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Summary

Interleukin-2 (IL-2) is a critical regulator of immune homeostasis through

its non-redundant role in regulatory T (Treg) cell biology. There is major

interest in therapeutic modulation of the IL-2 pathway to promote

immune activation in the context of tumour immunotherapy or to

enhance immune suppression in the context of transplantation, autoim-

munity and inflammatory diseases. Antibody-mediated targeting of the

high-affinity IL-2 receptor a chain (IL-2Ra or CD25) offers a direct mech-

anism to target IL-2 biology and is being actively explored in the clinic.

In mouse models, the rat anti-mouse CD25 clone PC61 has been used

extensively to investigate the biology of IL-2 and Treg cells; however,

there has been controversy and conflicting data on the exact in vivo

mechanistic function of PC61. Engineering antibodies to alter Fc/Fc recep-

tor interactions can significantly alter their in vivo function. In this study,

we re-engineered the heavy chain constant region of an anti-CD25 mono-

clonal antibody to generate variants with highly divergent Fc effector

function. Using these anti-CD25 Fc variants in multiple mouse models,

we investigated the in vivo impact of CD25 blockade versus depletion of

CD25+ Treg cells on immune homeostasis. We report that immune home-

ostasis can be maintained during CD25 blockade but aberrant T-cell acti-

vation prevails when CD25+ Treg cells are actively depleted. These results

clarify the impact of PC61 on Treg cell biology and reveal an important

distinction between CD25 blockade and depletion of CD25+ Treg cells.

These findings should inform therapeutic manipulation of the IL-2 path-

way by targeting the high-affinity IL-2R.
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Introduction

Interleukin-2 (IL-2) is a key nodal regulator of immune

homeostasis (reviewed in refs. 1–3). The importance of IL-

2-mediated immune regulation in health and well-being is

evidenced by the lethal lymphoid hyperplasia and autoim-

mune syndrome that develops in mice and humans that are

genetically deficient in IL-2 or components of its recep-

tor.4–8 Polymorphisms linked to components of the IL-2

receptor are associated with autoimmune diseases, includ-

ing multiple sclerosis, type 1 diabetes, coeliac diseases and

rheumatoid arthritis.9,10 Given this central role for IL-2 in

immune control, there is significant interest in therapeutic

modulation of the IL-2 pathway to potentiate cancer

immunotherapy, facilitate transplant tolerance and treat

autoimmune and inflammatory diseases.3,11

Interleukin-2 limits immune activation and maintains

immune homeostasis through its non-redundant role in

the development and maintenance of regulatory T (Treg)

cells.12–15 The Treg cells constitutively express the IL-2

receptor a chain (IL-2Ra or CD25), the defining compo-

nent of the high-affinity IL-2R complex. Low-level IL-2

production by conventional T cells in the steady state is

required to maintain Treg cells, which do not produce

IL-2, at the numbers necessary to limit spontaneous T-

cell activation.15–18 Given this central role for IL-2 in Treg

cell biology, it is critical to determine how a therapeutic

agent that targets the IL-2 pathway will impact Treg cells.

The in vivo impact of a therapeutic monoclonal anti-

body is determined by both its epitope specificity (e.g.

blocking or non-blocking of ligand interactions) and

heavy-chain constant region (Fc) effector function (e.g.
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depleting or non-depleting). Varying the Fc properties of

an antibody can significantly affect the biological impact

in vivo. In the context of Treg cells and IL-2 biology,

monoclonal antibodies specific for CD25 have been used

extensively as research tools in mouse models.19–21 The

monoclonal rat anti-mouse CD25 clone PC61 is widely

used.22 PC61 inhibits IL-2 binding to CD25 and in vitro

it functionally inhibits IL-2-mediated T-cell prolifera-

tion.22,23 Potential in vivo consequences of anti-CD25

antibodies on Treg cells include blockade of the IL-2 sur-

vival signal, active depletion of CD25-expressing Treg

cells in an Fc-dependent manner or a combination of the

two mechanisms. Determining which mechanism(s) is

operative in vivo and the specific impact of PC61 on Treg

cells has been controversial.21,24–26 Using PC61-rIgG1,

many laboratories have demonstrated a reduction in Treg

cells with varying degrees of success (30–50% reduction

in Foxp3+ cells in the spleen and lymph node of

mice).21,27 A major caveat in these studies is the assump-

tion that the decline in Treg cell numbers is due to active

depletion and not to blockade of the IL-2 survival signal.

