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Abstract Tregulatory (Tr) cells have anessential role in the inductionandmaintenance
of tolerance to both and foreign self-antigens. Many types of T cells with regulatory
activity have been described in mice and humans, and those within the CD4+ subset
have been extensively characterized. CD4+ Type-1 regulatory T (Tr1) cells produce
high levels of IL-10 and mediate IL-10-dependent suppression, whereas the effects of
naturally occurring CD4+CD25+ Tr cells appear to be cell-contact-dependent. Tr1 cells
arise in the periphery upon encountering antigen in a tolerogenic environment. In
contrast, it appears thatCD4+CD25+ Trcells caneitherarisedirectly in the thymusorbe
induced by antigen in the periphery. We have been interested in defining the phenotype
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and function of different subsets of CD4+ Tr cells present in human peripheral blood,
with the ultimate aim of designing therapeutic strategies to harness their immunoreg-
ulatory effects. This review will discuss the similarities and differences between human
Tr1 and naturally occurring CD4+CD25+ Tr cells, as well as evidence that indicates
that they have nonoverlapping, but synergistic roles in immune homeostasis.

Abbreviations
Ag Antigen
APCs Antigen-presenting cells
DCs Dendritic cells
GITR Glucocorticoid-induced TNFR superfamily member 18
GVHD Graft versus host disease
SIT Specific immunotherapy
Tr T regulatory
Tr1 Type-1 T regulatory

1
Introduction

T regulatory (Tr) cells have an essential role in the induction and maintenance
of tolerance to both and foreign self-antigens (Ags). Many types of T cells with
regulatory activity have been described in mice and humans [83, 85, 90, 107],
and those within the CD4+ subset have been extensively characterized. CD4+

Type-1 T regulatory (Tr1) cells arise in the periphery upon encountering Ag in
a tolerogenic environment via a process that requires IL-10. Tr1 cells produce
high levels of IL-10 themselves, and mediate IL-10-dependent suppression of
T cell responses. In contrast, CD4+CD25+ Tr cells can either arise directly in
the thymus (the so-called naturally occurring subset) or be induced by Ag in
the periphery. Naturally occurring CD4+CD25+ Tr cells do not produce IL-
10, and mediate cell-contact-dependent suppression. We have been interested
in better defining the phenotype and function of these different subsets of
CD4+ Tr cells present in human peripheral blood, with the ultimate aim of
designing therapeutic strategies that harness their immunoregulatory effects.
In this review, we will discuss the similarities and differences between human
Tr1 and CD4+CD25+ Tr cells, and evidence that indicates that they have
nonoverlapping, but nevertheless synergistic roles in immune homeostasis.

2
Tr1 Cells

Tr1 cells were first defined in in vitro differentiation systems that involved
priming CD4+ T cells in the presence of exogenous IL-10 [40]. These IL-
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10-anergized T cells appear to undergo two stages of differentiation. First,
they become nonresponsive and fail to proliferate or produce cytokines in
response to Ag-specific or polyclonal activation [24, 40]. In this intermediate
stage, although the T cells have already acquired the capacity to suppress naive
T-cell responses, this function is not dependent on production of immuno-
suppressive cytokines, but is cell-contact-dependent [24]. A second stage of
differentiation occurs following forced proliferation in vitro [42], and likely
following repeated Ag exposure in vivo. The previously anergic cells regain
some ability to proliferate, and acquire a unique profile of cytokine produc-
tion (IL-2-/low, IL-4–, IL-5+, IL-10+, TGF-β+), which is distinct from those of
classical Th0, Th1, or Th2 cells [42]. In addition to IL-10 and TGF-β, human
Tr1 cells also produce IFN-γ, although at levels that are at least 1 log lower
than those produced by Th1 cells [8, 62]. In contrast, murine Tr1 cells usually
do not produce IFN-γ [42]. The finding that these fully differentiated Tr1 cells
mediate IL-10- and TGF-β-dependent suppression in vitro and in vivo, in both
Th1 and Th2-mediated diseases [60, 82], sparked intensive interest in better
defining their origins, phenotype, and potential clinical application.

