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Introduction

Regulatory T (Treg) cells play a crucial role in the main-
tenance of peripheral tolerance."” Abnormalities of Treg-
cell number or function have been implicated in several

Summary

Relatively little is known about regulatory T (Treg) cells and their func-
tional responses in dogs. We have used the cross-reactive anti-mouse/rat
Foxp3 antibody clone FJK-16s to identify a population of canine
CD4" FOXP3"#" T cells in both the peripheral blood (PB) and popliteal
lymph node (LN). FOXP3" cells in both PB and LN yielded positive stain-
ing with the newly developed anti-murine/human Helios antibody clone
22F6, consistent with the notion that they were naturally occurring Treg
cells. Stimulation of mononuclear cells of LN origin with concanavalin A
(Con A) in vitro yielded increased proportions and median fluorescence
intensity of FOXP3 expression by both CD4" and CD8" T cells. Removal
of the Con A and continued culture disclosed a CD4" FOXP3"&" popula-
tion, distinct from the CD4" FOQXp3intermediate T o]fg very few
CD8" FOXP3™#" T cells were observed, though CD8" FQXp3intermediate
cells were present in equal abundance to CD4" FOXP3™termediate ce]ls The
CD4" FOXP3"#" T cells were thought to represent activated Treg cells, in
contrast to the FOXP3iMermediate cellg which were thought to be a more
heterogeneous population comprising predominantly activated conven-
tional T cells. Co-staining with interferon-y (IFN-y) supported this notion,
because the FOXP3"8" T cells were almost exclusively IFN-y~, whereas the
FOXP3termediate qo]ls expressed a more heterogeneous IFN-y phenotype.
Following activation of mononuclear cells with Con A and interleukin-2,
the 5% of CD4" T cells showing the highest CD25 expression
(CD4" CD25"8") were enriched in cells expressing FOXP3. These cells
were anergic in vitro, in contrast to the 20% of CD4" T cells with the low-
est CD25 expression (CD4" CD257), which proliferated readily. The
CD4" CD25™8" FOXP3Me" T cells were able to suppress the proliferation
of responder CD4" T cells in vitro, in contrast to the CD4" CD25" cells,
which showed no regulatory properties.

Keywords: FOXP3; Helios; interferon-y; interleukin-10; regulatory T cell;
suppression

autoimmune’ and allergic®® diseases, and Treg cells
play a pivotal role in the maintenance of allograft toler-
ance.”'" Despite limiting collateral damage in the
immune response against certain microbes, Treg cells
have also been implicated in the pathogenesis of a num-

Abbreviations: Con A, concanavalin A; DN, double-negative (CD4~ CD87); GED, Gene Expression Ct (threshold cycle) Difference;
IFN, interferon; IL, interleukin; iTreg, induced regulatory T; LN, lymph node; mAb, monoclonal antibody; MFI, median
fluorescence intensity; nTreg, naturally occurring regulatory T; mAb, monoclonal antibody; PB, peripheral blood; PMA, phorbol
myristate acetate; Tcon, conventional T; TGF, transforming growth factor.
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ber of infectious diseases — either by promoting persis-
tence of the pathogen by inhibiting anti-microbial effector
responses or by acting as a cellular reservoir of the patho-
gen."”™" Such pathomechanisms have been demonstrated
in both rodents and higher mammals, including veteri-
nary species: for example, Treg cells are known to be a
reservoir of productive feline immunodeficiency virus
infection'®"? and are induced in the periphery by porcine
reproductive and respiratory syndrome virus.”>*' The
manipulation of Treg-cell number or function therefore
holds promise as a novel therapy for infectious disease
or as a component of more effective vaccination
strategies.”>*’

Regulatory T cells may be broadly divided into natu-
rally occurring subsets (nTreg), which develop in the thy-
mus along a regulatory lineage (for example, the
canonical CD4" CD25" Foxp3™ Treg cells); and induced,
or ‘adaptive’, subsets, which arise in the periphery follow-
ing activation of conventional T (Tcon) cells in a micro-
environment rich in regulatory cytokines, or following the
interaction of Tcon with nTreg cells in a process called
infectious tolerance — for example, the Trl, Th3 and
‘induced Treg (iTreg)’ cells.***” Regulatory T cells have
been characterized in mice,”* rats,”®** humans,’
baboons,”™*! macaques,” chimpanzees,®® cats'®**** and
pigs;%f38 furthermore, there is convincing indirect or his-
torical evidence for Treg cells in cows,”™*' sheep***’ and
horses.** However, relatively little is known about Treg
cells in dogs, though indirect evidence for their existence
has been available for several years.*”* We*® and oth-
ers’™* have used the anti-mouse/rat Foxp3 antibody
clone FJK-16s to identify a population of canine CD4" T
cells that phenotypically resembles Treg cells, but direct
evidence for regulatory activity has remained elusive.” In
this study, we have characterized the phenotype and func-
tion of canine CD4* CD25™&" FOXP3"&" T cells in vitro,
providing direct evidence for the regulatory function of
this T-cell subset in dogs — an important veterinary spe-
cies that also serves as a model for several human dis-
eases, including a number of cancers,”*>® systemic lupus
erythematosus®™® and several genetic diseases of the
haemopoietic system.®’

Materials and methods

Animals

Blood was collected into potassium EDTA by jugular
venepuncture and popliteal lymph nodes (LNs) were
aseptically harvested from colony beagles or greyhounds,
euthanized for reasons unrelated to this study. All animals
were systemically healthy and aged between 12 and
30 months. Routine vaccinations against common patho-
gens had been performed and prophylactic oral endopar-
asiticidal treatment had been administered. All protocols

had passed scrutiny by the local ethical review committee
before work was allowed to commence.