It has been suggested that PC61-rIgG1 treatment resulted

in the in vivo ‘functional inactivation’ of Treg cells,25 but

this view has been challenged.24,28 One key aspect under-

lying this uncertainty is the use of the parental PC61.5

with a rat IgG1 isotype that precludes a direct interpreta-

tion of IL-2 blockade alone. Furthermore, the differential

impact of depleting versus non-depleting anti-CD25 anti-

bodies on the broader maintenance of immune home-

ostasis in the steady state is unknown.

In the present study, we engineered the heavy-chain

constant region of PC61 to alter Fc-mediated effector

function without changing antibody specificity. By com-

paring Fc variants with highly divergent effector function

we are able to demonstrate in mouse models the differen-

tial effects of actively depleting CD25+ Treg cells through

only blockade of CD25 signalling. Our results demon-

strate that immune homeostasis can be maintained dur-

ing CD25 blockade but aberrant immune activation

prevails when CD25+ Treg cells are actively depleted.

These results should inform the design of monoclonal

antibodies that therapeutically target the high-affinity

IL-2R.

Materials and methods

Mice

Fcer1g�/� (Fcer1gtm1Rav) mice have been previously

described29 and were subsequently backcrossed 12 genera-

tions on the C57BL/6 background. Fcer1g�/� mice and

wild-type C57BL/6 (B6) control mice were purchased

from Taconic Biosciences, Inc. (Germantown, NY). Fox-

p3eGFP reporter mice (Foxp3tm2Tch) and MOG35-55-speci-

fic 2D2 T-cell receptor (TCR) transgenic C57BL/6 mice

(Tg(Tcra2D2,Tcrb2D2)1Kuch/J) have been previously

described.30,31 Foxp3eGFP mice and 2D2 mice were pur-

chased from Jackson Laboratories (Bar Harbor, ME). All

mice were 10–12 weeks of age at the time of experiments.

Animals were housed in conventional rooms in a specific-

pathogen free facility with a 12/12 light–dark cycle. Room

temperatures were maintained at 20–23.3°. Animals were

socially housed in groups of up to five in Tecniplast

caging on BetaChip bedding. All mice were between 20

and 25 g at the beginning of each experiment and all

mice had a body conditioning score of 3. The Biogen

Institutional Animal Care and Use Committee approved

all animal protocols.

Engineering and production of PC61-mIgG2a and PC61-
mIgG1(N297Q) variants

The PC61 5.3 hybridoma expressing PC61, a rat anti-

mouse CD25 IgG1 monoclonal antibody, was obtained

from the American Type Culture Collection (ATCC,

Manassas, VA) and grown as recommended by the

ATCC.22 Total cellular RNA was extracted (Qiagen

RNeasy; Qiagen, Hilden, Germany) from hybridoma cells

and cDNA was generated using random hexamer priming

(SUPERSCRIPT III; Invitrogen, Carlsbad, CA). Vh and Vl

gene segments were PCR amplified using degenerate pri-

mers and cloned into pCR4 (Invitrogen TOPO/TA). Inserts

from multiple independent sub-clones were sequenced and

BLAST analyses confirmed rat immunoglobulin variable

domain identity. Coding sequence was confirmed by com-

parison to the N-terminal protein sequence of PC61.5

monoclonal antibody generated by Sanger sequencing. Ver-

ified heavy-chain and light-chain variable regions were

then sub-cloned into mammalian expression plasmids for

expression as the rat–mouse chimeric antibodies PC61-

mIgG2a and PC61-mIgG1(N297Q). Plasmids were used to

generate stably transfected Chinese Hamster Ovary cells for

production of the PC61 variants. Monoclonal antibody

was purified from conditioned Chinese Hamster Ovary

supernatants by protein A chromatography and size exclu-

sion. Peak protein fractions were pooled and analysed for

endotoxin (< 0�1 EU/mg) and aggregation level (< 5%).

See Supplementary material (Fig. S1) for workflow sche-

matic and for degenerate oligonucleotide and sequencing

details (Table S1).

In vivo use of PC61-mIgG2a and PC61-mIgG1(N297Q)

variants

For all in vivo experiments, antibodies were dosed by

intraperitoneal injection at 500 µg/mouse in 200 µl PBS
every 7 days. Dosing occurred in the morning while mice

were in their home cage. Intraperitoneal injection was cho-

sen to allow for minimal handling of the mice. A PBS vehi-

cle control arm was used in each experiment. For 1-week

ª 2016 John Wiley & Sons Ltd, Immunology, 148, 276–286 277

PC61 Fc variants differentially impact Treg cells in vivo



dosing experiments, wild-type and Fcer1 g�/� mice were

randomized into three groups with five mice per group.

