands), which were both cross-reactive with
horse, and their respective isotype controls mouse IgG1 PE
(MCA928PE, AbD Serotec; Puchheim, Germany) and mouse
IgG2b APC (MPC-11; Biolegend ITK Diagnostics). Cells were
washed and flow cytometry was performed with a FACS canto |l
(BD Biosciences; Erembodegem, Belgium) and results analysed
with FlowJo software (Tree Star; Ashland, OR, USA).
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Antigen-specific T-cell generation and stimulation
with antigen-loaded DC

PBMC, including the CD14" depleted cells (see above), were re-sus-
pended in complete medium (RPMI 1640 (Gibco, Life Technologies),
10% horse serum, 1% Glutamax (Gibco, Life Technologies), 1% Pen
Strep (Gibco, Life Technologies) and 30 pmol/L B-mercaptoethanol
(Sigma-Aldrich) and plated in a 24-well plate (1 x 10° cells/well).
Before incubation with antigens, PBMC were allowed to recover for
at least 1 h at 37°C and 5% CO,. Cells were then stimulated with
recombinant antigen Pool-1 (P1 =1 ug/mL Cul 0 1, 1 pg/mL Cul 0 2,
1 pg/mL Cul 0 5) and Pool-2 (P2 = 1 pg/mL Cul 0 3, 1 pg/mL Cul 0 5,
1 pg/mL Cul 07), 2.5 pg/mL PWM (positive control), or medium only
(mock).

After 2 days, 0.5 mL medium was carefully removed and replaced
by 0.5 mL fresh complete medium with 2 ng/mL recombinant
equine IL-2 (Kingfisher Biotech; Saint Paul, MN, USA). After three
more days PBMC were harvested and washed with complete med-
ium. These cultures were then plated into a 96-well v-bottom plate
(0.5 x 108 cells/well) for antigen-specific T-cell stimulation. Matured
antigen-loaded (PWM, P1, P2 or mock) DC were washed with com-
plete medium and added (0.05 x 108 cells/well) to their correspond-
ing antigen stimulated PBMC in a ratio of 1:10 (DC:PBMC). After one
hour of recovery at 37°C and 5% CO,, additional antigen (PWM, P1,
P2 or mock) and 2 pL of monensin (Sigma-Aldrich), to block secretion
of produced cytokines, were added and cultures were incubated at
37°C and 5% CO, for 6 h. Subsequently, cells were harvested and
washed two times with PBS buffer and left on ice. Cell suspensions
were sampled for FACS analysis and the remaining cells were re-sus-
pended in 0.5 mL Trizol (Invitrogen, Life Technologies; Bleiswijk, the
Netherlands) and frozen at —20°C for mRNA extraction.

Flow cytometry

Stimulated-cell suspensions were simultaneously stained for either
CD3 (T-cell receptor marker), CD4, CD25 (alpha receptor of I1L2),
FoxP3 (Treg marker) and IL-10 or for CD3, CD4, IFN-y and IL-4.
Briefly, all cells were stained with Fluor5086, a fixable viability dye (e-
Biosciences; Vienna, Austria), according to the manufacturer’s speci-
fications. Subsequently, surface and intercellular staining was per-
formed for 20 min at 4°C.

In order to identify the CD3*CD4*CD25"9"FoxP3*IL-10" cells (cor-
responding to IL10 expressing Tregs), labelling was first performed
with cross-reactive goat anti-human CD25%2 (AF-223-NA, R&D sys-
tems; Abingdon, UK) followed by its secondary antibody donkey anti-
goat IgG PE (FO107; R&D systems,) together with the FITC-labelled
monoclonal mouse antibody specific for equine CD4, as detailed
above. After CD4 staining, cells were fixed and permeabilized using a
FoxP3 staining kit (e-Biosciences) according to the manufacturer’s
specifications. After fixation, the cells were further stained with rat
anti-human CD3 Pacific Blue (cross-reactivity with horse indicated by
the manufacturer) (CD3-12, AbD Serotec; Puchheim, Germany), rat
anti-mouse FoxP3° Alexa 647 (FJK-16s; e-Biosciences) and mouse
anti-bovine IL-10 biotin® (CC320, MCA2111B; AbD Serotec) followed
by PerCP-labelled streptavidin (e-Biosciences). All antibodies were
cross-reactive for horse. Rat IgG1Alexa 647 isotype control
(MCA1123A647; AbD Serotec) was used for FoxP3 staining and for
the nonlabelled CD25 and IL-10 antibodies only the secondary anti-
body was added to determine unspecific binding.

