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The Journal of Immunology

In Vivo Maintenance of Human Regulatory T Cells during
CD25 Blockade

David J. Huss,* Devangi S. Mehta,* Akanksha Sharma,* Xiaojun You,* Katherine A. Riester,*

James P. Sheridan,† Lakshmi S. Amaravadi,* Jacob S. Elkins,* and Jason D. Fontenot*

Regulatory T cells (Tregs) mediate immune tolerance to self and depend on IL-2 for homeostasis. Treg deficiency, dysfunction, and

instability are implicated in the pathogenesis of numerous autoimmune diseases. There is considerable interest in therapeutic

modulation of the IL-2 pathway to treat autoimmunity, facilitate transplantation tolerance, or potentiate tumor immunotherapy.

Daclizumab is a humanized mAb that binds the IL-2 receptor a subunit (IL-2Ra or CD25) and prevents IL-2 binding. In this

study, we investigated the effect of daclizumab-mediated CD25 blockade on Treg homeostasis in patients with relapsing-remitting

multiple sclerosis. We report that daclizumab therapy caused an ∼50% decrease in Tregs over a 52-wk period. Remaining

FOXP3+ cells retained a demethylated Treg-specific demethylated region in the FOXP3 promoter, maintained active cell cycling,

and had minimal production of IL-2, IFN-g, and IL-17. In the presence of daclizumab, IL-2 serum concentrations increased and

IL-2Rbg signaling induced STAT5 phosphorylation and sustained FOXP3 expression. Treg declines were not associated with

daclizumab-related clinical benefit or cutaneous adverse events. These results demonstrate that Treg phenotype and lineage

stability can be maintained in the face of CD25 blockade. The Journal of Immunology, 2015, 194: 84–92.

R
egulatory T cells (Tregs) are critical mediators of immune
tolerance to self. Tregs express high amounts of CD25,
the a-chain of the high-affinity IL-2 receptor, and depend

on IL-2 for development and maintenance (1, 2). Treg deficiencies
owing to genetic mutations in FOXP3, the lineage-defining tran-
scription factor, cause a lethal lymphoproliferative autoimmune
syndrome in humans and mice (3–6). Treg-mediated suppression
is a vital negative regulator of immune-mediated inflammation,
and Treg dysfunction is implicated in autoimmune and auto-
inflammatory disease (7, 8). Loss of Treg lineage identity and sub-
sequent development of a proinflammatory function by FOXP3+

cells has been proposed as a driver in the development of auto-
immune pathologies (9–11).
IL-2 is a pleiotropic cytokine that regulates the biology of

multiple immune cell types (12). There is considerable interest in
therapeutic modulation of the IL-2 pathway to treat autoimmunity,
facilitate transplantation tolerance, or potentiate tumor immuno-
therapy. As a growth factor for numerous cell types, including
both effector T cells and Tregs, IL-2 has opposing roles in both
potentiating and limiting innate and adaptive immunity (13). Thus,
the aggregate effect of therapeutic manipulation of IL-2 biology

in vivo, particularly the effect on IL-2–mediated effector T cell
response versus Treg-mediated immune tolerance, is not easily

predicted but is critical to understand.
Daclizumab, a humanized Ab that binds CD25 and blocks its

interaction with IL-2 (14), is currently in clinical development for

relapsing-remitting multiple sclerosis (RRMS), a T cell–mediated

neuroinflammatory disorder (15–17). Results from a 600-patient,

randomized, double-blinded, placebo-controlled trial demon-

strated that daclizumab has robust clinical efficacy (18). Thus, in

the context of a T cell–mediated autoimmune disease, the domi-

nant effect of targeting CD25 is reduction in autoimmune pa-

thology and therapeutic benefit.
IL-2 signaling is modulated, but not abrogated by Ab-mediated

blockade of CD25. CD25 acts to increase the affinity of the heter-

otrimeric high-affinity IL-2 receptor (CD122, CD132, and CD25) for

IL-2, but it does not contribute to the intracellular signal transduction

of the receptor (13). Consistent with the pleiotropic biology of IL-2,

the mechanism of action of daclizumab extends beyond direct

effects on T cells (19). In patients with RRMS, daclizumab therapy

causes an increase in circulating CD56bright NK cells (20, 21) and

a reduction in circulating lymphoid tissue inducer cells (22). These

effects are linked to increased intermediate-affinity receptor-

dependent IL-2 signaling, and they have been hypothesized to

contribute to the efficacy of daclizumab in RRMS.
Daclizumab therapy reduces the number of circulating Tregs

(21, 23). Based on the well-defined role for IL-2 in supporting Treg

homeostasis, this effect is not unexpected. However, the qualita-

tive and quantitative impact of CD25 blockade on Treg biology in

the context of human autoimmune disease has not been described.