Isolation of neutrophils and mononuclear cells

Mononuclear cells and neutrophils were isolated from
blood using a double-density centrifugation protocol, as
described by Strasser et al.%* Cells were washed separately
in PBS twice, before being re-suspended in complete
medium to establish cell count and viability. Mononuclear
cells were isolated from LNs via mechanical maceration of
the tissue through a 70-pum cell strainer (BD Biosciences,
Oxford, UK). The resulting cells were suspended in
RPMI-1640 (Sigma Aldrich, Gillingham, UK) supple-
mented with 100 units/ml penicillin/streptomycin (Gibco,
Paisley, UK), 2 mM L-glutamine (Gibco), 10 mm HEPES
(Gibco) and 10% volume/volume (v/v) heat-inactivated
fetal calf serum (PAA Laboratories, Yeovil, UK) (complete
medium) and centrifuged at 600 g for 5 min at room
temperature. The cells were washed twice in complete
medium before re-suspension to establish cell count and
viability.

Cell culture

Mononuclear cells were cultured in 96-well, round-bot-
tom plates in complete medium containing 5 pg/ml con-
canavalin A (Con A; Sigma Aldrich). Plates were
incubated in a humidified atmosphere of 5% v/v CO, at
37°. At either 72 or 120 hr, the cells were removed and
stained for flow cytometric analysis.

Monoclonal antibodies

Canine-specific or cross-reactive fluorochrome-conjugated
monoclonal antibodies (mAbs) against cell surface and
intracellular markers were used to identify different cell
subsets. These included mAbs with specificity for canine
CD4 (clone YKIX302.9), CD8 (YCATE55.9) and CD5
(YKIX322.3) (all AbD Serotec, Kiddlington, UK); cross-
reactive mAbs with specificity for human CD32 (AT10)
and CD79b (AT107-2) (both AbD Serotec); and cross-
reactive mAbs with specificity for human CD25 (ACT-1;
Dako UK Ltd, Ely, UK), murine Foxp3 (FJK-16s; eBio-
science, Hatfield, UK) and murine/human Helios (22F6;
BioLegend, San Diego, CA). Appropriate isotype control
mAbs in ‘fluorescence minus one’ tubes were used in all
staining panels.

Analytical flow cytometry

All incubation steps were performed in the dark on ice,
unless otherwise indicated. The manufacturer’s protocol
for Foxp3 staining was applied (http://www.ebioscience.
com/ebioscience/specs/antibody_77/77-5775.htm). Briefly,
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cells were pre-incubated with mouse anti-human CD32
mAb for 15 min, washed, and stained with mAbs against
surface antigens for 20 min. Cells were washed and incu-
bated overnight in a 1:4 v/v fixation/permeabilization
solution at 4°. They were then washed again twice, before
incubating with a blocking solution containing 10% v/v
fetal calf serum (PAA Laboratories) for 20 min and stain-
ing with various mAbs against intracellular antigens for
30 min. A final washing step was undertaken, before
re-suspension of the cells in PBS. Freshly isolated or
activated cells were analysed for the expression of surface
and intracellular antigens using FITC-, phycoerythrin-
and Alexa Fluor® 647-conjugated mAbs according to the
manufacturer’s recommendations. A published protocol
was used to analyse interferon-y (IFN-y) expression.®’
Briefly, cells were cultured with PMA (50 ng/ml; Sigma
Aldrich) and ionomycin (500 ng/ml; Sigma Aldrich) for
4 hr, adding brefeldin A (10 pug/ml; Sigma-Aldrich) 2 hr
before the end of the assay. Samples were obtained on a
FACS Canto II® flow cytometer (BD Biosciences) in a
quantitative manner, using standard acquisition gates
defined on the basis of forward and side scatter.
CALTAG™ Counting Beads (Caltag-Medsystems, Buck-
ingham, UK) were employed to allow comparisons of cell
numbers between cultures or between time-points, in all
cases normalizing counts to the number of cells per cul-
ture well. Results were analysed using FLow-Jo™ software
(Tree Star Inc., Ashland, OR).

Fluorescence-activated cell sorting (FACS™)

Before sorting, mononuclear cells were activated as previ-
ously described for 96 hr. The activated cells were washed
with complete medium, stained with mAbs against CD4
and CD25, and sorted using a MoFlo™ XDP Cell Sorter
(Beckman Coulter, High Wycombe, UK). Cells were
sorted on the basis of the lymphocyte gate —as deter-
mined by forward and side scatter characteristics — and
differential expression of the antigen identified by the
anti-human CD25 mAb, assumed to be canine CD25,%*
identifying CD25™" and CD25~ populations. The
CD25"" gate incorporated the 5% of CD4" T cells show-
ing the brightest fluorescence signal for CD25, while the
CD25~ gate incorporated the 20% of CD4" T cells show-
ing the dimmest fluorescence signal for CD25.