In order to identify the CD3*CD4*IFN-y*/IL-4" cells, labelling was
first performed with mouse anti-equine CD4 and cells were subse-
quently fixed. After fixation and permeabilization, rat anti-human CD3
Pacific Blue (CD3-12, AbD Serotec) and secondary labelling was per-
formed for CD4 with anti-mouse PE (e-Biosciences) and intercellular
staining with cross-reactive mouse anti-bovine IFN-y FITC (CC302,
MCA1783F; AbD Serotec), and mouse anti-equine IL-4 Alexa 647
(12H8, Wagner Lab; Cornell University, Ithaca, NY, USA). Mouse
IgG1 FITC and mouse IgG1 Alexa 647 isotype controls (GM4992 and
MG121; Thermo Fisher Scientific, Life Technologies, Bleiswijk, The
Netherlands) were used to determine nonspecific staining. Cells
were washed and flow cytometry was performed with a FACS canto
Il. Data were analysed using FlowJo software. For the
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CD3*CD4*IFN-y*/IL-4* fraction only FACS measurements with more
than 200 events in the final gate were used for analysis; however, for
the CD3*CD4*CD25"9"FoxP3*IL-10* staining a lower value of 100
events was accepted to prevent many samples being lost for
analysis.

Qpcr

Messenger RNA extraction from the frozen Trizol samples was per-
formed as previously described." In short, 0.1 mL 100% chloroform
was added to 0.5 mL of the Trizol samples and incubated at RT for
3 min. After centrifugation (15 min at 16,000 g at 4°C) the water-
phase was used to extract mRNA using an RNeasy kit (Qiagen;
Venlo, the Netherlands) according to the manufacturer’s specifica-
tions. The mRNA concentrations were measured with a Nanodrop
ND-1000 (Thermo Scientific; Etten-Leur, the Netherlands). All mRNA
was used to produce cDNA with an iScript cDNA Synthesis Kit (Bio-
Rad laboratories; Veenendaal, the Netherlands) according to the man-
ufacturer’s instructions. QPCR was performed for the following
genes: 18s, CD3(, IFN-y, IL-4, IL-10 and FoxP3, as described previ-
ously.”" Relative expression of all cytokines were normalized against
18s using the Pfaffl method?® and a fixed point from the standard
curve was used as calibrator. Subsequently mRNA expression levels
were assessed relative to the corresponding CD3({ expression, to
relate the cytokine expression to the T cells in the DC/PBMC
co-cultures.

Statistical methods

Statistical analyses were carried out using GraphPad Prism 4.00
(Graphpad Software, La Jolla, CA, USA). As our data were not nor-
mally distributed, the Mann-Whitney U-test was used to compare
values from IBH-affected ponies with those from control ponies.
For a number of ponies insufficient cells were left for analysis of
the cultures without PWM or recombinant allergen (mock control).
To maintain enough power for the statistical analysis, the values
of control and IBH-affected horses were combined for these mock
cultures provided that the maximum and the minimum value of
the control mock group resided between the mean + 2 x SD of
the IBH-affected mock group. These combined mock groups were
compared with the stimulated cultures of IBH-affected and control
ponies using the Mann-Whitney U-test (*P < 0.05, **P < 0.01,
*#**%P < 0.001, ****P < 0.0001). Results were considered signifi-
cant at P < 0.05.

Results

Increased IFN-y and IL-4 mRNA expression upon T-
cell stimulation

In order to increase the likelihood of detecting allergen-
specific T-cell responses, cells were first expanded by
culturing PBMC for 5 days in the presence of the recom-
binant allergen pools and IL2. These T-cell enriched
PBMC cultures were then co-cultured with antigen-
loaded DC. The DC were matured by LPS to increase anti-
gen presentation to the antigen-specific T cells and
thereby maximize cytokine expression by these T cells.

Maturation of the cultured DC 1 day after addition of
antigen and LPS as determined by FACS analysis was
approximately 50% as indicated by CD86 expression on
the DC (see Figure S1 in Supporting information).

In order to determine the effect of recombinant aller-
gen-specific stimulation of T cells, mMRNA expression of
CD3(, IFN-vy, IL-4, IL-10 and FoxP3 was measured with
RT-QPCR and normalized against 78s rRNA levels. The
normalized values of IFN-y, IL-4, IL-10 and FoxP3 were
divided by the normalized CD3{ (see Figure S2 in Support-
ing information) values to correct for the number of T cells
in the DC/PBMC co-cultures.
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Expression of IFN-y mRNA in T cells from control
ponies was significantly higher after stimulation of the
DC/PBMC  co-cultures  with  (respectively)  P1
(P=0.0326), P2 (P=0.0242) and PWM (P = 0.0003)
compared to the unstimulated (mock) cultures. Similarly,
T cells from IBH-affected ponies expressed significantly
more IFN-y mRNA after P1 (P = 0.0040), P2 (P = 0.0213)
and PWM (P = 0.0001) stimulation (Figure 1a) than the
mock controls.