For 4-week dosing experiments, the groups remained the

same but the number of animals was increased to eight

mice in the antibody groups and six mice in the PBS

group. All mice were measured as a single unit. The dose

and frequency were determined by pharmacokinetic stud-

ies to maintain complete receptor saturation, which was

confirmed at the termination of each experiment by flow

cytometry of splenocytes (data not shown). At the end of

the dosing regimen, spleen and lymph node were harvested

to evaluate cellular populations and cytokines by flow

cytometry.

Experimental autoimmune encephalomyelitis

For experimental autoimmune encephalomyelitis (EAE)

experiments, animals were weighed daily and monitored

for clinical signs of disease using a standard five-point scale

as follows: Clinical Score (CS) 0, no sign of disease; CS 1,

complete tail paralysis; CS 2, severe unilateral hind leg

paresis or moderate bilateral paresis, hind limb weakness

and affected gait; CS 3, partial hind limb paralysis, non-

weight bearing on hind limbs while moving; CS 4,

complete bilateral hind limb paralysis; CS 5, moribund.

Ameliorative care was given to mice with a CS of 3 or

greater as follows: CS 3, hydrogel and food on floor of cage;

CS 4, subcutaneous fluid supplementation. An investigator

blinded to treatment status scored EAE experiments.

Flow cytometry, binding assay and STAT5 PhosFlow
assay

For Foxp3 staining, cells were stained with anti-CD3

(145-2C11), anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-

CD25 (PC61) and anti-CD62L (MEL-14) from BD

Biosciences (San Jose, CA), anti-CD44 (IM7) from eBio-

science (San Diego, CA) and anti-CD25 (7D4) engineered

from rat-IgM isotype to human-IgG1 isotype at Biogen

(Cambridge, MA). Cells were then fixed and permeabi-

lized with a Foxp3-specific buffer system (eBioscience)

and stained with anti-Foxp3 (FJK-16s).

For intracellular cytokine staining, cells were activated

ex vivo with 50 ng/ml PMA and 500 ng/ml ionomycin in

the presence of GolgiStop Protein Transport Inhibitor

(BD Biosciences) for 4 hr. Cells were then stained with

anti-CD3 (145-2C11), anti-CD4 (RM4-5) and anti-CD8

(53-6.7) from BD Biosciences and anti-CD44 (IM7) from

eBioscience, fixed and permeabilized with Cytofix/Cytop-

erm buffer (BD Biosciences) and stained with anti-IL-17A

(TC11-18H10) and anti-interferon-c (IFN-c) (XMG1.2)

from BD Biosciences.

For analysis of CD25 binding by the PC61 Fc-variants,

splenocytes from FOXP3eGFP mice were incubated with

PC61-mIgG2a, PC61-mIgG1(N297Q) or PBS for 20 min at 4°.

Cells were then stained with PC61-allophycocyanin (BD

Biosciences) for 20 min at 4°.
For analysis of signal transducer and activator of tran-

scription 5 (STAT5) phosphorylation, splenocytes from

naive FoxP3eGFP mice were stimulated with IL-2 in the

presence of PC61-mIgG2a, PC61-mIgG1(N297Q), anti-HEL-

mIgG1+ anti-HEL-mIgG2a (isotype controls), or PBS.

After 15 min, cells were fixed and permeabilized using the

BD PhosFlow protocol with Perm III buffer (BD Bio-

sciences). Cells were stained with anti-CD3 (500A2), anti-

CD4 (RM4-5), anti-CD8 (53-6.7) and phospho-STAT5

(pY694) from BD Biosciences (San Jose, CA).

In all experiments, at least 50 000 events were collected

on an LSR II, LSR Fortessa X-20 or CALIBUR (BD Bio-

sciences) and analysed using FLOWJO software (Tree Star,

Ashland, OR).

In vitro Treg suppression assay

T responder cells were obtained by FACS sorting

CD4+ TCR-b+ CD44low CD62Lhigh GFP� cells from Fox-

p3eGFP reporter mice, and labelled with CellTrace Violet

(Life Technologies, Carlsbad, CA). Splenic CD3� cells

were FACS sorted from Foxp3eGFP reporter mice, irradi-

ated at 2500 rads and used as feeder cells. CD25high GFP+

and CD25low/� GFP+ Treg cells were FACS sorted from

Foxp3eGFP reporter mice that had been treated for

4 weeks with PC61-mIgG2a, PC61-mIgG1(N297Q) or PBS.