The magnitude of the reduction in Tregs and the maintenance

of Treg lineage stability among FOXP3+ cells are of particular

concern. Recent work has suggested that CD25 blockade on Tregs

has the potential to destabilize Treg lineage identity and to gen-

erate a population of T cells biased for self-reactivity and pro-

duction of proinflammatory cytokines (24).
The present study was designed to determine the effect of in vivo

CD25 blockade on Treg phenotype and stability and to integrate
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these findings into our understanding of the mechanism of action of
daclizumab.

Materials and Methods
Patients

PBMCs, serum, and clinical data were collected in the SELECT phase II
clinical trial of the daclizumab high-yield process (DAC HYP) (18). This
study was conducted in accordance with the Declaration of Helsinki and
approved by an institutional review board at each study center. Each patient
provided written informed consent at enrollment. Healthy donor blood was
obtained from the Biogen Idec blood donor program under a protocol ap-
proved by the institutional review board. All donors provided written in-
formed consent. The SELECT trial is registered at ClinicalTrials.gov as
identifier NCT00390221.

Whole blood flow cytometry assay for Tregs

Flow cytometric analysis for Tregs was performed at LabCorp Clinical
Trials (Mechelen, Belgium) on Vacutainer-collected anticoagulated whole
blood specimens, shipped ambient temperature for next-day analysis. Treg
percentages, defined as CD4+CD127low/–FOXP3+ T cells, were deter-
mined using anti-CD3 (SK7), anti-CD4 (SK3), and anti-CD127 (M21)
from BD Biosciences (San Jose, CA). Anti-FOXP3 (PCH101) and rat
IgG2a isotype control Ab (eBR2a) were obtained from eBioscience (San
Diego, CA).

Treg-specific demethylated region analysis

Treg-specific demethylated region (TSDR) analysis was performed by
Epiontis (Berlin, Germany), as described previously (25). The method was
further developed and validated for use with cryopreserved PBMCs. Assay
modifications included expanding the standard curve range (30–31,250
copies per reaction), establishing the lower limit of quantification of the
assay at 30 copies per reaction, and inclusion of spiked plasmid and ref-
erence DNA quality control samples.

Flow cytometry immunophenotyping assay

Treg immunophenotyping was performed on cryopreserved PBMCs.
PBMCs were rapidly thawed and washed twice with warm X-VIVO 15
media (Lonza Group, Basel, Switzerland) before staining with anti-CD3
(SK7), anti-CD4 (SK3), anti-CD25 (MA-251), anti-CD31 (M89D3),
anti-CD127 (HIL-7R-M21), and anti-CD45RA (HI 100) from BD
Biosciences and anti-CD122 (TU27; BioLegend, San Diego, CA).
FOXP3 staining was done with a FOXP3-specific buffer system
(eBioscience) and anti-FOXP3 (236A/E7; eBioscience). For detection
of intracellular cytokine secretion, cells were activated with 50 ng/ml PMA
and 500 ng/ml ionomycin in the presence of GolgiStop Protein Transport
Inhibitor (BD Biosciences) for 3.5 h. After staining for cell surface
molecules, cells were fixed and permeabilized with an FOXP3-specific
buffer system (eBioscience) and stained with anti-FOXP3 (236A/E7;
eBioscience), anti–IL-17A (eBio64DEC17; eBioscience), anti–IL-2

(MQ1-17H12; BD Biosciences), anti–IFN-g (B27; BD Biosciences),
anti–CTLA-4 (BNI3; BD Biosciences), and anti–Ki-67 (B56; BD Bio-
sciences). At least 300,000 events were acquired on a BD LSR II (BD
Biosciences) flow cytometer for analysis using FlowJo software (Tree
Star, Ashland, OR).

Serum IL-2 measurement

An Imperacer immuno-PCR–based method for ultrasensitive quantifica-
tion of human IL-2 in serum in the range of 1–1000 pg/ml was developed
and validated (performed by Chimera Biotec, Dortmund, Germany).
Detection of serum IL-2 was performed in a sandwich immunoassay
format, using surface immobilized anti–IL-2 capture Ab in combination
with anti–IL-2 Ab-DNA detection conjugate (26). Assay validation in-
cluded assessment of standard curve performance, accuracy and preci-
sion, dilutional linearity, selectivity, and sample stability. If the sample
concentration result value was less than the lower limit of quantification
(,1 pg/ml), then a value of 0.5 pg/ml was assigned for the purpose of
data analysis.