Reverse transcription—quantitative polymerase chain
reaction (qPCR)

Total RNA was isolated from CD25"¢" and CD25~ CD4"
T cells by means of a phenol-bromochloropropane-iso-
propanol protocol using TRI Reagent™ (Applied Biosys-
tems, Warrington, UK) according to the manufacturer’s
recommendations. Tagman™ gene expression assays
(Applied Biosystems) were performed in triplicate for

CDA4* regulatory T cells in the dog

each transcript, using a one-step Cells-to-CT™ kit
(Applied Biosystems) and a cycling protocol of 48° for
15 min (reverse transcription), 95° for 10 min (activation
of DNA polymerase) and then 50 cycles of 95° for 15 sec-
onds (denaturation) and 60° for 1 min (annealing/exten-
sion) in a real-time thermal cycler (CHROMO4™
Continuous Fluorescence Detector; GRI Ltd, Essex, UK).
The qPCR mixture contained 100 ng/pl RNA template,
900 nm forward and reverse primers, 250 nm probe, 2 X
TagMan™ RT-PCR Mix (10 pl) and 40 x TagMan™ RT
enzyme mix (0-5 pl) in a total reaction volume of 20 pl.

OprricoN 3.0 software™ (Bio-Rad Ltd, Hemel Hempstead,
UK) was employed to determine Ct values. Two additional,
control reactions — respectively lacking the RNA template
or the enzyme mix — were performed in each experiment.
Data were analysed using the ‘Gene Expression Ct
Difference’ (GED) formula,®® normalizing transcript
abundance to that of f/,-microglobulin. Reactions failing to
yield a signal were assigned a Ct value of 40.

In vitro suppression assay

Following FACS™ the CD25"%" and CD25™ fractions were
rested in complete medium containing 50 U/ml interleu-
kin-2 (IL-2; R&D Systems, Abingdon, UK) for 48 hr.
Positive immunomagnetic selection of third-party CD4"
cells yielded a conventional (target) cell population. Mag-
netic separation was performed according to the manu-
facturer’s instructions, using anti-CD4-phycoerythrin and
phycoerythrin-streptavidin Microbeads (Miltenyi Biotec,
Bisley, UK). The CD4" cells were activated with Con A
(2-5 pg/ml) in complete medium for 48 hr, in parallel
with the CD25"8" and CD25™ cells previously isolated by
FACS™ which were activated in complete medium con-
taining both Con A (2-5 pg/ml) and IL-2 (20 U/ml). All
cells were cultured at a density of 1 x 10°/ml in 96-well,
round-bottom plates. Following activation, the CD25"igh
and CD25" cells were washed and cultured for a further
72 hr in fresh complete medium, either alone or follow-
ing admixture with the washed CD4" T cells. Additional
control cultures were established, including monocultures
of different cell populations with and without supplemen-
tal IL-2 (10 U/ml). Proliferation was measured by the
incorporation of [PH]TdR (37MB q/ml; GE Healthcare
Life Sciences, Little Chalfont, UK), pulsing the plates
(1 pCi/well) 18 hr before the end of the assays and subse-
quent cell harvesting.

Statistical analysis

Bartlett’s test was used to assess whether groups of data
showed homogeneity of variance. Group homogeneity
was not observed, prompting use of the Friedman test for
paired data or the Kruskal-Wallis test for unpaired data,
followed in both cases by Dunn’s Multiple Comparison
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testing if P < 0-05; P-values are shown for pairwise com-
parisons that were significantly different.

Results

A population of CD4" CD25" FOXP3" Helios" T
cells is present in the blood and peripheral lymph
nodes of dogs

Three-colour flow cytometry revealed populations of
FOXP3" T cells in both the peripheral blood (PB; Fig. 1a)
and popliteal LNs (Fig. 1b) of systemically healthy grey-
hounds and beagles. A mean of 4-3% of all lymphocytes
in PB were FOXP3", of which the majority were T cells
[3-4 +0-2% (mean + SEM) CD5" versus 0-9 + 0-2%
CD57; n = 10]. Similarly, 6-2 £ 0-6% of LN-derived cells
were CD5" FOXP3" versus 1-1 + 0-2% CD5~ FOXP3"
(n = 10). The FOXP3"* cells were both CD4" and CD4,
though the former predominated: in PB, 3-4 £ 0-2% of
lymphocytes were CD4" FOXP3" versus 11 £ 0-1%
CD4~ FOXP3" (n = 12) and in LNs, 4-8 + 0-6% of cells
were CD4" FOXP3" versus 3-2 + 0-6% CD4~ FOXP3"
(n=9). Relatively few CD8" FOXP3" T cells were
observed in either PB (0-4 + 0-1%; n = 10) or LNs (1-0
+ 0-1%; n = 9), suggesting the existence of a CD4~ CD8~
FOXP3" T-cell population; indeed, the CD8~ FOXP3"
populations in both PB (4-4 = 0-4%; n = 10) and LNs
(7-1 £ 0-8%; n =9) were, respectively, larger than the
CD4" FOXP3" populations. Negligible FOXP3 expression
was observed in B cells (CD79b") (Fig. 1c,d) and neu-
trophils (CD5~ CD4") (Fig. 1c). When FOXP3 expression
by lymphocytes defined on the basis of CD4 and CD8

CDA4* regulatory T cells in the dog

identified in the CD4™ CD8" gate, again supporting the
existence of double-negative FOXP3" cells (Fig. 1e); these
cells were likely to be T cells because the majority of
FOXP3" cells were CD5",

Staining for CD25 using the mAb ACT-1 revealed that
FOXP3" cells were enriched in the CD25" population,
especially the CD4" CD25™" (Fig. 1f). However, surpris-
ingly, the majority of FOXP3" cells were ACT-1-negative
(Fig. 1f): in PB, 0-7 £ 0-2% of lymphocytes were CD25"
FOXP3" versus 4-2 + 0-3% CD25~ FOXP3" (n =5) and
in LNs, 1-5 + 0-4% of cells were CD25" FOXP3" versus
5.9 + 1-6% CD25~ FOXP3" (n = 3).