T responder cells (5 9 104) were cultured with irradiated

feeder cells (2�5 9 105) in the absence or presence of

Treg cell subpopulations isolated from the indicated mice

at the indicated cell numbers. The cultures were stimu-

lated with 0�25 µg/ml of anti-CD3 and analysed for the

dilution of CellTrace Violet at 60–72 hr. The data were

acquired on an LSR Fortessa X-20 (BD Biosciences) and

analysed using FLOWJO. All cell populations were sorted to

> 90% purity on a FACS Aria III (BD Biosciences).

Statistical analysis

GRAPHPAD PRISM software (GraphPad, La Jolla, CA) was

used to perform all statistical analyses. For comparison of

two independent groups, Student independent sample t-

test was used. For analysis of EAE experiments, the

Mann–Whitney U-test was performed. All P-values

< 0�05 were considered significant.

Results

Fc-engineered anti-CD25 variants bind CD25 and
inhibit IL-2-induced STAT5 phosphorylation in Treg
cells

Anti-mCD25 clone PC61 blocks IL-2 binding to CD25 and

inhibits high affinity IL-2R signalling.22,23 To distinguish
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in vivo effects due to Fc-mediated depletion versus block-

ade of CD25-mediated IL-2 signalling, we engineered a

PC61-mIgG2a variant that was expected to have strong Fc

effector function and depletion activity (effector-compe-

tent) and a second antibody variant, PC61-mIgG1(N297Q),

expected to have minimal to no Fc-mediated effector func-

tion and no depletion activity (see Materials and methods

for detailed description see Supplementary material,

Fig. S1). Mouse IgG1 isotype has poor depletion capability

and the N297Q mutation alters a critical N-glycosylation

site to diminish the Fc-FcR interaction.32

Given that the antibody variants differ only in the Fc

portion of the antibody, the ability to bind CD25 and

block CD25-mediated IL-2 signalling should be identical.

We first tested the Fc-variants in a cell-binding assay.

Splenocytes from Foxp3eGFP mice were incubated with

PC61-mIgG1(N297Q), PC61-mIgG2a or PBS. PC61-

allophycocyanin was then used to detect unbound CD25

by flow cytometry. Both PC61-mIgG1(N297Q) and PC61-

mIgG2a had equal binding to CD25+ Treg cells (Fig. 1a).

To test for functional inhibition of CD25 signalling, Treg

cells were stimulated with IL-2 in the presence of PC61-

mIgG1(N297Q), PC61-mIgG2a or isotype control and

STAT5 phosphorylation was measured. At the concentra-

tions of IL-2 tested, both PC61 Fc-variants inhibited

STAT5 phosphorylation equally (Fig. 1b).

Fc-engineered anti-CD25 variants differentially impact
Treg cells in vivo

In vivo effects of the antibody variants were characterized

in wild-type B6 and Fcer1 g�/� mice. The Fcer1 g�/� mice

lack surface expression of activating Fc receptors (FccRI,
FccRIII, FceRI, FccRIV),29,33 and so were used to evaluate

the contribution of antibody Fc/FcR-dependent effects.

Among immune cells, Treg cells express the highest

amounts of CD25 and in the steady state constitute

roughly 80% of CD25-expressing cells in lymph node and

spleen (data not shown). We analysed the impact of the

antibody variants on the percentage and absolute number

of Treg cells in spleens as quantified by Foxp3 (Fig. 2a–
d). The absolute number of Foxp3+ cells trended down in

PC61-mIgG1(N297Q)-treated mice (13% decrease) and was

significantly decreased in PC61-mIgG2a-treated mice

(62% decrease) (Fig. 2c). Trends were similar when Fox-

p3+ cells are measured as a percentage of CD4+ T cells

with the decline upon treatment with PC61-mIgG1(N297Q)

reaching significance (17% decrease) but being greater in

the PC61-mIgG2a-treated mice (61% decrease) (Fig. 2d).