STAT5 phosphorylation assay

Cryopreserved PBMCs were rapidly thawed and rested for 2 h at 37˚C in
X-VIVO 10 media (Lonza Group). PBMCs were then left untreated or
treated with DAC HYP (15 mg/m) or anti-CD122 (5 mg/m; clone TU27;
BioLegend), or both, for 30 min at 37˚C before being stimulated with
recombinant human IL-2 (R&D Systems, Minneapolis, MN) for 20 min at
37˚C. Cells were then fixed with Cytofix buffer (BD Biosciences) for
10 min at 37˚C and permeabilized with PhosFlow Buffer III (BD Bio-
sciences) for 30 min on ice. Cells were then stained with anti-CD3 (SK7),
anti-CD4 (SK3), anti-FOXP3 (259D/C7), anti-CD45RA (HI 100), anti-
CD25 (M-A251), anti-CD8 (RPA-T8), and anti-pSTAT5 (pY694) ob-
tained from BD Biosciences for 45 min at room temperature. At least
100,000 events were acquired on a BD LSR II for analysis using FlowJo
software.

Statistical analysis

For comparison of two groups, Student independent sample t test was used
for analysis of independent groups, and paired t test was used for analysis
of repeated measurements within identical groups of patients. When data
were not normally distributed, a nonparametric test (Mann–Whitney) was
used. Statistical analysis of Treg dynamics in the entire SELECT cohort
was performed using a negative binomial model with specific adjustments
(defined in Table I), or a Wilcoxon rank-sum test (defined in Table II).
Treatment response was defined by the ratio of observed to expected new
or newly enlarging T2 lesions, where the expected number of new or newly
enlarging T2 lesions was estimated from a negative binomial regression
model with covariates for baseline number of T2 lesions, treatment group,
baseline T2 volume, baseline Expanded Disability Status Scale score,
number of relapses in the previous year, and number of baseline
gadolinium-enhancing lesions. In all statistical analyses, a p value , 0.05
was considered significant.

Table I. Treg dynamics do not associate with treatment response in DAC HYP–treated patients

Treatment Responder Status Treg Measures n Mean Median SD Min Max pa

Quartile 4 response
(active MS)

Treg countsb at baseline 81 13.18 10.25 11.71 0.53 77.03 0.241

Treg counts at week 24 79 4.67 3.91 3.30 0.47 17.98 0.836
Treg counts at week 52 71 5.15 4.10 3.39 0.00 16.36 0.733
Percentage change of Treg counts from

baseline to week 24
77 20.39 20.63 0.75 20.96 3.80 0.412

Percentage change of Treg counts from
baseline to week 52

68 20.33 20.50 0.74 21.00 3.81 0.124

Quartile 1 response
(controlled MS)

Treg counts at baseline 84 14.40 11.54 10.27 0.55 56.59 –

Treg counts at week 24 79 5.05 3.68 4.41 0.46 19.51 –
Treg counts at week 52 80 5.88 4.48 5.02 0.33 29.13 –
Percentage change of Treg counts from

baseline to week 24
74 20.46 20.69 0.75 20.98 4.10 –

Percentage change of Treg counts from
baseline to week 52

74 20.23 20.68 1.85 20.96 14.60 –

aThe p values are from Wilcoxon rank-sum test.
bCounts represent cells/mm3 of whole blood.
max, maximum; min, minimum; MS, multiple sclerosis.
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Results
CD4+CD127low/–FOXP3+ cells decline in DAC HYP–treated
patients with RRMS

DAC HYP, a version of daclizumab developed for s.c. adminis-
tration, was recently studied in the SELECT trial (18). The effect of
DAC HYP on CD4+CD127low/–FOXP3+ cell numbers was deter-
mined by flow cytometric analysis of patients’ blood at baseline
and at multiple time points after treatment. Placebo-treated
patients had stable numbers of CD4+CD127low/–FOXP3+ cells
during the 52-wk study period, whereas CD4+CD127low/–FOXP3+

cells in DAC HYP–treated patients declined by ∼50% from
baseline to week 8 and then stabilized at subsequent time points in
the 52-wk study period (Fig. 1).

DAC HYP differentially affects Treg subsets and
Treg-associated markers

We sought to address whether the CD4+CD127low/–FOXP3+ cells
that remained in DAC HYP–treated patients retained the charac-
teristics of bona fide Tregs. Flow cytometry was used to identify
CD45RA+CD25+FOXP3+ resting Tregs (rTregs) and CD45RA–

CD25++FOXP3++ activated Tregs (aTregs) in PBMCs from a co-
hort of SELECT study patients (placebo, n = 34; DAC HYP, n =
75) (27). For comparison, canonical Tregs, as defined by CD4+

CD127low/–FOXP3+, were included in all analyses. In placebo-
treated patients with RRMS, both aTregs and rTregs remained
stable from baseline to week 24; however, DAC HYP therapy
resulted in a reduction in each Treg subset measured (Fig. 2A).
When the magnitude of change was analyzed, aTregs (45.8%
decline) were more significantly affected when compared with
rTregs (29.7% decline; p , 0.05). On both aTregs and rTregs,
CD25 expression significantly decreased with DAC HYP therapy,
whereas CD122 expression remained stable (Fig. 2B, 2C). Despite
the substantial decrease in CD25 expression, FOXP3 expression
was only modestly decreased in each Treg subset (mean change
from baseline of , 10%; Fig. 2D).