2.1
Origins

In addition to T-cell priming in the presence of exogenous IL-10, many other
methods can be used to promote the differentiation of Tr1 cells. Indeed, in the
absence of antigen presenting cells (APCs), IL-10 alone is relatively inefficient
at generating Tr1 cells, and addition of IFN-α can enhance its effects [62]. This
was recently confirmed in vivo upon treatment with G-CSF, which appears to
induce Tr1 cells via induction of IL-10 and IFN-α [84]. Stimulation of T cells in
the presence of immunosuppressants such as vitamin D3 and dexamethasone
has a similar Tr1-inducing effect, which depends on induction of autocrine
IL-10 [12]. Interestingly, co-stimulation via CD2 [105] or with antibodies
against CD46, a receptor that binds and inactivates complement C3b [52],
also results in the generation of Tr1 cells. A general conclusion from these
studies conducted in the absenceofAPCs, is that IL-10, be it fromanautocrine,
paracrine, or exogenous source, is necessary, but probably not sufficient, for
the differentiation of Tr1 cells.

Many groups have investigated the capacity of different subsets of APCs
to prime Tr1 cells. We recently studied the capacity of immature dendritic
cells (DCs) to drive the differentiation of Tr1 cells upon repeated stimulation
of naive peripheral blood CD4+ T cells. Allogeneic immature DCs prime Tr1
cells via an IL-10-dependent mechanism, and the resulting cells suppress
proliferation and cytokine production by an IL-10- and TGF-β-dependent
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mechanism [61]. Induction of Tr1 cells by immature DCs does not require the
presence of CD4+CD25+ Tr cells, and the resulting cells do not express high
levels of CD25, providing further evidence that Tr1 and CD4+CD25+ Tr cells
are distinct subsets (see also below). In contrast, when immature DCs are used
to prime CD4+ T cells isolated from cord blood, although the resulting T cells
do produce IL-10, they do not mediate cytokine-dependent suppression [48].
The reason for this difference is not clear, but may be related to the fact that
CD4+ T cells from cord blood contain proportionally more CD4+CD25+ Tr
cells and IL-10-producing cells than do adult peripheral blood T cells [62, 111],
and therefore CD4+CD25+ Tr cells could have contaminated the cultures.

In addition to immature DCs, DCs that have developed and/or been ac-
tivated in the presence of a variety of tolerogenic stimuli, including IL-10
itself [106], vitamin D3 [77], cholera toxin [58], or Bordetella pertussis toxin
[71], all promote the differentiation of Tr1 cells. Although these agents seem
to have little in common, they all in fact lead to suppression or inhibition
of NFκB activation. In the absence of functional NFκB activity, IL-12 secre-
tion would be inhibited, resulting in DCs that could predominantly secrete
IL-10. In support of this concept, DCs that are genetically deficient for RelB
(an NFκB family member) and lack expression of CD40, efficiently drive Tr1
differentiation [70]. Moreover, T cells primed with DCs previously treated
with a proteasome inhibitor, which inhibits the degradation of IkB (and thus
activation of NFkB), become Tr-like cells [113]. Thus, in the absence of a
“normal” inflammatory response, Ag-loaded DCs might by default generate
regulatory rather than effector T cells. Key open questions in this scenario
include: where would priming of Tr1 cells take place in vivo? and would the
resulting Tr1 cells always be phenotypically and functionally identical regard-
less of the tolerizing stimuli? Careful studies on the trafficking of tolerogenic
DCs, the sites of DC–T cell interaction, and definition of molecular markers
for Tr1 cells will be required to address these questions.

2.2
Phenotype

Currently, the defining phenotype of Tr1 cells is solely based on cytokine
production, with the most consistent finding being T cells that secrete IL-10,
but not IL-4, and very little, if any, IL-2. An unresolved question is whether co-
secretion of TGF-β should also be included as part of the definition of Tr1 cells.
Many reports describe a role for both IL-10 and TGF-β in their suppressive
effects [26, 42, 116], whereas others describe an exclusive role for IL-10 [30].
Suppressive phenomena that are entirely dependent on T-cell-derived TGF-β
have been attributed to either Th3 [23] or CD4+CD25+ Tr cells [74]. Until more
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reliable molecular markers of these different subsets of Tr cells are found, we
would argue that suppressive effects mediated by T-cell-derived IL-10 should
be attributed to Tr1 cells, regardless of the presence or absence of TGF-β.