The newly developed anti-murine/human Helios mAb®®
was used to stain PB and LN preparations (Fig. 1g).
Although variable, at least 50% of FOXP3" cells were
Helios" in most cases: in PB, 2:5 = 0-5% of cells were
FOXP3" Helios* versus 2:3 +0-9% FOXP3" Helios~
(n = 6), while in LN, 3-92 + 0-6% of cells were FOXP3"
Helios™ versus 2-3 + 0:9% FOXP3" Helios™ (n=3)
(Fig. 1g).

Polyclonal stimulation of canine T cells up-regulates
FOXP3 in both CD4" and CD8" T cells and discloses
a CD4" FOXP3"¢" [FN-y~ subpopulation

Mononuclear cells derived from the popliteal LNs of sys-
temically healthy greyhounds and beagles showed
increased proportional expression of FOXP3 when cul-
tured with Con A for periods of up to 120 hr (Fig. 2a).
The fold-increase in proportional FOXP3 expression was
particularly striking in the CD8" population: while
4.8 + 0-6% of cells were CD4" FOXP3" at time 0 (n = 9),

co-staining was examined, FOXP3" cells could be increasing to 9-3 +3.9% at 72hr (n=15) and 179

Figure 1. A population of CD4" CD25" FOXP3" T cells is present in the blood and peripheral lymph nodes of dogs. Three-colour flow cytome-
try revealed populations of FOXP3" T cells in both the peripheral blood (a) and popliteal lymph nodes (b) of systemically healthy greyhounds
and beagles. [In all dot plots, proportions of cells lying within each of the quadrants are indicated in the corners of the quadrants, sampling the
peripheral blood (a, ¢, g) and popliteal lymph nodes (b, d—g)] These cells were both CD4" and CD4~, though the former predominated; relatively
lower proportions of CD8" than CD4~ FOXP3" T cells were observed, suggesting the existence of a CD4~ CD8~ FOXP3" T-cell population. Neg-
ligible FOXP3 expression was observed in B cells (CD79b") (¢, d) and neutrophils (CD5~ CD4") (c). When FOXP3 expression by lymphocytes,
defined on the basis of CD4 and CD8$ co-staining, was examined in a second dog (e), FOXP3"cells could be identified in the CD4~ CD8™ gate,
again supporting the existence of double-negative FOXP3"cells (numbers of cells within the FOXP3" gates are shown in the bottom right corner
of each histogram, normalized to counts per well); these cells were likely to be T cells as the majority of FOXP3" cells were CD5". Staining for
CD25 using the monoclonal antibody ACT-1 revealed that FOXP3" cells were enriched in the CD4" CD25" population, but a surprising number
of FOXP3" T cells were also observed in the ACT-1-negative fraction, as shown in the upper dot plot in part (f). The lower three dot plots ana-
lyse the expression of FOXP3, shown by the adjacent histograms, within each of the four un-gated quadrants (upper row) or within the gates
representing the upper 5% (second row) or upper 2% (third row) of CD4" T cells, assessed on the basis of CD25 expression. Hence, FOXP3"
cells comprised 52-9% of all CD4" CD25" cells, but 69-8% of the upper 5% of CD4" T cells and 89-0% of the upper 2% of CD4" T cells, repre-
senting cells showing the highest CD25 expression: FOXP3" T cells were therefore enriched in the CD4* CD25"e"
majority of FOXP3" cells yielded a positive stain with the anti-murine/human Helios monoclonal antibody 22F6, suggesting that they were natu-

population. In most cases, the

rally occurring regulatory T cells (g). The dot plots to the left in (g) show the results of 22F6 (Helios) and FOXP3 co-staining of peripheral blood
(PB) and (LN) cells from two dogs. The graphs to the right summarize the proportion of 22F6 (Helios)" cells in the FOXP3~ (FOXP3"*¢) and
FOXP3" (FOXP3P%) populations derived from peripheral blood (square symbols) or lymph nodes (circular symbols); the data were analysed with
a paired Student’s t-test. Initial data shown are from two greyhounds (dog 1: a—d, f; dog 2: e), but are also representative of results from the bea-
gles; a total of 12 dogs were sampled, though not all staining reactions were performed in every case. Helios staining (g) was performed only on
samples derived from beagles.
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Figure 2. Polyclonal stimulation of canine T
cells up-regulates FOXP3 in both CD4" and
CD8" T cells and discloses a CD4* FOXP3"e?
I[EN-y~
derived from the popliteal lymph nodes of sys-