The proportion of remaining Treg cells expressing

CD25 was altered differently by the antibody variants. Of

the Treg cells that remained in wild-type mice treated

with PC61-mIgG2a, approximately 78% were very low or

negative for CD25 expression, compared with 46�3% in

the PC61-mIgG1(N297Q)-treated wild-type mice and 33�1%
in the PBS-treated wild-type mice (Fig. 2a,b). The decline

in CD25-expressing Treg cells observed with PC61-

mIgG2a treatment is consistent with effective Fc-depen-

dent depletion of the population. As CD25 expression is

linked to IL-2 signalling,34 the reductions in the propor-

tion of CD25-expressing Treg cells observed with PC61-

mIgG1(N297Q) treatment of wild-type mice and with both

antibodies in the Fcer1 g�/� mice is probably due to

blockade of IL-2 signalling or antibody-mediated receptor

internalization. These results are consistent with previous

observations showing that IL-2 neutralization causes a

down-regulation of CD25 on Foxp3+ cells.12

Aberrant T-cell activation results from depletion of
CD25+ Treg cells but not CD25 blockade

Given the described differences of the PC61 Fc-variants

on Treg cells, the aggregate impact of the antibody vari-

ants on immune homeostasis as a consequence of more

long-term dosing was analysed. Wild-type and Fcer1 g�/�

mice were dosed for 4 weeks with antibody variants or

vehicle control. Splenocytes were then analysed by flow

cytometry for signs of T-cell activation. Representative

dot plots are shown for CD4+ T cells (Fig. 3a) and CD8+

T cells (Fig. 3d). Treatment of wild-type mice with PC61-

mIgG2a caused an approximately twofold increase in the

absolute number and percentage of CD62Llow CD44high

CD4+ T cells (Fig. 3b,c). Similarly, the absolute number

and percentage of CD62Llow CD44high CD8+ T cells were

increased in wild-type mice treated with PC61-mIgG2a

(Fig. 3d–f). This effect was not seen in Fcer1 g�/� mice.

Little to no change in these populations was observed in
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Figure 1. Fc-engineered anti-CD25 variants equally bind to CD25

and block interleukin-2 (IL-2) mediated signal transducer and acti-

vator of transcription 5 (STAT5) phosphorylation. (a) Splenocytes

from Foxp3eGFP mice were incubated with PC61-mIgG1(N297Q),

PC61-mIgG2a or PBS for 20 min. Binding was determined using

allophycocyanin-conjugated PC61 to detect unbound CD25 by flow

cytometry. Data are shown as CD25 geometric mean fluorescent

intensity (gMFI) from GFP+ cells (mean � SD). (b) Splenocytes

from Foxp3eGFP mice were incubated with PC61-mIgG1(N297Q),

PC61-mIgG2a, isotype control or PBS for 20 min followed by stimu-

lation with IL-2 for 15 min. Data are shown as pSTAT5 gMFI from

GFP+ cells. Data are representative of two independent experiments.
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wild-type PC61-mIgG1(N297Q)-treated mice. At week 4,

despite the evidence of T-cell activation, no significant

increase in splenic cellularity was observed in wild-type

mice treated with PC61-mIgG2a (data not shown).

Depletion of CD25+ Treg cells produces aberrant pro-
inflammatory T-cell responses

Although the dominant role for IL-2 is on Treg cell

homeostasis, IL-2 also shapes the differentiation of effec-

tor T-cell populations by promoting T helper type 135

and type 236,37 differentiation yet restraining T helper

type 17 differentiation.38,39 T cells from mice dosed for

4 weeks with PC61-mIgG1(N297Q), PC61-mIgG2a or vehi-

cle control were analysed for cytokine production upon

stimulation ex vivo with PMA/ionomycin followed by

intracellular cytokine staining. As seen in representative

FACS plots and summarized, the proportion of IFN-c+

cells within the CD4+ and CD8+ T-cell populations was

significantly increased in PC61-mIgG2a-treated mice but

not in PC61-mIgG1(N297Q)-treated mice (Fig. 4a–c).
Although the proportion of IL-17+ cells within the CD4+

population was slightly increased in both treatment

groups, the percentage of cells in any group making IL-17

was very low (0�1–0�4%) (Fig. 4d).

Treg cells maintain suppressive function during CD25
blockade

Given the aberrant T-cell activation in wild-type mice

treated with PC61-mIgG2a, we next analysed the impact

of chronic dosing on the Treg cell compartment in

wild-type and Fcer1 g�/� mice dosed for 4 weeks with

PC61-mIgG1(N297Q), PC61-mIgG2a or vehicle control. In

mice treated with the depleting PC61-mIgG2a antibody,

both the absolute number and percentage of Treg cells

was significantly decreased in wild-type mice but not in

Fcer1 g�/� mice (Fig. 5a–c). The percentage of Treg cells,

but not absolute number, significantly decreased in mice

treated with PC61-mIgG1(N297Q).