The expression of IL-4 mRNA was significantly upregu-
lated in T cells from control ponies stimulated with PWM
(P = 0.0003) compared to the mock culture. T cells stimu-
lated with P2 (P = 0.004) and PWM (P = 0.0103) from
IBH-affected ponies expressed significantly more IL-4
mRNA compared to the mock. In addition, we found sig-
nificantly more IL-4 mRNA expression in T cells stimu-
lated with P1 antigens from IBH-affected ponies
compared to control ponies (P =0.0152) (Figure 1b),
whereas this was not the case for P2 and PWM stimula-
tion.

IL-10  mRNA was only significantly upregulated
between mock and PWM (P = 0.0345)-stimulated T cells
from IBH-affected ponies (Figure 1c¢).

There were no significant changes in FoxP3 mRNA
expression between T cells exposed to the different stim-
uli compared to the mock culture (Figure 1d).

None of the mRNA levels showed significant differ-
ences between IBH-affected and control ponies, except
for the abovementioned IL-4 mRNA levels following cell
culture with P1, which were higher for IBH-affected than
for healthy horses (Figure 2).

Increased percentage of IFN-y * T cells from IBH-
affected and control ponies after stimulation with
allergens

Flow cytometry was used to determine the percentages
of CD4 -positive cells expressing IFN-y or IL-4 in the DC/
PBMC co-cultures (Figure 2). The percentage of IFN-y
expressing T cells was significantly upregulated in DC/
PBMC co-cultures from control ponies stimulated with P1
(P <0.0001), P2 (P<0.0001) and PWM (P < 0.0001)
compared to mock stimulation. T cells from IBH-affected
ponies also expressed significantly more IFN-y when
stimulated with PWM (P < 0.0001), P1 (P < 0.0001) and
P2 (P < 0.0001) compared to the mock (Figure 2a). There
were no significant changes in percentage IL-4 express-
ing T cells between mock-stimulated T cells and the dif-
ferent stimuli or between T cells from IBH-affected and
control ponies (Figure 2b). Representative FACS plots for
all different stimuli are shown for one IBH-affected and
one control pony in Figure 2c.

Increased percentage of CD25"9"FoxP3* IL-10-
producing T cells after antigenic stimulation
CD25"9" T cells within the CD4-positive population (see
above) were gated and the percentages of cells positive
for FoxP3 and IL-10 within this population determined.
The CD25, FoxP3 and IL-10 isotype controls showed no
staining (Figure 3b).

We found a significant increase of CD25""FoxP3-posi-
tive cells in T cells from control ponies stimulated with P1
(P=0.0006), P2 (P=0.0367) and PWM (P = 0.0010)
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Figure 1. Expression of IFN-y, IL-4, IL-10 and FoxP3 mRNA in dendritic cell/peripheral blood mononuclear cell (DC/PBMC) co-cultures stimulated
with Culicoides obsoletus-specific antigens. DC/PBMC co-cultures derived from insect bit hypersensitivity (IBH)-affected and control ponies were
stimulated with pools of recombinant C. obsoletus antigen [P1 = Cul o 1, Cul 0 2, Cul 0 5; P2 = Cul 0 3, Cul 0 5, Cul 0 7), Pokeweed Mitogen
(PWM) = (positive control)] or left unstimulated (mock) for 6 h in the presence of monensin. The mRNA expression of IFN-vy, IL-4, IL-10 and FoxP3
was determined by gRT-PCR and normalized against the housekeeping gene 18s using the Pfaffl method?® and subsequently divided by the CD3¢/
18s value of the same sample. The dots represent individual ponies and the bars represent the means of all samples in the groups. Significant dif-
ferences are indicated as followed *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (a) Expression of IFN-y/CD3( (Th1 cytokine). (b) Expres-
sion of IL-4/CD3( (Th2 cytokine). (c) Expression of IL-10/CD3( (immune regulatory cytokine). (d) Expression of FoxP3/CD3( (Treg cell marker).

compared to unstimulated T cells (Figure 3a). The IBH-af-
fected ponies showed significant differences between
unstimulated T cells and P1 (P=0.0051) and PWM
(P=0.0189) stimulation. Additionally, all CD3*CD4*
CD25"9"FoxP3™ cells expressed IL-10 (Figure 3b).