subpopulation. Mononuclear cells

temically healthy greyhounds and beagles
showed increased proportional expression of
FOXP3 when cultured with concanavalin A
(Con A) for periods of up to 120 hr (a;
t = 120). Data shown represent proportions of
CD4" or CD8" FOXP3" cells, expressed as a
percentage of total lymphocytes gated on the
basis of forward and side scatter characteristics.
Square symbols relate to greyhounds and cir-
cular symbols to beagles; the lines connect data
from individual dogs. The box-and-whisker
plots on the right summarize the time—courses
but incorporate additional time 0 data from
animals whose cells were not cultured (CD4",
n=9; CD8", n = 9); P-values indicate statisti-
cal differences between respective time-points
(other time-points yielded P-values > 0-05).
(The whiskers mark the 5th and 95th percen-
tiles, boxes mark the 25th and 75th percentiles,
horizontal lines show the median values, and
crosses show the mean values.) When the cells
were washed and re-cultured in the absence of
Con A (post-stimulus removal: psr) for up to
72 hr (b), a population of FOXP3M& cells,
predominantly CD4" and distinct from the
FOXPSimermediate
(c) Analysis of the proportions of cells in the
FOXP3"&" and POXP3™termediate honylations,
along with their median fluorescence intensity
(MFI) and absolute number. We speculated
that the FOXP3"E" population represented
activated regulatory T cells, in contrast to the
FOXP3intermediate - which were thought to be
predominantly activated conventional T cells.

cells, became apparent.

Co-staining with interferon-y (IFN-y) sup-
ported this notion because the CD4" FOXP3eh
T cells were almost exclusively IFN-y~, while
the CD4" FOXP3Memediate cells expressed a
more heterogeneous IFN-y phenotype (d; bot-
tom panel gated on CD4" cells). [FOXP3 MFI
values were generally lower in the experiments
incorporating intracellular staining for IFN-yp
(d), than in those in which FOXP3 was the
only intracellular antigen (c), but distinct
FOXP3"e" and FOXP3™Memediate  cells  were
Data
shown are from a greyhound, but are also rep-

nevertheless consistently appreciated.]

resentative of results from the beagles (total
animals: a, n = 5; b, ¢c, n =3;d, n = 4).
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+ 4-3% at 120 hr (n =5), only 1-0 £ 0-1% of cells were
CD8" FOXP3" at time 0 (n=9), increasing to 82 *
1-8% at 72 hr (n = 5) and 19-9 + 4-3% at 120 hr (n = 5).

When the cells were washed and re-cultured in the
absence of Con A for up to 72 hr, a population of FOX-
P3"8" cells — predominantly CD4" and distinct from the
FOXP3ntermediate cofls _ became apparent (Fig. 2b). In the
example shown, the median fluorescence intensity (MFI)
of the CD4" FOXP3"¢" T-cell population was ~ 19-fold
higher than that of the CD4% FOXp3™termediate cefjs
though the latter were ~ 15-fold more numerous
(Fig. 2¢); very few CD8" FOXP3"€" T cells were observed
but CD8" FOXP3™emediate cells were present in equal
abundance to CD4" FOXP3ntermediate ce]js We speculated
that the FOXP3"€" population represented activated Treg
cells, in contrast to the FOXp3ntermediate  (hich were
thought to be a more heterogeneous population contain-
ing predominantly activated Tcon cells. Co-staining with
IFN-y supported this notion, because the FOXP3Msh T
cells were almost exclusively IFN-y~ whereas the
FOXp3™Mtermediate cells expressed a more heterogeneous
IFN-y phenotype (Fig. 2d).

Peripheral CD4* CD25"¢" FOXP3"" T cells in the
dog show a regulatory phenotype and suppressive
function in vitro

Activation of mononuclear cells with both Con A and IL-
2 (10 U/ml) augmented up-regulation of CD25 expression
beyond that seen with Con A alone [data not shown and
Fig. 3a(i)]. Furthermore, the activation protocol appeared
to expand the population of FOXP3* Helios™ cells
[Fig. 3a(ii)]: whereas 3-9 = 0-:6% of LN cells were FOX-
P3" Helios" at time 0, with an absolute number of
3176 £ 777 FOXP3" Helios" cells per culture well,
9-6 + 1-5% of the cells were FOXP3" Helios" after 96 hr,
with an absolute number of 12 223 + 1360 FOXP3"* He-
lios" cells per well. This strategy was therefore employed
to generate a population of activated T cells, from which
FACS™ was used to sort the 5% of CD4" T cells with the
highest, and the 20% of CD4" T cells with the lowest,
CD25 expression. The CD25"¢" cells were consistently
enriched in cells expressing FOXP3 relative to the
CD25ntermediate o CD25”  (CD25™%) cells [Fig. 3a(i)].
Thus, 66-8 +57% of the CD4" CD25™" T cells
were FOXP3", in contrast to only 152 + 2:9% of the
CD25™™edi% and 2.9 +0:9% of the CD25'™ T cells
(n = 7). Comparison of the phenotype of CD4" T cells
immediately following FACS™ (‘post-sort’) and before
inception of the Treg-cell assay (‘pre-assay’) revealed that
the CD25"¢" fraction retained a population of FOXP3"igh
cells at the point of cellular admixture, whereas the
CD25" fraction contained only a small population of
FOXPp3intermediate colls _ despite expressing CD25 with
exposure to Con A — that were likely to represent acti-
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vated Tcon cells (Fig. 3b). Although the CD4* CD25"¢"
T cells were mixed with activated CD4" responder T cells
at a ratio of 1:1, the ratio of (CD4" FOXP3Msh):
(FOXP3™ + FOXP3Mermediatey g+ T cells at the inception
of the co-culture assays was likely to be ~ 1 : 6, because
the CD4" CD25™" T cells were often only ~ 30%
FOXP3" at this time (Fig. 3b). The CD4" T-cell popula-
tions were further evaluated by means of RT-qPCR assays,
which revealed that the ‘post-sort’ CD25"&" T cells
showed greater expression of transcripts encoding FOXP3
(geometric mean GED ratio 3-85; n = 4) and IL-10 (3-25;
n =4) than the CD25  cells at the same time-point;
over-expression of FOXP3 (3-84; n = 4) was also evident
at the point of admixture of the cells (‘pre-assay’), but
transcripts  encoding  transforming growth factor-f
(TGF-B) and pro-inflammatory cytokines generally
appeared to be less abundant in the CD25™" T cells at
both time-points (Fig. 3c). The CD4" CD25"" T cells
were able to suppress the proliferation of activated CD4"
responder T cells in vitro, whereas the CD4" CD25~ cells
showed no suppressive properties: proliferation was sup-
pressed by 70-2 = 4-6% (mean + SEM) in a total of nine
independent experiments performed with T cells derived
from both PB and LNs (Fig. 3d). When cultured alone,
the CD4* CD25"#" T cells showed anergy that could be
broken by the addition of IL-2 (20 U/ml), whereas the
CD4" CD25™ cells proliferated robustly with or without
exogenous IL-2 (Fig. 3d).