Like most Tr cells, Tr1 cells proliferate poorly following polyclonal or Ag-
specific activation, but their proliferation can be significantly enhanced by
exogenous IL-2 and/or IL-15 [8]. Despite this low proliferative capacity, Tr1
cells express normal levels of T-cell activation markers such as CD25, CD40L,
CD69, HLA-DR, and CTLA-4 [8]. It should be noted that since Tr1 cells
upregulate CD25 normally when activated, they could potentially fall into the
CD25+ pool. An important distinction from bona fide CD4+CD25+ Tr cells is
that they do not continue to express high levels of CD25 in the resting phase.
Thus, cells that are found to be IL-10+ and CD25+ should be re-analyzed for
expression levels of CD25 after in vitro culture and entry into resting phase.

The difficulties associated with defining Tr1 cells solely on the basis of
cytokine production have led to many studies designed to identify specific
cell-surface markers. In the resting state, Tr1-cell clones constitutively express
high levels of the IL-2/-15Rβ and γ common chains [8], and a vast repertoire
of chemokine receptors, including some previously associated with the Th1
or Th2 phenotypes [89]. Notably, expression levels of FoxP3 (a transcription
factor associated with CD4+CD25+ Tr cells, see below) in Tr1 cells do not differ
from those in normal activated CD4+ T cells ([102, 107] and our unpublished
data). The group of Waldmann et al. has performed extensive serial analysis
of gene expression (SAGE) experiments on murine Tr1 clones, and reported
that prepro-enkephalin, GM2 ganglioside activator protein, glucocorticoid-
induced TNFR superfamily member 18 (GITR), and integrin αEβ7 (CD103)
are all potential markers of Tr1 cells [114]. Further work to validate the
specificity of these molecules, and to identify more Tr1-specific genes is re-
quired.

2.3
Mechanisms of Action and Functions

Tr1 cells regulate the responses of naive and memory T cells in vitro and in
vivo and can suppress both Th1 and Th2 cell-mediated pathologies [39, 82].
Via production of suppressive cytokines, Tr1 cells exert suppressive effects
on a variety of cell types in addition to T cells. For example, supernatants
from activated Tr1 cells strongly reduce the capacity of DCs to induce alloAg-
specific proliferation [22, 59]. Tr1-cell clones also suppress the production of
immunoglobulins by B cells [54]. Furthermore, via local secretion of IL-10, it
is likely that Tr1 cells will also educate naive CD4+ T cells to become Tr1 cells.
Data indicating that TGF-β is a differentiation/growth factor for CD4+CD25+
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Tr cells [112], suggest that Tr1 cells may also be able to promote different
Tr-cell subsets.

Evidence from both murine and human studies indicates that the major
function of Tr1 cells is to control homeostasis of the response to foreign
Ags in the periphery. Although Tr1 cells can also recognize self-Ags [43, 54]
and tumor Ags [109], a majority of studies have reported IL-10-dependent
regulation of responses to allergens, pathogens and alloAgs. Tr1 cells seem
to be of particular importance in mucosal tissues, where foreign Ags are
first encountered. Indeed, mucosal tissues may contain specialized subsets of
dendritic cells that are dedicated to priming Tr1 cells [3, 4]. Also of particular
interest is the remarkable ability of many bacteria [57, 71], parasites [88], and
viruses [69, 66] to actively promote the generation of Tr1 cells. Study of the
mechanisms that pathogens have evolved over millions of years to promote
the generation of Tr1 cells will undoubtedly lead to new therapeutic strategies
to induce their generation in clinically relevant situations.

2.4
In Vivo Evidence for Tr1 Cells in Humans

Following widespread revival of the concept of active suppression and armed
with a phenotype (i.e., IL-10 production in the absence of IL-2 or IL-4) and
the in vitro suppression assay, many groups have designed studies aimed at
assessing the quantitative and qualitative presence of Tr1 cells in a variety of
disease settings. Unfortunately, due to the ease of using CD25 as a marker to
track and isolate Tr cells ex vivo, it is sometimes hard to dissect whether an
effect attributed to IL-10+CD25+ Tr cells involves classical Tr1 cells, naturally
occurring CD4+CD25+ Tr cells, Ag-induced CD4+CD25+ Tr cells, or some
combination of these three cell types. Recent data that indicate CD4+CD25+

Tr cells may have a role in inducing both IL-10 and/or TGF-β-producing
cells [30, 92] strongly suggest that the latter case may often be true. Table 1
highlights some recent reports that have found IL-10-producing Tr1 cells
specific for a variety of Ags in humans. There is also an impressive number
of studies that have found evidence of functional Tr1 cells in a variety of
murine models (reviewed in [39, 41, 60, 82]). A general conclusion from these
studies is that Tr1 cells are undoubtedly present naturally in vivo in both mice
and humans, and regulate responses to a wide variety of Ags. However, thus
far, it has been difficult to conduct quantitative studies that correlate relative
numbers of Tr1 cells with clinical status.