A previous study demonstrated that both CD25high and

CD25low/� Treg cells are functionally suppressive

in vitro.40 Furthermore, Treg cells from CD25�/� mice

maintain suppressive function in vitro.12 To determine

the impact of the PC61 variants on Treg cell suppressive

function, Foxp3eGFP reporter mice were dosed for 4 weeks

with PC61-mIgG1(N297Q), PC61-mIgG2a or vehicle con-

trol. Foxp3+ CD25high and Foxp3+ CD25low/� Treg cells

were then FACS-isolated from spleens and in vitro sup-

pression assays were performed. Naive CD4+ T cells from

untreated wild-type mice were used as responder cells in

all assays. Figure 5(d) demonstrates responder cell prolif-

eration and Treg cell-mediated suppression at a 1 : 1

ratio. Foxp3+ CD25high Treg cells from PC61-

mIgG1(N297Q)-treated and PBS-treated mice were similarly

suppressive, except at the 4 : 1 ratio, where Foxp3+

CD25high Treg cells from PBS-treated mice demonstrated

increased suppression (Fig 5e). Because the PC61-mIgG2a

treatment drastically reduces the number of Foxp3+

CD25high Treg cells, we were unable to sort this popula-

tion for functional analysis. Foxp3+ CD25low/� Treg cells

from all treatment groups were similarly suppressive at all

T responder cell to Treg cell ratios tested (Fig. 5f). These

data demonstrate that both CD25high and CD25low/� Treg

cells maintain suppressive function in vitro during CD25

blockade.
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Figure 2. Fc-engineered anti-CD25 variants differentially impact regulatory T (Treg) cells in vivo. (a–d) B6 wild-type and Fcer1g�/� mice were

given a single dose of PC61-mIgG1(N297Q), PC61-mIgG2a or vehicle control and killed 7 days post-injection for flow cytometric analysis of

splenocytes. (a) Representative dot plots gated on Foxp3+ cells that are either CD25+ or CD25low/� within a CD3+ CD4+ gate. (B) Distribution

of CD25+ Treg cells and CD25low/� Treg cells within the Foxp3+ population (mean). (C) Absolute number of Foxp3+ cells (mean � SD). (D)

Percentage of Foxp3+ cells within the CD3+ CD4+ gate (mean � SD). Data are representative of three (a–d) independent experiments.

*P < 0�05; ns, not significant.
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Depletion of CD25+ Treg cells but not CD25
blockade breaks immune tolerance

We next compared the impact of CD25-blockade with

depletion of CD25+ Treg cells in a T-cell-driven autoim-

mune-prone mouse model. 2D2-TCR-tg mice express an

MHC class II-restricted TCR transgene specific for the

MOG35-55 peptide.31 When left un-manipulated these

mice rarely develop clinical signs of EAE (~ 2% at 1-year

of age) but do develop EAE following immunization or

treatment with pertussis toxin.31 2D2 mice were dosed

weekly with PC61-mIgG1(N297Q), PC61-mIgG2a or vehicle

control and monitored for the development of EAE. In a

first experiment, four of ten mice treated with PC61-

mIgG2a broke immune tolerance and developed clinical

signs of EAE whereas 2D2 mice treated with PC61-

mIgG1(N297Q) or vehicle control did not (Fig. 6a). Of the

mice that developed disease the mean peak score was

3�75. In a repeat of this experiment, five of nine mice

treated with PC61-mIgG2a developed clinical signs of

EAE, albeit with slightly delayed kinetics when compared

with the first experiment (Fig. 6b). Again, no disease was

observed in 2D2 mice treated with PC61-mIgG1(N297Q) or

vehicle control (Fig. 6b). Of the mice that developed dis-

ease the mean peak score was 2�6.
At the conclusion of EAE monitoring, splenic Treg cell

and effector T-cell compartments were characterized by

flow cytometry. Additional analysis of the PC61-mIgG2a-

treated mice that developed EAE was also conducted. As

seen in wild-type mice treated with the antibody variants,

Treg cell percentages and numbers declined with treat-

ment and the decline was more pronounced in the PC61-

mIgG2a-treated group (Fig. 6c,d). Similarly, the numbers

and percentages of effector memory CD4+ T cells were

only increased in the PC61-mIgG2a-treated group

(Fig. 6e,f). These cells were predominantly IFN-c-produ-
cing (Fig. 6g). PC61-mIgG2a-treated mice that developed

EAE did not demonstrate statistically significant differ-

ences in T-cell populations from PC61-mIgG2a-treated

mice that did not develop EAE but there was a trend

towards fewer Treg cells and increased effector memory

CD4+ T cells in the mice that developed EAE.
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Figure 3. Effector competent PC61-mIgG2a

causes aberrant T-cell activation whereas PC61-

mIgG1(N297Q) does not. B6 wild-type and

Fcer1g�/� mice were dosed weekly with PC61-

mIgG1(N297Q), PC61-mIgG2a or vehicle control

for 4 weeks. Mice were then killed for flow cyto-

metric analysis of splenocytes. (a) Representa-

tive dot plots gated on CD62L– CD44high cells

within the CD4+ gate. (b) Absolute number of

CD4+ CD62L� CD44high cells (mean � SD).