Discussion

This study has characterized the phenotype and function
of canine CD4* CD25"¢" FOXP3™&" T cells, providing
direct evidence of their suppressive function in vitro. The
existence of canine Treg cells has been surmised for sev-
eral years, initially in studies of radiation chimaeras,*’
progressive myelopathy of German shepherd dogs*® and
the action of a novel anti-arthritic drug in beagles.”> A
population of canine CD4" T cells with the phenotypic
characteristics of Treg cells has been identified using an
anti-mouse/rat Foxp3 mAb.**">> However, direct evidence
of regulatory function has remained elusive until now.
The current study has documented FOXP3 expression by
subpopulations of both CD4" and CD8" T cells, though
the former predominated; furthermore, we provide indi-
rect evidence for the existence of a peripheral
CD4™ CD8™ FOXP3" T cell population (Fig. 1a,b,e). The
antibody clone used in this and other studies, FJK-16s,
has been assumed to cross-react with canine FOXP3,%7>2
supported by a pattern of staining resembling that in
other species, including negligible reactivity with B cells
and neutrophils. Studies have also demonstrated specific
staining of cell lines transfected with a construct encoding
the canine protein.®* The CD4~ CD8~ FOXP3" cells were
thought to be T cells, although four-colour staining —
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currently challenging owing to the limited availability of
commercial mAbs in suitable formats — would need to be
performed to confirm this notion. Double-negative (DN)
Treg cells have been described in both mice®” and
humans,®® but in both species they are FOXP3~, prompt-
ing the intriguing possibility that canine DN FOXP3*
cells represent a unique regulatory population — although
an alternative possibility is that these cells are DN Tcon
cells that have up-regulated FOXP3 with activation
in vivo. Functional interrogation of these cells would be
required to distinguish these possibilities, necessitating
five-colour staining with mAbs against CD5, CD4, CDS,
CD25 and FOXP3 to confirm that the DN FOXP3" cells
are CD25"¢" followed by four-colour staining on the
basis of the extracellular antigens for the purpose of

FACS™ and subsequent in vitro assays. Owing to the lim-
ited availability of commercial mAbs in suitable formats
and the number of cells required to undertake functional
assays, such studies would currently present a number of
significant challenges.

An antibody against Helios, a member of the Ikaros
transcription factor family that has been associated with
Treg-cell ontogeny and function,”””" has recently been
developed, showing reactivity with both the murine and
human proteins.°® Helios was able to differentiate natu-
rally occurring from peripherally induced Foxp3*/
FOXP3" Treg cells in both of these species.®® The major-
ity of the FOXP3" cells identified in PB and LNs in the
current study yielded a positive staining reaction with the
anti-Helios mAD, suggesting that they were nTreg cells.
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Although we did not specifically confirm that the anti-
Helios mAb cross-reacts with the canine protein, its abil-
ity to distinguish Helios in species as phylogenetically dis-
tinct as mice and humans suggests that the epitope to
which it binds is highly conserved and is therefore likely
to be present in the canine molecule.

Interestingly, populations of CD5~ FOXP3" cells were
observed in both PB and LNs in the current study. In the
dog, CD5 —a type I transmembrane glycoprotein of the
scavenger  receptor  cysteine-rich  superfamily’® — is
expressed by both T cells”? and, at low levels, natural
killer cells;’* in contrast to those of other species, canine
B cells of the Bla lineage do not appear to express CD5,”
justifying its use as a pan-T-cell marker in the dog.
Indeed, in our hands anti-CD5 mAbs yielded a brighter,
more consistent signal than anti-CD3 (data not shown).
The expression of FOXP3 by CD5™ cells therefore sug-
gested that either there was a sub-population of FOXP3*
T cells lacking CD5 expression or FOXP3 expression
occurred in cells other than lymphocytes. Ectopic expres-
sion of FOXP3 in non-lymphoid cells has been docu-
mented in neoplastic tissue’®”” and under experimental
conditions,”®”® but not to our knowledge in the healthy,
unmanipulated organism. Further investigations will be
required to define the phenotype and function of these cells.