Differences Between Human CD4+CD25+ and Type 1 Regulatory T Cells 309
Ta

bl
e

1
Su

m
m

ar
y

of
so

m
e

re
ce

nt
st

ud
ie

s
th

at
sh

ow
qu

an
ti

ta
ti

ve
an

d/
or

fu
nc

ti
on

al
ch

an
ge

s
in

Tr
1

or
C

D
4+

C
D

25
+

Tr
ce

lls
in

a
va

ri
et

y
of

hu
m

an
di

se
as

es
(c

on
ti

nu
ed

on
ne

xt
pa

ge
)

Tr
1/

CD
25

Ag
sp

ec
ifi

ci
ty

Co
m

m
en

ts
Re

fe
re

nc
e(

s)

Au
to

im
m

un
it

y

He
m

ol
yt

ic
an

em
ia

Tr
1

Rh
D

M
ap

pe
d

Tr
1-

sp
ec

ifi
ce

pi
to

pe
s

[4
3]

M
ul

tip
le

sc
le

ro
sis

CD
25

Un
kn

ow
n

Nu
m

be
rs

no
ta

ffe
ct

ed
by

tr
ea

tm
en

tw
ith

[8
0]

Co
pa

xo
ne

or
IF

N-
α

CD
25

Un
kn

ow
n

Al
th

ou
gh

nu
m

be
rs

ar
e

no
rm

al
,

[1
03

]
su

pp
re

ss
iv

e
fu

nc
tio

n
ab

no
rm

al

Sy
st

em
ic

lu
pu

se
ry

th
em

at
os

us
CD

25
Un

kn
ow

n
De

cr
ea

se
d

nu
m

be
rs

in
pa

tie
nt

s’
PB

M
Cs

;n
o

fu
nc

tio
na

ld
at

a
[6

5]

Rh
eu

m
at

oi
d

ar
th

rit
is

CD
25

Un
kn

ow
n

Sy
no

vi
al

flu
id

fro
m

pa
tie

nt
sc

on
ta

in
sf

un
ct

io
na

lT
rc

el
ls

[2
0,

29
]

Au
to

im
m

un
e

po
ly

gl
an

du
la

r
CD

25
Un

kn
ow

n
Al

th
ou

gh
nu

m
be

rs
ar

e
no

rm
al

,
[5

6]
sy

nd
ro

m
e

ty
pe

II
su

pp
re

ss
iv

e
fu

nc
tio

n
ab

no
rm

al

Pe
m

ph
ig

us
Vu

lg
ar

is
Tr

1
De

sm
og

le
in

3
Cl

as
sic

al
Ag

-s
pe

ci
fic

Tr
1

cl
on

es
fo

un
d

in
he

al
th

y
do

no
rs

[1
00

]

M
ya

st
he

ni
a

Gr
av

is
CD

25
Un

kn
ow

n
No

rm
al

nu
m

be
rs

in
th

ym
us

,b
ut

[1
1]

se
ve

re
ly

co
m

pr
om

ise
d

fu
nc

tio
n

Ca
nc

er

Ho
dg

ki
n’
sl

ym
ph

om
a

Tr
1

an
d

CD
25

Un
kn

ow
n

Su
pp

re
ss

io
n

in
vi

tr
o

la
rg

el
y

IL
-1

0-
de

pe
nd

en
t

[6
8]

Ga
st

ro
in

te
st

in
al

an
d

CD
25

,p
os

sib
ly

Tr
1

Un
kn

ow
n

Hi
gh

er
pr

op
or

tio
n

in
PB

M
Cs

an
d

[4
5,

87
]

es
op

ha
ge

al
m

al
ig

na
nc

ie
s

as
ci
te

sc
or

re
la

te
sw

ith
po

or
pr

og
no

sis

M
el

an
om

a
CD

25
an

d
Tr

1
LA

GE
1

Ag
-s

pe
ci
fic

cl
on

es
pr

od
uc

e
hi

gh
le

ve
ls

of
IL

-1
0,

[1
09

]
bu

tm
ed

ia
te

co
nt

ac
t-

de
pe

nd
en

ts
up

pr
es

sio
n

CD
25

,p
os

sib
ly

Tr
1

Un
kn

ow
n

Tw
of

ol
d

in
cr

ea
se

d
fre

qu
en

cy
in

m
et

as
ta

tic
ly

m
ph

no
de

s
[1

04
]