Tregs that remain in DAC HYP–treated patients maintain
a stable phenotype

Given the decline in CD4+CD127low/–FOXP3+ cells and the role
for IL-2 in maintaining Tregs, we next analyzed the phenotype of
the remaining FOXP3+ cells for characteristics of bona fide Tregs.
We assessed Ki-67 expression as a marker for actively cycling
cells in the rTreg and aTreg populations at baseline and week 24 in
DAC HYP– and placebo-treated patients with RRMS. To contrast
regulatory and effector T cell phenotype, CD4+ memory T cells

(Tmem; CD4+CD45RA–FOXP3–) were included in the analysis.
DAC HYP therapy did not affect the percentage of Ki-67+ rTregs
and aTregs (Fig. 3A). We next analyzed rTreg and aTreg produc-
tion of proinflammatory cytokines ex vivo. The production of IL-2,
IFN-g, and IL-17 remained low in Tregs, indicating that Tregs
were not acquiring an effector T cell phenotype (Fig. 3B–3D). We
also assessed the expression of CTLA4 and ICOS molecule. The
percentage of CTLA4+ cells within the rTreg and aTreg gates
modestly decreased (Fig. 3E), whereas ICOS+ cell percentages
remained consistent (Fig. 3F). By these metrics, Tregs present
during Ab-mediated CD25 blockade are phenotypically similar to
Tregs present before treatment or in untreated patients with RRMS.

Tregs that remain in DAC HYP–treated patients maintain
TSDR demethylation

Treg stability is epigenetically regulated at the FOXP3 locus (28–
30). Lineage-committed human Tregs can be distinguished from
transient FOXP3-expressing effector T cells by the presence of
a demethylated TSDR (27, 31, 32). Given the importance of IL-2
in driving FOXP3 expression and the modest decrease we ob-
served in FOXP3 expression in Tregs during DAC HYP therapy,
we sought to determine whether CD25 blockade effected TSDR
methylation status. To perform this analysis, we measured epi-
genetically committed, stable Tregs using a quantitative PCR
assay that enumerates Tregs based on the presence of a
demethylated TSDR, termed TSDR+ Tregs (25, 33). In addition,
total cells and CD3+ T cells were simultaneously quantified in the

Table II. Treg dynamics do not associate with CUT-AEs in DAC HYP–treated patients

AE Status Treg Measures n Mean Median SD Min Max pa

Diffuse rash CUT-AE Treg countsb at baseline 11 17.24 16.91 14.08 4.98 48.62 0.55
Treg counts at week 24 11 5.41 3.62 5.54 0.76 19.51 0.78
Treg counts at week 52 11 6.92 6.19 3.79 1.22 14.03 0.10
Percentage change of Treg counts from

baseline to week 24
11 20.41 20.70 0.99 20.98 2.53 0.38

Percentage change of Treg counts from
baseline to week 52

11 20.26 20.42 0.71 20.97 1.44 0.40

Non-AE Treg counts at baseline 315 13.38 11.52 9.20 0.53 77.03 –
Treg counts at week 24 295 4.96 3.96 3.67 0.00 22.64 –
Treg counts at week 52 282 5.36 4.23 3.91 0.00 29.13 –
Percentage change of Treg counts from

baseline to week 24
277 20.48 20.63 0.57 21.00 4.10 –

Percentage change of Treg counts from
baseline to week 52

262 20.38 20.61 1.11 21.00 14.60 –

aThe p values are from Wilcoxon rank-sum test.
bCounts represent cells/mm3 of whole blood.
AE, adverse event; CUT-AE, cutaneous adverse event; max, maximum; min, minimum; MS, multiple sclerosis; non-AE, patients who did not experience an adverse event.

FIGURE 1. CD4+CD127low/–FOXP3+ cells decline in DAC HYP–trea-

ted patients. Flow cytometry was performed on anticoagulated whole

blood samples to identify CD127low/–FOXP3+ Tregs in patients with

RRMS randomized to placebo (n = 175) or DAC HYP (n = 354). Gating

was based on isotype control staining. Data are shown as means 6 SD.