We and others have used the anti-human CD25 mAb
clone ACT-1 to detect canine CD25.°***®*! Recent studies
using GL-1 cells transduced with a construct encoding
canine CD25 have confirmed that this antibody reacts

CDA4* regulatory T cells in the dog

with the canine protein.®* We found that FOXP3
expression was enriched in the CD25" population and
could be enriched further by gating CD25"8" cells, in a
manner similar to human CD25" T cells, in which the
subpopulation showing the highest CD25 expression is
regulatory.®” In contrast to previous studies,”* we were
able to detect CD4" CD25" T cells in both LNs and PB
mononuclear cells examined ex vivo without previous
stimulation, but were surprised to find that the majority
of FOXP3" cells were ACT-1-negative. We postulate that
the affinity of this mAb for the canine epitope is low, a
view supported by a recent study in which a specific anti-
canine CD25 mAb was developed in mice.”> A proportion
of the ACT-1-negative cells may therefore be CD25",
which would reconcile this apparent anomaly with the
observation that the majority of Foxp3/FOXP3" T cells in
both rodents and humans are CD25".

Stimulation of mononuclear cells derived from periph-
eral LNs with Con A for up to 120 hr elicited a signifi-
cant increase in percentage and MFI of FOXP3 expression
by both CD4" and CD8" T cells (Fig. 2). This phenome-
non occurred in the absence of exogenous IL-2 or TGF-f,
though the addition of low concentrations of IL-2 aug-
mented CD25 and FOXP3 expression (Fig. 3a). Robust
increases in CD25 expression were also observed in a
recent study of CD4" T cells derived from PB stimulated
with Con A, yielding parallel increases in FOXP3 expres-
sion.®* However, similar experiments performed in an
earlier study failed to elicit significant increases in the

Figure 3. Peripheral CD4* CD25"¢" FOXP3"" T cells in the dog show a regulatory phenotype and suppressive function in vitro. Following acti-
vation of mononuclear cells with concanavalin A (Con A) and interleukin-2 (IL-2; 10 U/ml), FACS™ was used to sort the 5% of CD4" T cells
with the highest and the 20% of CD4" T cells with the lowest CD25 expression. (A 5% rather than a 2% gate was chosen to optimize both
FOXP3 enrichment and numbers of cells sorted for functional assays.) The CD25¢" cells were consistently enriched in cells expressing FOXP3
relative to the CD25™e™ediate o CD25~ (CD25™%) cells [a(i)]. The histograms show respective expression of FOXP3 of each population, with
median fluorescence intensity (MFI) and absolute cell counts; these results are representative of seven independent experiments. The 96-hr
(t = 96) activation protocol increased the proportion and absolute number of FOXP3" Helios" cells, as revealed by co-staining with the anti-
murine/human Helios monoclonal antibody 22F6 [a(ii)]. (b) The phenotype of CD4" T cells from a dog both immediately following FACS™
(‘post-sort’) and on the day of CD25"" and CD25™# cell admixture following pre-activation with Con A, for the purposes of the regulatory T-

cell assay (‘pre-assay’). The CD4* CD25"" fraction, in this case approximately 55% FOXP3", retains a population of FOXP3"€" cells at the point

of admixture, whereas the CD25"® fraction contains only a small population of FOXP3ntermediate

cells, likely to represent activated conventional
T cells. The tables to the right of the dot plots show respective summary data (mean £ SEM [%]) for each of the quadrants from five indepen-
dent experiments. Reverse-transcription quantitative polymerase chain reaction (RT-qPCR) assays (c) reveal that the ‘post-sort’” CD25"¢" T cells
show greater expression of transcripts encoding FOXP3 and IL-10; greater expression of FOXP3 is also evident at the point of admixture of the
cells (‘pre-assay’). All RT-qPCR assays were performed on lymph-node-derived cells and qPCR data are expressed as the natural logarithm (In) of
the ratio of gene expression Ct difference of CD25"&" : CD25™¢ cells, normalized to f,-microglobulin; mean and standard deviation In expres-
sion ratios are depicted, with geometric mean ratios shown on the right of the figure (n = 4). (An In expression ratio of 0 represents equally
abundant transcript in both populations). When the cells depicted in (b) were co-cultured with activated third party responder CD4" T cells at a
1: 1 ratio, the CD4* CD25™¢" T cells were able to suppress the proliferation of the responder cells, whereas the CD4* CD25"8 cells showed no
suppressive properties (d). When cultured alone, the CD4" CD25"" T cells showed anergy that could be broken by the addition of IL-2 (20 U/
ml), while the CD4" CD25"% cells proliferated robustly with or without exogenous IL-2. Control co-cultures of CD25™8" or CD25™¢ CD4" T
cells maintained in complete medium without Con A admixed with similarly unstimulated third-party CD4" T cells showed only background
counts, ruling out any influence of a mixed leukocyte reaction. Error bars indicate standard errors of the mean of triplicate cultures (CD4" T
cells and co-cultures) or (difference in values/2) for duplicate monocultures of CD25"" or CD25" T cells. The figure to the right of the panel
summarizes proportional suppression of proliferation for nine independent experiments; square symbols represent assays performed on peripheral
blood mononuclear cells, circles represent assays performed on lymph node-derived cells, and the horizontal line indicates the mean value. (All
co-culture assays were performed on cells derived from beagles.)
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proportions of FOXP3" CD4" T cells without the
addition of IL-2 and TGF-f,* presumably reflecting dif-
ferences in experimental conditions. Interestingly, in our
study removal of the stimulus and continued culture dis-
closed a FOXP3"&" population of lymphocytes that was
IFN-7~ and predominantly CD4" (Fig. 2d). Both the high
level of FOXP3*®* and the lack of IFN-y expression —
Foxp3 directly represses the Ifng gene®*® — suggested that
this population was regulatory in nature, supported by
our subsequent functional studies in vitro (Fig. 3d).