O
va

ria
n

ca
rc

in
om

a
CD

25
He

r2
Tr

ce
lls

tr
af

fic
to

th
e

tu
m

or
vi

a
CC

R4
-C

CL
22

in
te

ra
ct

io
ns

;
[2

8]
th

ei
rp

re
se

nc
e

pr
ed

ic
ts

po
or

su
rv

iv
al



310 M. K. Levings · M. G. Roncarolo

Ta
bl

e
1

(c
on

ti
nu

ed
)

Tr
1/

CD
25

Ag
sp

ec
ifi

ci
ty

Co
m

m
en

ts
Re

fe
re

nc
e(

s)

In
fe

ct
io

us
di

se
as

es

EB
V

Tr
1

LM
P1

IL
-1

0-
de

pe
nd

en
ts

up
pr

es
sio

n
[6

9]

On
ch

oc
er

ci
as

is
Tr

1
On

ch
oc

er
ca

Ag
s

Cl
as

sic
al

Ag
-s

pe
ci
fic

Tr
1-

ce
ll

cl
on

es
[8

8]
(ri

ve
rb

lin
dn

es
s)

fo
un

d
in

ch
ro

ni
ca

lly
in

fe
ct

ed
pa

tie
nt

s

He
pa

tit
is

C
Tr

1
HC

V
co

re
pr

ot
ei

n
HC

V
co

re
-s

pe
ci
fic

Tr
1

ce
ll

cl
on

es
iso

la
te

d
[6

6]
fro

m
ch

ro
ni

ca
lly

in
fe

ct
ed

pa
tie

nt
s

HI
V

an
d

CM
V

CD
25

vi
ra

lA
gs

De
pl

et
io

n
of

CD
25

+
ce

lls
en

ha
nc

es
in

vi
tr
o

re
sp

on
se

st
o

vi
ra

lA
gs

[1
]

Al
le

rg
y

Ca
ta

lle
rg

y
Tr

1
Fe

lD
1

Tr
1

ce
lls

pr
es

en
ti

n
no

rm
al

an
d

al
le

rg
ic

su
bj

ec
ts

,
[8

1]
bu

ti
nc

re
as

e
fo

llo
w

in
g

SI
T

Gr
as

sp
ol

le
n

al
le

rg
y

Tr
1

an
d

CD
25

Ph
le

um
pr

at
en

se
In

cr
ea

se
in

nu
m

be
rs

of
CD

25
+
IL

-1
0+

T
ce

lls
fo

llo
w

in
g

SI
T

[3
6]

Ho
us

e
du

st
an

d
Tr

1
an

d
CD

25
De

rp
1

an
d

Be
tv

1
Tr

1
ce

lls
pr

es
en

ti
n

no
rm

al
do

no
rs

an
d

in
cr

ea
se

[5
0]

bi
rc

h
po

lle
n

al
le

rg
ie

s
fo

llo
w

in
g

SI
T

in
al

le
rg

ic
pa

tie
nt

s

Al
le

rg
ic

rh
in

iti
s

CD
25

Gr
as

so
rb

irc
h

No
di

ffe
re

nc
e

in
nu

m
be

rs
be

tw
ee

n
[1

5]
po

lle
n

ex
tr
ac

ts
no

rm
al

do
no

rs
an

d
al

le
rg

ic
pa

tie
nt

s

Ni
ck

el
al

le
rg

y
CD

25
Ni

ck
el

Pr
es

en
ti

n
no

rm
al

PB
M

Cs
,a

lle
rg

ic
pa

tie
nt

sn
ot

in
ve

st
ig

at
ed

[2
1]

Tr
1

Ni
ck

el
Ni

ck
el

-s
pe

ci
fic

Tr
1

cl
on

es
[2

2]

Ce
lia

cd
ise

as
e

Tr
1

Gl
ia

di
n

Tr
1

cl
on

es
iso

la
te

d
fro

m
m

uc
os

a
of

pa
tie

nt
si

n
re

m
iss

io
n

[3
7]