Discussion

Insect bite hypersensitivity is an IgE mediated pruritic
skin disorder in horses and ponies caused by the bites of

© 2015 ESVD and ACVD, Veterinary Dermatology, 26, 467-e109.

Culicoides midges. Seven allergens from C. obsoletus
complex midges (Cul o 1-Cul o 7) have been produced as
recombinant allergens in E. coli and shown IgE reactivity
in horses with IBH.'® In the present study we have
shown in DC/PBMC co-cultures that recombinant aller-
gen combinations P1 (Cul o 1, Cul 0 2 and Cul 0 5) and P2
(Cul 0 3, Cul 0 5 and Cul o 7) are capable of stimulating
antigen-specific T cells of both healthy and IBH-affected
Shetland ponies exposed to midges of the C. obsoletus
complex.
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Figure 2. Percentages of IFN-y and IL-4 expressing
CD3 + CD4" T cells in dendritic cell/peripheral
Pooll blood mononuclear cell (DC/PBMC) co-cultures
stimulated with Culicoides obsoletus-specific anti-
gens as determined by flow cytometry (FACS). DC/
PBMC co-cultures derived from insect bite hyper-
sensitivity (IBH)-affected and control ponies were
’ stimulated with pools of recombinant C. obsoletus
@ 00w o  m . antigen[P1=Culo1,Culo2 Culo5;P2=Culo3,
Cul 0 5, Cul 0 7), Pokeweed Mitogen (PWM) = (pos-
itive control)] or left unstimulated (mock) for 6 h in
the presence of monensin. Subsequently, all cells
were stained for analysis by flow cytometry. Live
cells were gated for CD3* and the CD3™" population
Pool2 was used for CD4* gating. Subsequently, the CD4*
population was used for IFN-y and IL-4 analysis.
The dots represent individual ponies and the bars
represent the mean of all samples in the group. Sig-
nificant differences are indicated as followed
. . ‘ ; ‘ . . : *P < 0.05, **P <0.01, ***P < 0.001,
10° 10! 10 10 10 10 10’ 107 10? ot EExkp < (00001, (a) IFN-y expression. (b) IL-4
expression. (c) Representative FACS plots for all dif-
IFN-y ferent stimuli.

472 © 2015 ESVD and ACVD, Veterinary Dermatology, 26, 467-e109.



. Mock PWM P P2
60 4
*
.' e -
Xkk
50 - | | .
= — i
& ——— . .
8 40-
O o L ]
ks o | *
[72]
T 3 0 1 I
8 - I T
+ [ ]
£ o
X 201 . | [
o —— .
o ® . .
= . .
& L ]
101 . . .
L X ]
0 T T T T T T T T
BH - + - + - + - +
b |sotype CD25 Isotype FoxP3/IL-10
10 10t o o
0.053
. o
O o 10
3] 3
[V
" ; ‘ ‘ o o8 ‘ 037
CD25 IL-10
4 L 0 222
3 £ .
5 8
o, v 1. il o103 i i i T8
CD25Me IL-10

Figure 3. Percentage of FoxP3 and IL-10-expressing CD3*CD4*
CD25"9" cells in Dendritic Cell/Peripheral Blood Mononuclear Cell
(DC/PBMC) co-cultures stimulated with Culicoides obsoletus-specific
antigens as determined by flow-cytometry. DC/PBMC co-cultures
derived from insect bite hypersensitivity (IBH) and control ponies
were stimulated with pools of recombinant C. obsoletus antigen
[P1=Culo1, Culo2, Culob; P2=_Culo3, Culob, Culo7), Poke-
weed Mitogen (PWM) = (positive control)] or left unstimulated
(mock) for 6 h in the presence of monensin. Subsequently, all cells
were stained for analysis by flow cytometry (FASC). Live cells were
gated for CD3* and the CD3™ population was used for CD4" gating.
Subsequently de CD4* population was used for CD25™9" gating. The
CD25high gate was used for FoxP3 and L-10 analysis. The dots rep-
resent individual ponies and the bars represent the mean of all sam-
ples in the group. Significant differences are indicated as followed
*P < 0.05, #*P < 0.01, ***P < 0.001, ****P < 0.0001. (a) Expression
FoxP3, a Treg marker. (b) FASC plots for isotype controls from CD25,
FoxP3 and IL-10.