*p , 0.0001. BL, baseline; W, week.
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sample using epigenetic analysis of the GAPDH and CD3D/CD3G
loci, respectively, and TSDR+ Tregs were calculated as a per-
centage of total PBMCs or as a percentage of total CD3+ T cells.
In placebo-treated patients, TSDR+ Tregs were stable from

baseline through week 52 (Fig. 4A). In patients treated with DAC
HYP, there was a reduction in TSDR+ Tregs from baseline to weeks
24 and 52 (Fig. 4A), consistent with the decline in Tregs observed in
flow cytometric analyses. To demonstrate further that the Tregs that
remain during DAC HYP therapy maintain TSDR demethylation,
we compared the Treg flow cytometry analysis to TSDR+ Tregs.
Tregs identified by flow cytometry and TSDR analysis showed a
statistically significant positive correlation in both placebo- (r2 =
0.612; p, 0.0001) and DAC HYP–treated (r2 = 0.696; p, 0.0001)
patients (Fig. 4B). These results suggested that although Treg
numbers are reduced in DAC HYP–treated patients, remaining Tregs
maintain a demethylated TSDR, indicating that a stable and lineage-
committed Treg population is maintained during CD25 blockade.

Intermediate-affinity IL-2Rbg signaling induces pSTAT5 and
FOXP3 expression in Tregs

DAC HYP inhibits high-affinity CD25-dependent IL-2 signaling
while leaving intact intermediate-affinity IL-2Rbg signaling. To
identify potential CD25-independent Treg survival mechanisms,

we assessed intermediate-affinity IL-2 receptor expression on
regulatory and conventional CD4+ T cell subsets from PBMCs of
untreated patients with RRMS. CD25 and CD122 (IL-2Rb) were
more highly expressed on aTregs compared with rTregs (Fig. 5A,
5B). CD4+ naive and memory T cells expressed lower levels of
CD25 and CD122 than either rTregs or aTregs (Fig. 5A, 5B).
We then sought to determine how these differences in receptor

expression influenced pSTAT5 in response to IL-2 stimulation.
PBMCs from healthy donors were stimulated with IL-2 and
pSTAT5 was measured using flow cytometry. To distinguish be-
tween high- and intermediate-affinity IL-2R signaling, DAC HYP
was used in vitro to block IL-2 binding to CD25. Representative
histograms are shown in Fig. 5C. In the absence of DAC HYP,
CD25 expression level determined the magnitude of pSTAT5 in
response to IL-2 stimulation (Fig. 5C, 5D). When CD25 signaling
was blocked, CD122 expression level determined the magnitude
of pSTAT5. In the presence of an Ab that blocks IL-2 binding to
the IL-2Rb-chain (a-CD122 Ab), IL-2–mediated pSTAT5 was
completely inhibited. Thus, intermediate-affinity IL-2 receptor
signaling is preserved in the presence of DAC HYP.
IL-2–induced pSTAT5 engages STAT5-mediated FOXP3 ex-

pression (34, 35). To determine whether IL-2Rbg–mediated
pSTAT5 led to downstream FOXP3 expression, PBMCs from

FIGURE 2. DAC HYP differentially affects Treg subsets and Treg-associated markers. Flow cytometry was used to identify can Treg (CD127low/–

FOXP3+), rTreg (CD45RA+FOXP3+), and aTreg (CD45RA–FOXP3++) cell subsets in patients with RRMS treated with DAC HYP (n = 75) or placebo (n =

34). Analysis was conducted at BL and W24. (A) Representative dot plots within the CD3+CD4+ lymphocyte gate demonstrate Treg gating strategy. Scatter

plots demonstrate percentage of each Treg population within the CD3+CD4+ lymphocyte gate at BL and W24. Bar graphs demonstrate percentage change

of each Treg population from BL to W24. (B–D) Representative histograms gated on rTreg and aTreg subsets with the gMFI at BL (solid line) and W24

(dotted line). Scatter plots demonstrate gMFI of each Treg population at BL and W24. Bar graphs demonstrate percentage change in gMFI from BL to W24.

Excluding panel (A), data are shown as medians 6 interquartile range. *p , 0.0001, **p , 0.05, ***p , 0.001. aTreg, activated regulatory T cell; BL,

baseline; can, canonical; DAC HYP, daclizumab high-yield process; gMFI, geometric mean fluorescent intensity; W, week.
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healthy donors were stimulated with IL-2 for 24 h, and FOXP3
protein expression in aTregs and rTregs was measured by flow
cytometry. IL-2 stimulation alone led to 2.9-fold and 2.2-fold
inductions of FOXP3 in aTregs and rTregs, respectively (Fig. 5E,
5F). IL-2–mediated FOXP3 expression was reduced in the pres-
ence of DAC HYP, but significant FOXP3 induction still occurred
when compared with unstimulated Tregs. a-CD122 Ab inhibited
IL-2–mediated FOXP3 expression completely (no difference when
compared with baseline levels). Thus, IL-2Rbg signaling can in-
duce pSTAT5 and subsequent FOXP3 expression during Ab-
mediated blockade of CD25.