Tr
an

sp
la

nt
at

io
n

Al
lo

ge
ne

ic
he

m
at

op
oi

et
ic

CD
25

Un
kn

ow
n

Pa
tie

nt
sw

ith
ch

ro
ni

cG
VH

D
ha

d
el

ev
at

ed
nu

m
be

rs
of

fu
nc

tio
na

l
[2

5]
st

em
ce

ll
tr
an

sp
la

nt
at

io
n

CD
4+

CD
25

+
T

ce
lls

;d
id

no
ta

ss
es

sa
llo

Ag
-s

pe
ci
fic

su
pp

re
ss

io
n

CD
25

Un
kn

ow
n

Pa
tie

nt
sw

ith
GV

HD
re

ce
iv

ed
gr

af
ts

co
nt

ai
ni

ng
sig

ni
fic

an
tly

hi
gh

er
[9

1]
fre

qu
en

ci
es

of
CD

4+
CD

25
+

T
ce

lls

Tr
1

Ho
st

al
lo

Ag
Do

no
r-
de

riv
ed

Tr
1

ce
ll

cl
on

es
sp

ec
ifi

cf
or

ho
st

al
lo

Ag
si

so
la

te
d

ex
vi

vo
[7

]



Differences Between Human CD4+CD25+ and Type 1 Regulatory T Cells 311

3
Naturally Occurring Human CD4+CD25+ Tr Cells

Like their murine counterparts, CD4+CD25+ Tr cells isolated from human
peripheral bloodconstitutively express the IL-2Rα chain [10, 78, 86].However,
in contrast to mice, where a distinct population of CD25+CD4+ cells can be
identified by flow cytometry, human peripheral blood mononuclear cells
(PBMCs) reveal a continuum of CD25 expression, with up to 20% of cells
being positive if gates are set based on control antibodies. However, only the
brightest CD25+ cells (~3% of CD4+ cells) are highly enriched for Tr activity,
and the intermediate CD25+ population contains a highly variable mixture
of Tr cells and activated effector cells [9, 10]. Thus, in the human system,
FACS sorting must be employed if long-term Tr cell lines and/or clones are to
be generated. In fact, even the CD4+CD25bright population does not contain
Tr cells exclusively [64]. To accurately asses the purity of Tr cells within
a population of CD25+ cells, they must be allowed to rest in vitro; only true
CD4+CD25+ Tr cells will maintain very high levels of CD25 expression in this
phase [64].

3.1
Origins

Although it is clear that naturally occurring CD4+CD25+ Tr cells arise in the
thymus, the cells, signals, and Ags that stimulate their development are poorly
characterized. In humans, CD4+CD25+ Tr cells are present in the thymus, par-
ticularly in the perivascular areas of fibrous septa [5], and these cells share
many phenotypic and functional similarities with their peripheral counter-
parts. Moreover, patients with thymic hypoplasia (DiGeorge syndrome) have
low numbers of peripheral CD4+CD25+ Tr cells, supporting the concept that
they are thymically derived [94]. Whether or not CD4+CD25+ Tr cells ex-
clusively recognize self-Ags, or posses a repertoire broad enough to include
foreign Ags, remains unclear. Analysis of V gene region diversity in hu-
man cell populations does not reveal any significant differences between that
CD4+CD25+ Tr cells and nonsuppressive controls [51, 96], suggesting the Tr
cells do not recognize a specialized subset of Ags. A definitive answer to this
question is crucial to the therapeutic approach in settings such as allergy, since
it determines whether it would be feasible simply to expand a pre-existing
pool of Ag-specific CD4+CD25+ Tr cells, or whether, as for Tr1 cells, de novo
differentiation would be required.
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3.2
Phenotype

In addition to CD25, CD4+CD25+ Tr cells isolated from peripheral blood
constitutively express high levels of CTLA4, GITR, CD71, HLA-DR, CD45RO,
IL-2Rβ (CD122), IL-2Rγ (CD132), PD-L1, and ICOS [10]. In contrast tomurine
cells, human CD4+CD25+ Tr cells do not express high levels of the integrin
CD103 ([92] and our unpublished data), but high expression of the chemokine
receptors CCR4 and CCR8 may be functionally relevant [46]. Unfortunately,
none of these markers have proven to be truly specific for CD4+CD25+ Tr
cells and their expression is merely indicative of an apparently constitutive
state of T cell activation. Indeed, CD4+CD25+ Tr cells have short telomeres,
suggesting that these cells have experienced repeated episodes of Ag-specific
stimulation in vivo [96].