(c) Percentage of CD62L� CD44high cells within

the CD4+ gate (mean � SD). (d) Representative

dot plots gated on CD62L� CD44high cells

within the CD4� gate. (e) Absolute number of

CD4� CD62L� CD44high cells (mean � SD).

(f) Percentage of CD62L� CD44high cells within

the CD4� gate (mean � SD). Data are repre-

sentative of two independent experiments.

*P < 0�05; ns, not significant.
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Discussion

Given the central role for IL-2 in Treg cell biology and

the interest in therapeutic targeting of the IL-2 pathway

in multiple human diseases, understanding the in vivo

consequences of CD25 blockade versus depletion of

CD25+ Treg cells on the maintenance of immune home-

ostasis may inform the design of therapeutic antibodies

against the high-affinity IL-2R. To this end, we generated

and characterized anti-CD25 Fc variants with full Fc

effector function or crippled Fc effector function (mIgG2a

versus mIgG1(N297Q), respectively) of the rat anti-mouse

CD25 antibody, clone PC61.

Foxp3-expressing Treg cells make up roughly 80% of

CD25+ lymphocytes and so the effects of the CD25 mon-

oclonal antibodies were predominantly directed against

and studied in Treg cells. Seventy per cent of Treg cells

were depleted by PC61-mIgG2a but a fraction of

CD25low/� Foxp3-expressing Treg cells escape depletion.

PC61-mIgG1(N297Q) had a reduced impact on Treg cells,

reaching statistical significance when quantified as a per-

centage of CD4+ T cells (Fig. 2d) but not when based on

absolute number of Foxp3-expressing cells (Fig. 2c). The

effect of both antibody variants was equivalent in mice

deficient in the FcRc chain, clearly differentiating the

impact of blocking the IL-2 survival signal versus active

depletion of Treg cells. The reduction in the proportion

of CD25-expressing Treg cells and Treg cell CD25 mean

fluorescent intensity in the presence of PC61-

mIgG1(N297Q) is consistent with inhibition of IL-2 sig-

nalling and hence IL-2-dependent CD25 expression. This

is also supported by results showing that genetic defi-

ciency in IL-2 leads to a reduction in CD25+ Treg cells

and an increase in the proportion of CD25low/� Treg

cells.12 It is also worth noting that the complete loss of

Treg cells in Foxp3-deficient mice causes a much more

aggressive autoimmunity than that seen in CD25 and IL-

2-deficient mice that lack only 50% of Treg cells.12 Taken

together, blockade of CD25-dependent IL-2 signalling

alone can reduce Treg cell numbers but active depletion

with an effector-competent monoclonal antibody achieved

a greater reduction.

Our findings are notable with regard to previous lit-

erature that contains conflicting data and debates the

ability of anti-CD25 monoclonal antibodies to deplete

Treg cells.21,24–26 Numerous laboratories used PC61-

rIgG1 and demonstrated a reduction in Treg cells with

varying degrees of success (30–50% reduction in Foxp3+

cells in the spleen and lymph node). One major caveat

in these studies is the assumption that the decline in

Treg cell numbers is to the result of active depletion

and not blockade of the IL-2 survival signal. In con-

trast, Kohm et al.25 reported that PC61-rIgG1 injection

resulted in ‘functional inactivation’ of Treg cells rather

than active depletion. Setiady et al.24 were the first to

demonstrate a role for Fc–FcR interactions in the mech-

anistic impact of PC61-rIgG1 on Treg cells. In our

study, using PC61 Fc-variants in both wild-type and

fcerg1–/– mice, we extend these findings and definitively

demonstrate the impact of blocking the CD25-depen-

dent IL-2 survival signal versus Fc-mediated active

depletion of CD25+ Treg cells.
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Figure 4. Aberrantly activated T cells in PC61-mIgG2a-treated mice have increased pro-inflammatory cytokine production. B6 wild-type mice