DAC HYP therapy increases serum IL-2 levels

We hypothesized that DAC HYP therapy can increase IL-2 bio-
availability by antagonizing the negative feedback loop that limits
IL-2 production by conventional CD4+ T cells or by limiting
CD25-mediated IL-2 consumption. IL-2 serum concentration was
measured in DAC HYP– and placebo-treated patients at baseline,

week 24, and week 52. CD25 blockade caused a significant and
sustained ∼2-fold increase in serum IL-2 at weeks 24 and 52
compared with baseline (Fig. 6). Of note, at baseline, 31% of DAC
HYP–treated patients had serum IL-2 levels below the limit of
detection, whereas by week 52, only 3% remained below the limit
of detection. Serum IL-2 levels were stable from baseline to
week 52 in placebo-treated patients. These results suggest that
intermediate-affinity IL-2Rbg signaling is actually enhanced in
DAC HYP–treated patients because of enhanced IL-2 availability.

Intermediate-affinity IL-2Rbg signaling induces pSTAT5 in
Tregs from DAC HYP–treated patients

DAC HYP therapy alters the cellular composition of PBMCs
(i.e., decreased Tregs and increased CD56bright NK cells), likely
altering competition for IL-2. To extend the observations in
healthy donor PBMCs and to determine whether Tregs from DAC
HYP–treated patients respond to IL-2 via IL-2Rbg signaling, we
performed ex vivo IL-2 stimulations of PBMCs from DAC HYP–

FIGURE 3. Tregs that remain in DAC HYP–treated patients maintain a stable phenotype. PBMCs from DAC HYP– (n = 27) and placebo-treated (n = 18)

patients with RRMS at BL and W24 were stimulated ex vivo with PMA and ionomycin in the presence of GolgiStop. Representative dot plots are gated on total

CD4+ T cells, rTregs (CD45RA+FOXP3+), or aTregs (CD45RA–FOXP3++) as indicated. All gates are based on isotype control staining (C, D, and F) or

fluorescence minus one control staining (A, B, and E). Scatter plots demonstrate the percentage of cells expressing each analyte within the CD4+ Tmem cell

population, rTreg, and aTreg subsets. Statistical analysis compared each analyte on each cell population at BL and W24. Data are shown as means6 SD. *p,
0.05, **p , 0.0001. BL, baseline; ND, not detectable; W, week.

88 IN VIVO HUMAN Treg MAINTENANCE DURING CD25 BLOCKADE

 by guest on M
ay 25, 2018

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


treated patients and compared the pSTAT5 at baseline to week 24.
CD25 receptor saturation with DAC HYP is maintained through
the cryopreservation and thawing process (data not shown),
making addition of exogenous DAC HYP to these ex vivo stim-
ulations unnecessary. All CD4+ T cell subsets analyzed in week 24
PBMCs stimulated with IL-2 had reduced pSTAT5 (Fig. 7A, 7B).
Addition of an a-CD122–blocking Ab resulted in near complete
inhibition of pSTAT5. Notably, naive and memory T cells have
lower expression of the IL-2Rb-chain (Fig. 5B) and subsequently
had little pSTAT5 at week 24 (Fig. 7B).

Tregs maintain a competitive advantage for IL-2 during CD25
blockade

Tregs have a competitive advantage for IL-2 over conventional
CD4+ T cells because of their high CD25 expression. Tregs also
express higher levels of the IL-2Rb chain than conventional CD4+

T cells do (Fig. 5B). We examined whether Tregs maintain a
competitive advantage over conventional T cells for IL-2 access
through intermediate-affinity IL-2Rbg signaling during CD25
blockade. PBMCs from DAC HYP–treated patients with RRMS at
baseline and week 24 were stimulated ex vivo with IL-2. pSTAT5
was measured in all CD4+ T cell subsets using flow cytometry. In
both baseline and week 24 samples, rTregs and aTregs had more
pSTAT5 when compared with naive and memory CD4+ T cells
(Fig. 7C). rTregs maintained a 1.6–1.9-fold advantage for IL-2
over naive CD4+ T cells, whereas aTregs maintained a 2.1–2.4-
fold advantage for IL-2 over memory CD4+ T cells. This result
suggests that in DAC HYP–treated patients, Tregs maintain
a competitive advantage for IL-2 over conventional T cells.