The cytokine production phenotype of human CD4+CD25+ Tr cells has
been intensively studied. A majority of studies have failed to detect significant
production of IL-10 in vitro [31, 49, 63]. In contrast, human CD4+CD25+ Tr
cells can secrete TGF-β, although at levels that are not significantly different
from nonsuppressive cells [64]. We failed to detect membrane bound TGF-β
on suppressive CD4+CD25+ Tr cell clones, and instead found evidence that
positive staining of freshly isolated cells was due to an artifact of purification
bymagneticbeads [64].ThephenotypeofhumanCD4+CD25+ Trcells in terms
of other Th cytokines is quite remarkable: they fail to produce detectable levels
of IL-2, IL-4, IL-5, IL-10 or IFN-γ [9, 64]. In fact, they are the only human T cell
clones that we have found not to produce IFN-γ. Thus, a crucial difference
betweenTr1andCD4+CD25+ Trcells lies in their cytokineproductionprofiles.

Despite their inability to produce IL-2, this cytokine is a key growth factor
for CD4+CD25+ Tr cells both in vitro and in vivo. As for Tr1 cells, IL-15 can
completely replace IL-2 as a growth and survival factor for CD4+CD25+ Tr
cells in vitro [31]; however, data from IL-2–/– mice indicate that in vivo this is
not the case [79]. In human cell cultures, IL-4 cannot replace IL-2 as a growth
factor (our unpublished data), whereas in mouse cultures it can [98]. This may
be due to differential receptor expression and/or signaling. IL-2 or IL-15 can
also rescue CD4+CD25+ Tr cells from apoptosis, likely via induction of Bcl-2
expression [95] and allowing exit from cell cycle arrest in the G1/G0 phase
[49]. Interestingly, IL-2-induced activation of the PI3’kinase/Akt pathway
appears to be defective in CD4+CD25+ Tr cells [16], which may provide an
explanation for their poor proliferative capacity, at least in vitro. Evidence
that CD4+CD25+ Tr cells are not anergic in vivo [33] suggests that current in
vitro culture conditions may still be lacking essential growth factors(s).

A major advance in the study of CD4+CD25+ Tr cells came with the finding
that a transcription factor known as FoxP3 may not only be a novel Tr-
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cell marker, but it may also be necessary for their development [34, 44, 53].
Thus, when mouse CD4+ T cells are forced to overexpress Foxp3, they adopt
a phenotype virtually identical to naturally occurring CD25+CD4+ Tr cells
[34, 44]. These “artificial” Tr cells are even able to suppress autoimmune
bowel disease in vivo. Notably, both mice and humans deficient for FoxP3
rapidly develop systemic autoimmunity, which correlates with the notion that
FoxP3 is required for the development and/or function of CD4+CD25+ Tr cells
[17, 110]. This finding also supports the hypothesis that the primary role of
CD4+CD25+ Tr cells is controlling responses to self-Ags.

Like murine cells, human CD4+CD25+ Treg cells express significantly more
FoxP3 mRNA and protein than do CD4+CD25– T cells [108]. However, expres-
sion of FoxP3 can also be induced upon TCR-mediated activation of normal
human CD4+CD25– Tr cells. Indeed, induction of FoxP3 in effector CD4+

T cells may be a natural mechanism that allows the peripheral induction of
Tr cells [108].

3.3
Functions

All published reports agree that human CD4+CD25+ Tr cells potently sup-
press the proliferation and effector functions of both CD4+ and CD8+ T cells.
Interestingly, there may be an age-dependent loss of this suppressive activ-
ity, possibly correlated with decreased thymic function [99]. The effective-
ness of CD4+CD25+ Tr cells in vivo is likely related to the state of activa-
tion of their targets, since when strongly stimulated by polyclonal [10] or
Ag-specific activation [76], their targets become transiently resistant to sup-
pression. CD4+CD25+ Tr cells that are fully functional in vitro, are found in
inflamed tissues (see Table 1), but whether they would be functional in vivo
in an environment full of pro-inflammatory cytokines and T cell stimuli is an
important, and as yet unanswered, question.