Two alternative, non-mutually exclusive explanations
for the increased proportion and absolute numbers of
FOXP3" T cells with polyclonal stimulation were consid-
ered — namely, up-regulation of FOXP3 in cells that were
originally either FOXP3™e™ediate o FOXP3™, or prolifera-
tion of pre-existing FOXP3" T cells. The impressive
increase in MFI of FOXP3 suggested that up-regulation of
this molecule had occurred in individual cells, but parallel
proliferation of pre-existing Treg cells could not be
excluded. Reasoning that in both mice and humans Helios
expression is restricted to nTreg cells and is not induced
by stimulation, even in the presence of TGF-f, we
explored the expression of Helios in cells that had been
stimulated in an identical manner to those for the func-
tional studies. We observed an impressive increase in the
number of FOXP3" Helios" cells with Con A stimulation,
arguing for the proliferation of pre-existing nTreg cells.
However, Helios expression was not limited to the FOX-
P3"&" population, which we speculated were Treg cells on
the basis of their IFN-y~ phenotype in earlier studies
(Fig. 2d). Two possible explanations for this observation
were considered: either the FOXP3™ ™4 Helios™ cells
were also Treg cells, but in a less activated state —
which could reconcile with the observation of a
FOXP3termediate [EN_»~ population in the previous stud-
ies (Fig. 2d) — or Helios may not allow such definitive dis-
tinction of nTreg cells in the dog as in mice and humans,
perhaps being induced alongside FOXP3 in non-regulatory
T cells. Further studies are required to confirm the cross-
reactivity of the anti-murine/human Helios mAb with the
canine protein, which will then allow the distribution and
kinetics of Helios expression in this species to be explored
in detail, to provide answers to these questions.

Taken together, our results were compatible with a
model in which the mechanism of increased FOXP3
expression with stimulation was likely to be a combina-
tion of (i) up-regulation and recruitment of Tcon cells
into a FOXP3"*, but not necessarily regulatory, T-cell
pool, in a similar manner to the behaviour of human
Tcon cells, and (ii) proliferation of pre-existing Treg cells.
Whether the CD4" FOXP3"" T cells represented acti-
vated nTreg cells or a more heterogeneous population,
perhaps including contributions from Tcon cells that had
undergone conversion to iTreg cells in vitro, remained
unclear. However, notwithstanding the uncertainties of

Helios expression by activated T cells in the dog, iTreg
cells were unlikely to be a significant component of this
FOXP3"¢" population because the majority of comparable
studies of activated human Tcon cells have failed to
generate bona fide iTreg cells in vitro.* >

Further phenotypic analysis by means of RT-qPCR
(Fig. 3¢), coupled with co-culture assays in vitro (Fig. 3d),
suggested that expression of FOXP3 was pivotal to the
suppressive phenomenon we observed. Transcripts encod-
ing a number of pro-inflammatory cytokines were all less
abundant in the CD25™8" versus CD25~ cells, whereas the
expression of IL-10 mRNA was variable, with a mean
GED ratio of > 1 at the point of FACS™ but < 1 at the
point of admixture of the cells for co-culture assays; simi-
larly, the GED ratio for TGF-f was also < 1 at the point
of cellular admixture, providing no support for a signifi-
cant role of either of these cytokines in the regulatory
function of these cells in vitro. Proportional suppression
of up to ~ 85% was observed when the CD25"%#" cells
were co-cultured with responder CD4" T cells at a ratio
of 1: 1, but the actual ratio of CD4" CD25M8? FOXP3hish
T cells (putative Treg cells) to Tcon cells was likely to be
~ 1:6, arguing for the potency of suppressor—effector
function of these cells in vitro — at least as high as that of
similar assays of human Treg cells.”*” Cells originating
from both the PB and LNs were regulatory in nature,
suggesting the presence of Treg cells in both of these
compartments of the canine peripheral immune system.
Further studies will be required to explore the mechanis-
tic basis of suppression mediated by canine
CD4" CD25"#" Foxp3hish Treg cells, but this work and a
recently published paper using a canine-specific anti-
CD25 mAb” provide the first direct evidence of Treg
cells in dogs and represent an important advance in this
field. Given the exciting immunotherapeutic potential of
manipulating Treg-cell function in the context of infec-
tious disease, autoimmune disorders, cancer and allo-
transplantation,”®®” studies of these cells in the dog have
never been more timely.
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