Treg changes do not predict DAC HYP therapy response or
cutaneous adverse events

Treg dysfunction is implicated in RRMS pathogenesis (36–43).
Notably, DAC HYP has demonstrated robust clinical efficacy de-
spite an overall ∼50% reduction in circulating Tregs. We investi-
gated whether individual variation in changes in Treg numbers was
associated with DAC HYP therapy response. For this analysis, we
compared top-quartile responders (controlled multiple sclerosis) to
the bottom-quartile responders (active multiple sclerosis) as de-
scribed in detail in Materials and Methods. Comparisons of Treg
counts (Tregs/mm3 of whole blood) at baseline revealed no sig-
nificant difference between high- and low-responder quartiles

(Table I). Because DAC HYP therapy causes a decline in Tregs, we
also analyzed Treg counts at weeks 24 and 52 and the percentage
change from baseline to weeks 24 and 52. These parameters did
not associate with treatment response (Table I).
Approximately 20% of patients treated with DAC HYP in the

SELECT trial experienced skin rashes defined as cutaneous adverse
events (CUT-AEs), compared with 13% in the placebo group (18).
Based on case review from an independent dermatologist who was
blinded to information about Treg analyses, we identified 11
patients in SELECTwho experienced a pattern of diffuse rash that
was consistent with a potential role for DAC HYP. An analysis of
Tregs in these 11 CUT-AE patients and in patients who did not
experience an adverse event showed no association with Treg
measurements at baseline, week 24, week 52, or the change in
Tregs from baseline to weeks 24 or 52 (Table II).

Discussion
The goal of this study was to understand the in vivo effects of CD25
blockade on human Treg phenotype and lineage stability. Results
showed that over a 52-wk period, CD4+CD127low/–FOXP3+ cell
numbers declined by ∼50% in DAC HYP–treated patients with
RRMS. FOXP3+ cells that remained maintained the phenotypic
and epigenetic properties of Tregs and did not acquire effector
T cell characteristics. These data support the important finding
that human Treg phenotype and lineage stability can be sustained
through CD25-independent signaling mechanisms.
Loss of Treg lineage identity and development of proinflam-

matory functions by Tregs has been proposed as a driver in the
development of autoimmune pathologies. In mice, the majority of
Tregs are stable during immune homeostasis; however, in certain
inflammatory conditions Treg instability is observed (9, 11, 44–46).
The role of the IL-2 axis in this process is still unclear. NOD mice,
which have a genetic deficiency in IL-2 signaling, have decreased
FOXP3 expression and increased propensity for Treg instability (9).
Rubtsov et al. (45) demonstrated that IL-2 deprivation led to a de-
crease in total FOXP3+ cells and a modest decrease in FOXP3
protein expression at the single-cell level, but it did not cause
conversion of Tregs to an effector T cell phenotype (45). This result
is strikingly similar to our observations in patients with RRMS
treated with DAC HYP, wherein both rTregs and aTregs decline,
FOXP3 expression is only modestly decreased (,10%), TSDR
demethylation is maintained, and there is no increase in IL-2, IFN-
g, or IL-17 production. In addition, the result that Tregs in DAC
HYP–treated patients maintained Ki-67 expression is of signifi-
cance, because Treg self-renewal has been shown to be a major
mechanism that maintains the Treg population (45). One possible
caveat to our analysis would be if some Tregs completely lost
expression of FOXP3 during CD25 blockade. Such cells would not
be traceable and thus cannot be analyzed; however, our analysis of
effector CD4+ T cell populations did not reveal an increase in
proinflammatory cytokine-producing cells.
Regarding the functional status of the Tregs that remain in DAC

HYP–treated patients, DAC HYP therapy results in a significant
decrease in CD25 expression (Fig. 2B) (47), thus preventing the
identification and purification of Tregs to perform classical in vitro
suppression assays. Despite this technical limitation, our analysis
demonstrating that Treg cytokine production, Ki-67 expression, and
TSDR status are stable between baseline and week 24 strongly
suggests that Tregs maintain their functional identity. Although we
cannot rule out subtle changes to Treg-suppressive function in DAC
HYP–treated patients, TSDR+ Tregs have consistently been dem-
onstrated to represent functionally suppressive Tregs (27, 31, 32).
Given the stabilization of Treg numbers after 8 wk of DAC

HYP therapy, we hypothesized that a CD25-independent signaling

FIGURE 4. Tregs that remain in DAC HYP–treated patients maintain

TSDR demethylation. TSDR demethylation analysis was performed on

PBMCs from DAC HYP– (n = 85) and placebo-treated (n = 43) patients

with RRMS using bisulfite-converted genomic DNA in a quantified PCR

assay. (A) TSDR+ Tregs as a percentage of total PBMCs at BL, W24, and

W52 in placebo- and DAC HYP–treated patients. Data are shown as

medians 6 interquartile range. (B) Correlation of Tregs identified by

TSDR+ analysis or flow cytometry at W24 for placebo (gray circles) or

DAC HYP (black squares) treatment groups. For each method, data are

shown as a percentage of CD3+ cells. r2 values were derived using

Spearman correlation. **n = 19 for placebo at W24. *p , 0.0001. BL,

baseline; W, week.
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pathway sustained the remaining Tregs. Our results showed that
IL-2 signaling through the intermediate-affinity IL-2Rbg is preserved
in Tregs during CD25 blockade, and it can induce pSTAT5 and
subsequent FOXP3 expression. Consistent with the expected ef-
fect of daclizumab on effector T cells (14), the pSTAT5 data
also showed a reduction in the ability of naive and memory-
conventional CD4+ T cells to respond to IL-2. These results