were dosed weekly with PC61-mIgG1(N297Q), PC61-mIgG2a or vehicle control for 4 weeks. Mice were then killed and splenocytes were activated

with PMA (50 ng/ml) and ionomycin (500 ng/ml) for 4 hr and interleukin-17 (IL-17) and interferon-c (IFN-c) were analysed by intracellular

cytokine staining. (a) Representative dot plots of IFN-c+ and IL-17+ cells within the CD4+ and CD8+ gates. (b) Percentage of IFN-c+ cells within
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gate (mean � SD). Data are representative of three independent experiments. *P < 0�05; ns, not significant.
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Beyond the impact on Treg cells, anti-CD25 antibodies

may also directly impact conventional T cells that tran-

siently express CD25 upon activation or indirectly by

inhibiting Treg cell-mediated suppression. It is therefore

difficult to extrapolate known cell-type specific effects of

CD25-signalling to an aggregate biological or therapeutic

impact in vivo. We evaluated the aggregate biological

effect of the antibody variants by long-term (4 weeks)
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treatment of otherwise unmanipulated mice. The emer-

gence of sizeable populations of IFN-c+ CD4+ and CD8+

T cells with an activated phenotype after 4 weeks of treat-

ment with PC61-mIgG2a is consistent with a breakdown

in Treg-mediated immune tolerance and T-cell-driven

autoimmune activation. No overt autoimmune sequelae

were observed in wild-type mice at the 4-week time-

point. In contrast, the effector T-cell compartment in

PC61-mIgG1(N297Q)-treated mice remained largely

unchanged. Hence the homeostatic balance is tipped

toward immune activation by the more significant PC61-

mIgG2a Treg cell depletion whereas a more modest

reduction in Treg cells may be balanced by blockade of

IL-2 signalling in effector T cells by PC61-mIgG1(N297Q).

The induction of autoimmune pathology in 2D2 TCR

transgenic mice extends these observations by demon-

strating that immune activation generated by PC61-

mIgG2a is capable of overcoming central nervous system
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immune privilege and generating a pathological immune

response whereas PC61-mIgG1(N297Q)-treated mice

remain healthy.

The effects of PC61-mIgG1(N297Q) are notable with

regard to ongoing evaluation of an anti-hCD25 mono-

clonal antibody (daclizumab) for the treatment of multiple

sclerosis. Daclizumab, a humanized monoclonal antibody

that binds CD25 and inhibits high-affinity IL-2R signalling,

has demonstrated clinical efficacy in relapsing–remitting

multiple sclerosis, a T-cell-mediated neuroinflammatory

disease.41–43 Despite a human IgG1 isotype, daclizumab

has poor antibody-dependent cellular cytotoxicity.44

Daclizumab causes an ~ 50% reduction in circulating

Treg cells;45,46 however, the mechanism by which dacli-

zumab reduces Treg cell numbers in vivo is unclear and

probably involves a combination of inhibiting the IL-2

survival signal and active depletion. When balanced with

impacts on effector T cells and cells of the innate

immune system, the net outcome of CD25 blockade is

therapeutic benefit. We hypothesize that outside the

context of a strong pro-inflammatory environment, IL-2

signalling may be critical to drive autoimmune T-cell

pathology. In the context of CD25 blockade but not

depletion, as with PC61-mIgG1(N297Q), the reduction in

Treg cells may be outweighed by limiting IL-2-depen-

dent effector T-cell activation. This hypothesis will

require further experimentation with anti-CD25 Fc-var-

iants in the contexts of active immune responses to self

or foreign antigens.

Beyond balancing effector and regulatory T-cell home-

ostasis, IL-2 also plays a role in natural killer (NK) cell

biology. Published reports have demonstrated an impor-

tant role for Treg cell consumption of IL-2 in limiting

NK cell expansion.47,48 Treg cell depletion in the BDC2.5/

NOD mouse model of autoimmune diabetes led to rapid

aggressive pancreatitis, mediated in part by the expansion

of IFN-c-producing NK cells.49 In our study, we saw only

mild increases in NK cell numbers after treatment of

naive mice with the PC61 variants (data not shown). This

is in contrast to the clinical experience with daclizumab,

which causes dramatic increases in the CD56bright subset

of human NK cells, which are thought to contribute to

the therapeutic efficacy of the drug.50–52

In conclusion, our results clarify the impact of PC61

on Treg cell biology and reveal an important distinction

between CD25 blockade and depletion of CD25+ Treg

cells. These findings should help inform therapeutic

manipulation of the IL-2 pathway by targeting the high-

affinity IL-2R.
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