In order to examine the presence of antigen-specific T
cells and a possible difference in Th1/Th2 balance
between IBH-affected and control ponies, IFN-y and IL-4
expression levels in allergen stimulated and unstimulated

© 2015 ESVD and ACVD, Veterinary Dermatology, 26, 467-e109.
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(mock) cultures were compared. QPCR showed that IFN-
vy mRNA was significantly upregulated in DC/PBMC co-
cultures from both control and IBH-affected ponies stimu-
lated with the recombinant allergen pools P1 and P2,
compared to unstimulated cultures. In addition, flow
cytometry showed a significant increase in the percent-
ages of IFN-y expressing T cells in the cultures after stim-
ulation with P1 and P2. These data show for the first time
antigen-specific in vitro stimulation of CD4* T-cells by
recombinant C. obsoletus complex allergens in T-cell cul-
tures from ponies exposed to these midges. Antigenic
stimulation of |L-4-producing Th2 cells by the recombi-
nant allergens was less pronounced. Still, antigenic stim-
ulation with allergen P2 significantly upregulated [L-4
mRNA expression in cells from IBH-affected ponies com-
pared to unstimulated cultures and P1 induced a signifi-
cant higher IL-4 mRNA expression in cultures from IBH-
affected than in cultures from control ponies. This indi-
cates antigenic stimulation with both allergen pools and a
tendency for a stronger Th2 response in IBH-affected
than control ponies. Flow cytometry analysis did not
show a significant increase in the percentage of IL-4
expressing cells in any of the stimulated cultures, includ-
ing the PWM control. The cell cultures of some individual
horses did seem to react to the allergen pools by a con-
siderable increase in their percentage of IL-4-producing T
cells, but for more than half of the ponies this was not the
case.

Apart from a higher 1L.-4 mRNA expression in cultures
of IBH-affected ponies stimulated with allergen P1, anti-
genic stimulation in the DC/PBMC co-cultures did not
reveal a clear difference in Th1/Th2 response between
IBH and healthy horses. One study observed a more pro-
nounced Th2 bias in IBH-affected horses.® They obtained
increased IL.-4 mRNA levels and a higher percentage of
IL-4-positive T cells in PBMC cultures of IBH-affected
compared to healthy Icelandic horses after polyclonal
(concanavalin A — conA) and antigenic (WBE of
C. nubeculosus) stimulation. They also observed lower
IFN-y mRNA expression and a lower percentage of IFN-y-
positive T cells after conA stimulation of PBMCs from
IBH-affected compared to those from healthy horses.
The differences between the results of that study® and
our observed bias towards a Th1 and Treg response
might be the result of the different horse populations
(Shetland ponies or Icelandic horses) or the different cul-
ture conditions used in both studies. On the one hand,
the much longer in vitro culture time that we used and
the stimulation with LPS-maturated DCs may have
resulted in selective expansion and activation of T cells
resulting in less clear representation of the in vivo Th1/
Th2 balance than the overnight PBMC stimulation used in
the other study.® On the other hand, the DC/PBMC co-
cultures described here seem to be a sensitive way to
detect antigen-specific T cells, as IFN-y mRNA levels and
the percentage IFN-y-positive T-cells after stimulation
with the recombinant allergens were comparable to those
obtained with mitogenic (PWM) stimulation. Hamza
et al.® could not detect IFN-y expression after antigenic
stimulation of PBMCs with C. nubeculosus WBE.

In addition, to the Th1\Th2 balance, Treg cells have
been suggested to play a major role in the control of
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allergies in humans?* and horses.'® For this reason we
examined FoxP3 and IL-10 mRNA expression in the
DC/PBMC co-cultures by QPCR and the percentage of
CD3*CD4*CD25"" expressing FoxP3 and IL-10 cells
by flow cytometry. The mRNA levels for IL-10 and
FoxP3 were much lower than those for IFN-y and IL-4
and no significant differences in FoxP3 and IL-10
mRNA expression were observed between unstimu-
lated and P1, P2 or PWM stimulated DC/PBMC co-cul-
tures (Figure 1). However, in contrast to these QPCR
data performed on the total DC/PBMC co-cultures,
flow cytometry analysis of the CD3¥*CD4*CD25"9" sub-
population in these cultures, did reveal an increase of
FoxP3- and IL-10-producing cells after stimulation with
PWM and with the recombinant allergen pools P1 and
P2. This indicates that P1 and P2 are able to stimulate
the development of antigen-specific Tregs. The overall
FoxP3 and IL-10 data suggest that P1 and P2 can acti-
vate Treg cells to produce the immune suppressive
cytokine IL-10 in vitro.