suggested that daclizumab raises the threshold for IL-2 signaling
in all T cell populations, yet Tregs maintain a competitive ad-
vantage for IL-2 over effector T cells.
Consistent with in vitro studies demonstrating that IL-2 signal-

ing inhibits its own production (48) and the potential for reduced
IL-2 consumption during CD25 blockade, these findings demon-
strated that DAC HYP therapy resulted in increased serum IL-2 levels.

FIGURE 5. Expression of the IL-2R components

drives pSTAT5 kinetics and FOXP3 expression. (A and

B) Flow cytometry was performed on PBMCs from

untreated patients with RRMS (n = 109) to identify Treg

subsets and CD4+ naive and Tmem cells. gMFI was

quantified for (A) CD25 or (B) CD122 on each cell

population. (C and D) Healthy donor PBMCs were

freshly isolated from whole blood and stimulated with

IL-2 in the presence of DAC HYP or DAC HYP plus

a-CD122. pSTAT5 was measured by flow cytometry

using PhosFlow. Data are representative of six inde-

pendent experiments. (E and F) Healthy donor PBMCs

were freshly isolated from whole blood and stimulated

with IL-2 for 24 h. Flow cytometry was used to identify

FOXP3 expression in (E) aTregs and (F) rTregs. Fold

change was calculated using FOXP3 gMFI and nor-

malizing to the no-stimulation condition for each sam-

ple. Data are shown as mean 6 SD. *p , 0.0001, **p ,
0.001. can, canonical; gMFI, geometric mean fluorescent

intensity; mem, memory.
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This increase in serum IL-2 likely enhances IL-2Rbg signaling
over homeostatic conditions in the absence of CD25 blockade and
contributes to Treg maintenance. It previously has been hypoth-
esized, but not demonstrated, that a daclizumab-mediated increase
in circulating IL-2 also can contribute to observed increases in
CD56bright NK cell numbers in daclizumab-treated patients (21).
Our data provide in vivo confirmation that CD25 blockade
increases circulating IL-2 levels in humans, which suggests that
this effect contributes to the expansion of CD56bright NK cells and
the maintenance of reduced but stable numbers of Tregs.
The exact mechanism by which DAC HYP reduces Treg numbers

is unclear and is difficult to determine experimentally in vivo.
In vitro, DAC HYP does not cause complement dependent cyto-
toxicity and causesminimal Ab-dependent cellular cytotoxicity (Ref.
24 and data not shown). Because IL-2 signaling promotes Treg
survival, it is difficult to define whether DAC HYP reduces Treg
numbers through Ab-dependent cellular cytotoxicity, by blocking
the IL-2 survival signal, or a combination of these two mechanisms.
The cellular and molecular factors that trigger the adverse events

observed in the SELECT trial remain unclear. Our results dem-
onstrate that Treg numbers and the change in Treg numbers do not
associate with cutaneous adverse events. Analysis of other immune
cell changes in DAC HYP–treated patients, particularly the ex-
pansion of CD56bright NK cells, also did not reveal an associa-
tion with adverse events (data not shown). The origin of adverse
events in DAC HYP–treated patients may be more complex than
a change in a single immune cell population. This area of inves-
tigation is active.
In considering the role of Tregs in human autoimmune disease,

the robust efficacy of daclizumab in patients with RRMS despite
the significant decline in Tregs is notable, particularly given the
numerous reports suggesting that Treg dysfunction contributes
to RRMS pathogenesis (36–39, 41–43). However, the effect of
daclizumab on Tregs does not occur in isolation. Reduction in
Tregs must be considered in the context of the effects of CD25
blockade on effector T cells. In addition, daclizumab has profound
effects on cells of the innate immune system, including an ex-
pansion of CD56bright NK cells (20, 21, 49, 50). It has been pro-
posed that CD56bright NK cells play an immunoregulatory role
through a granzyme K–mediated targeting of activated effector
T cells (49). Thus, expansion of CD56bright NK cells might con-
tribute to the efficacy of daclizumab and the maintenance of im-
mune tolerance by keeping autoreactive T cells in check.

In conclusion, our results demonstrated that in the face of CD25
blockade, human FOXP3+ cells decline in number but retain the
phenotypic and functional characteristics of the Treg lineage. In the
context of a T cell–mediated autoimmune disease, the aggregate
effect of long-term blockade of CD25-dependent IL-2 signaling is
a reduction in autoimmune pathology and therapeutic benefit.
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