In conclusion, pools of the recombinant C. obsoletus
complex allergens, that were previously shown to bind to
IgE of IBH-affected horses, can stimulate allergen-speci-
fic Th1 and IL10-producing Treg cells in DC/PBMC co-cul-
tures of C. obsoletus complex exposed ponies. This is
promising as several studies indicate that healthy horses
have higher levels of Th1 and Treg cells and produce
higher levels of IL10 upon antigenic stimulation than IBH-
affected horses.®”°2% Moreover, successful antigen-
specific immunotherapy of humans with insect venom
allergies is associated with a Th1 skewing of the immune
response and increased IL-10 production.?6=2° Therefore,
these recombinant C. obsoletus complex allergens are
promising candidates for specific immunotherapy of IBH-
affected horses.
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Résumé

Insect bite hypersensitivity and Shetland ponies

Figure S1. DC maturation. PBMC were isolated from
blood of IBH and control ponies. After CD14+ monocyte
isolation, cells were incubated with IL-4 and GM-CSF for
5 days. At Day b these innate DC were matured with LPS
alone or LPS together with different stimulants: PWM
(pokeweed mitogen), P1 (Cul o 1, Cul 0 2, Cul 0 5) or P2
(Cul 0 3, Cul 0 5, Cul 0 7). Maturation was assessed by
flow cytometry after staining cells for CD86 (mature DC
marker) and CD206 (immature DC marker) and their iso-
type controls.

Figure S2. Expression of CD3( mRNA, a T-cell receptor
marker in antigen-stimulated DC/PBMC co-cultures. Anti-
gen-specific T cells derived from |IBH-affected and control
ponies were stimulated with mature unloaded (Mock) or
antigen-loaded, monocyte-derived DC [P1 = Cul o 1, Cul
02, Culob; P2=Culog3 Culob, Culo7; or PAWM =
(positive control)] for 6 h in the presence of monensin.
The mRNA expression of CD3( was determined by qRT-
PCR and normalized against the housekeeping gene 78s
using the Pfaffl method?®. The dots represent individual
ponies and the bars represent the mean of all samples in
the group.

Contexte — Les poneys peuvent étre atteint d’hypersensibilité aux piqures d'insectes (IBH), une der-
matose prurigineuse allergiqgue médiée par les IgE, induite par les allergénes de morsures de Culicoides

Spp.

Hypotheses/Objectifs — Déterminer si les allergénes recombinant de Culicoides obsoletus peuvent acti-
ver les cellules T de poneys exposés a C. obsoletus et si ces réponses spécifiques d'allergenes different

entre les poneys atteints d'IBH et les poneys sains.

Sujets - Dix poneys Shetland atteint d'IBH et 10 témoins sains du méme age et de la méme écurie, assur-

ant une exposition similaire aux moucherons.

Méthode - Les cellules mononuclées de sang périphérique (PBMC) ont été mises en culture avec deux
différents lots d'allergénes recombinants de C. obsoletus complex pour développer les cellules T spéci-
figues d'allergene. Ces cultures de PBMC ont été ensuite co-cultivées avec des cellules dendritiques
matures (DCs) pourvues des mémes antigenes. L'induction de Th1, Th2 et T régulatrices (Treg) dans ces
co-cultures de DC/PBMC était évaluée par I'analyse des niveaux d'expression de IFN-c, IL-4, IL-10 et FoxP3
par RT-PCR quantitative et le phénotypage par cytométrie de flux.

Résultats - Les allergenes recombinant de C. obsoletus augmentaient I'expression d’ARNm d’'IFN-c, les
pourcentages de cellules (Th1) exprimant IFN-c et Tregs CD25highFoxP3+IL-10+ comparé aux co-cultures
DC/PBMC non-stimulées. La stimulation des cellules Th2 exprimant IL-4 par les allergenes recombinant
était nettement moins prononcée. Les co-cultures DC/PBMC ne révélaient pas de différence significatives
entre les poneys sains et les poneys atteint d'IBH pour aucun des parametres analysés a I'exception de
niveaux d’ARNm d’IL-4 plus élevés chez les poneys atteints d'IBH apres stimulation avec |'un des deux

pools d'allergénes.

Conclusion et importance clinique - Les allergénes recombinant de C. obsoletus complex peuvent stim-
uler les Th1spécifiques d'antigene et les cellules Treg produisant IL10 et sont ainsi des candidats promet-

teurs pour I'immunothérapie de I'lBH.

Resumen

Introduccion - los ponies pueden sufrir hipersensibilidad por picadura de insecto (IBH), una enfermedad
pruriginosa alérgica de la piel mediada por IgE de inducida por alergenos de los insectos picadores del

género Culicoides.

Hipotesis/Objetivos — determinar si alergenos recombinante C. obsoletus son capaces de activar los lin-
focitos T de ponies expuestas a C. obsoletus, y si estas respuestas especificas de alergeno difieren entre

ponies afectados y ponies sanos.

Animales - 10 ponies de raza Shetland afectados con IBH, y 10 controles sanos con edades similares
tomados de los mismos establos, para asegurar una exposicion similar a los insectos.

© 2015 ESVD and ACVD, Veterinary Dermatology, 26, 467-e109.
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Métodos - se cultivaron células mononucleares de sangre periférica (PBMC) con dos diferentes cdocteles
de alergenos recombinantes C. obsoletus para expandir los linfocitos T especificos de alergenos. Estos cul-
tivos de PBMC fueron después co-cultivados con células dendriticas maduras (DC) cargadas con el mismo
tipo de antigenos. Se evalud la induccién de Th1, Th2, y linfocitos T reguladores (Treg) en los co-cultivos
DC/PBMC analizando los niveles de expresién de IFN-c, I1L-4, IL-10, FoxP3 mediante RT-PCR cuantitativa y
fenotipado mediante citometria de flujo

Resultados - los alergenos recombinantes de C. obsoletus incrementaron la expresion de mRNA de IFN-
los porcentajes de linfocitos T expresando IFN-c, y los linfocitos Treg positivos con a CD25, con expresion
alta de FoxP3, y positivos IL-10 comparados con co-cultivos DC/PBMC no estimulados. La estimulacién de
linfocitos Th2 expresando IL-4 por los alergenos recombinantes fue mucho menos pronunciada. Los co-cul-
tivos de DC/PBMC no revelaron diferencias significativas entre animales sanos y animales afectados por
IBH en ninguno de los pardmetros realizados, a excepcion de mayores niveles de mRNA de IL-4 en los
ponies afectados por IBH tras la estimulacion con uno de los dos cécteles de antigeno.

Conclusiones e importancia clinica — el complejo de alergenos recombinante de C. obsoletus puede
estimular los linfocitos Th1 especificos de antigeno vy linfocitos Treg productores de IL-10 y son por tanto
candidatos prometedores para la inmunoterapia de IBH.

Zusammenfassung

Hintergrund - Ponys konnen an einer Insektenstichhypersenisibilitat (IBH), einer allergischen IgE-vermit-
telten juckenden Hauterkrankung leiden, die von Allergenen der beifdenden Micken der Culicoides spp.
verursacht wird.

Hypothese/Ziele — zu bestimmen, ob rekombinante Culicoides obsoletus Allergene imstande sind T Zellen
von Ponys, die C. obsoletus ausgesetzt sind, zu aktivieren und herauszufinden, ob diese Allergen-spezifis-
chen Antworten sich zwischen den IBH-betroffenen und gesunden Ponies unterscheiden.

Tiere — Es wurden zehn IBH-betroffene Shetland Ponies und 10 altersangepasste gesunde Kontrollponies
aus denselben Stallungen verwendet, um eine ahnliche Exposition zu Micken zu gewahrleisten.
Methoden - Es wurden periphere mononukleare Blut-Zellen (PBMC) mit zwei unterschiedlichen Pools an
rekombinanten C. obsoletus Komplexallergenen kultiviert, um die Allergen-spezifischen T Zellen zu expan-
dieren. Diese PBMC Kulturen wurden in der Folge gleichzeitig mit reifen dendritischen Zellen (DCs) kul-
tiviert, die mit denselben Allergenen beladen waren. Eine Induktion der Th1, Th2 und regulatorischen T
(Treg) Zellen in diesen DC/PBMC Co-Kulturen wurde mittels Analyse der Exprimierungslevels von IFN-c,
IL-4, IL-10 und FoxP3 mittels quantitativer RT-PCR und Phanotypisierung mittels Flowzytometrie beurteilt.
Ergebnisse - Rekombinante C. obsoletus Allergene erhohten die mRNA Exprimierungslevels von IFN-c,
sowie prozentual die IFN-c exprimierenden (Th1) Zellen und CD25highFoxP3+IL-10+tregs im Vergleich zu
unstimulierten DC/PBMC Co-Kulturen. Die Stimulierung von IL-4 exprimierenden Th2 Zellen durch rekom-
binante Allergene war wesentlich weniger betont. Die DC/PBMC Co-Kulturen zeigten flr keine der analy-
sierten Parameter, aulRer flr hohe IL-4 mRNA Werte bei IBH betroffenen Ponys nach der Stimulierung mit
einem der beiden Allergenpools signifikante Unterschiede zwischen gesunden und IBH-betroffenen
Ponys.

Schlussfolgerungen und klinische Bedeutung - Die rekombinanten C. obsoletus Komplexallergene
konnen Antigen-spezifische Th1 und IL-10 produzierende Treg Zellen stimulieren und sind daher vielver-
sprechende Kandidaten flr eine Immuntherapie bei IBH.

g3

] — R-—(ICulicoides spp. /MR ERIENSOTUILK—RZL TD}Laf‘—‘l'iIgEﬁE‘[‘i%‘}E‘I'Iﬁfgﬁg‘%
ThoE EREEEIBHICEETINELNED.

1R E5%/B Y — $B %32 2 Culicoides obsoletus Y LJLT > IRC. obsoletusic R TBINTEA-—OTHRILIEIE I T ELMES
PRI ChSOT VLT A RHIR ISP IBHICEE LR — LR ERR-—OMI T BRENEHIRITEIL,
5N - 108QIBHEERY oI VMR- —BLO RO/ NR E~NOR BN FRLEEN TWS » BILESOEEHD
AL 10TED R FE R R EMN.

Fik — FAE M E R (PBMO) R T UILT 45 BT #15iE S B AW A8 280 B i, 2iE 132 2. C. obsoletus
BEKRTULT VOT—ILTEELE. ShHOPBMCIEERZNE » BT UL R 0Lk HvsiR AR (DCs)
EHRIZELE. SODC/PBMC H#IZ&EDOTh] » T2 N EIHEET (Treg) il 5582 BHIRT-PCRE7/O0—H 1
MAN)—C IBZIRFIRERFNT » IFN-c» L4+ IL-10BXO FoxP3ORIRL NIRRT 20T R MLz,
fER - $HARZC. obsoletus7 UL T HIZELERNHML TOWRVDC/PBMCELLERL » IFN-c mRNARIEL )L »
IFN-CH IR (Th D3R B LU CD25highFoxP3+IL-10+ Tregs®Igh0&g7. (IR T UILT AT L BIL-4FI8 Th24H
FEORIBITEASH TR, DC/PBMCHIEEI2AHEEOTLILT V7 — Lo 1FEEE RNV TRIELE 4L OIBHE S
RZ—TBFBIL-AmRNAL NI E DS ECERBRE » BRI LENAT A—3—2 T TR ERR-—LIBHEER-—0M
THEBZETHASPT RIS,

ERBLOEERIREEM — H4482C. obsoletustBE BT UILT T UL AR EAIThIBLOVIL10 2 4 Tregif
FERITZEN T E » ZNPZIBHO S ya = 15 TR 28 LRailiins.

e108 © 2015 ESVD and ACVD, Veterinary Dermatology, 26, 467-e109.



Insect bite hypersensitivity and Shetland ponies

e

ER — EEnggaE s RITRISUEIBH), BE(EERHEIEAR, B IgEN SaVER TR .
Ri%/B8 — BEisiRY AL S D, AEERY EiE S 8UE 2 S ol B T, 7 B et id sats
S R Y 7R IBHEE A0 & SE) 2 T ANE).

i — 103 B HIBHANKFZ S, IR 103 kB[R — 2 EFE MRS Z B S, R R A X IELE, DL
ERIEALER HIB I —ER.

i — RAEEERYEBESAI, 83852 THAR, 72PN AR o3 340 B M 5 4% L A
(PBMC). B#J5, A5 fRE R A 28 EAR(DCs) 5PBMCH[ENESE. FAE ERT-PCRAIG KHR R E
U AN BT M IFN-c » IL-4 ~ IL-10 #0FoxP38I3RIAKF IFEDC/PBMC IEAIESRIH, Thl » Th2 0 1B
T (Treg) tHRRANESIBIN.-

IER - 5RSRIBEEIDC/PBMCIR A 125 mBEL, LR RIY E 53 802 18798 T IFN-c mRNARIRSEKF IS T
IFN-cZ3iA(Thl) MERREIE 7 k. LUR CD25highFoxP3+IL-10+ TregfIBE k. ELA T HURITFIAIL-4TH2LMER
IR AR . (FO a5k DN EFE/ D DINBHEDAIDC/PBMCE &85 E AL % R M TIBHE DM
PR BRI, B oh— AN R BUSIL-4mRNAJK R &

BEEfiisEEX - RNV EE S &S8R, W R BURFZ Th1 A0/ £ IL 10831 R THRAR, Kt IBH e 7%
77158 EVERIE RS 1.

© 2015 ESVD and ACVD, Veterinary Dermatology, 26, 467-e109. e109