Originally, it was hypothesized that the major role of naturally occurring
CD4+CD25+ Tr cells was to regulate tolerance to self-Ags. In fact, a recent
study suggests they may recognize epitopes within the TCR itself [18]. How-
ever, a growing body of literature suggests that, like Tr1 cells, they may also
be key regulators of tolerance to foreign Ags [79]. This is illustrated in Ta-
ble 1, where several recent reports of isolation of CD4+CD25+ Tr cells spe-
cific for foreign Ags (e.g., allergens and viruses) are summarized. However,
since any activated Tr cell could be in the CD25+ pool in vivo, experiments
that truly define the nature of the TCR repertoire of these naturally occur-
ring Tr cells are required before conclusions about Ag specificity can be
drawn.
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Human CD4+CD25+ Tr cells potently suppress IL-2, IFN-γ, and IL-13 pro-
duction by CD4+ T cells [9], although some evidence indicates that Th2 cells
may be less susceptible than Th1 cells to their suppressive effects [27]. Human
CD4+CD25+ Tr cells can also potently inhibit the cytotoxic activity of CD8+

T cells by down-regulating perforin and granzyme B [19], and Va24+NKT cell
proliferation and cytokine production [6]. Presumably, these actions allow
CD4+CD25+ Tr cells to control adaptive immune responses by multiple mech-
anisms.

3.4
Mechanisms of Action

Almost 10 years after their initial description, the mechanism(s) by which
CD4+CD25+ Tr cells achieve these remarkable effects remain unclear. Some
reports indicate that they may act by down-regulating the function of APCs
[72], whereas others have not seen a similar effect [75, 79]. Although suppres-
sion in vitro is undoubtedly dependent upon direct cell-to-cell contact, the
majority of reports have not found a role for the highly expressed cell-surface
molecules CTLA-4, ICOS, PDL1, or GITR [9, 63, 64].

Much effort has gone into investigating the potential role of IL-10 and/or
TGF-β in suppression. Classical in vitro suppression assays are not reversed
by neutralizing anti-IL10 antibodies [31, 49, 63]. In addition, even at the
clonal level, suppressive CD4+CD25+ Tr-cell clones do not produce detectable
amounts of IL-10 [64]. These data, combined with those that demonstrate that
IL-10-induced anergy, and differentiation of Tr1 cells by IL-10 and IFN-α [64]
or by immature DCs [61] can all occur in the absence of CD4+CD25+ Tr cells,
indicate that CD4+CD25+ Tr cells are distinct from Tr1 cells and do not need
IL-10 for their induction. Thus, in vivo studies that found a role for IL-10 may
be attributed to either an Ag-induced subset of CD4+CD25+ Tr cells that has
a distinct mechanism of action from the naturally occurring subset [14, 57]
and/or de novo differentiation of Tr1 cells (possibly induced by the naturally
occurring CD4+CD25+ Tr cells themselves, see below [30, 47]).

In contrast, the role of TGF-β in suppression mediated by CD4+CD25+ Tr
cells is much less clear. Like all human T cells, CD4+CD25+ Tr cells produce low
levels of TGF-β [64]. Although neutralizing antibodies can have a small effect
at high concentrations, they are never able to completely reverse suppression
in vitro [9, 31, 49, 63, 64, 75]. Furthermore, addition of recombinant TGF-β
cannot suppresses CD4+ T cell proliferation to the same degree as CD4+CD25+

Trcells (unpublisheddata).Nevertheless,much invivodata suggests thatTGF-
β, like IL-10, does have a role in CD4+CD25+ Tr cell-mediated suppression [67,
73]. Again, these findings may be due to the induction of new Tr cell subsets.
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Improved molecular markers for the different Tr cell subsets (i.e., CD25+ vs
Tr1 vs Th3) will undoubtedly shed more light on this issue.

Remarkably, human CD4+CD25+ Tr cells can be split into two subsets with
distinct functionsbasedondifferential expressionof integrins.Those express-
ing α4β7, which binds to vascular adressins expressed by venules in mucosal
tissues, have the capacity to induce de novo differentiation of IL-10-producing
Tr1 cells [92]. In contrast, CD4+CD25+ Tr cells expressing α4β1, which binds
to VCAM1 on the endothelium of inflamed tissues, induce the differentiation
of TGF-β-producing Th3 cells [30, 47, 92, 93]. It will be important to define the
mechanisms involved in this induction of Tr1 vs Th3 cells, and their respective
target Ags. If these in vitro findings are confirmed, this phenomenon would
offer an attractive explanation for the studies discussed above that found a role
for IL-10 and/or TGF-β in naturally occurring Tr-mediated suppression.

3.5
In Vivo Evidence for CD4+CD25+ Tr Cells in Humans

Given the ease of monitoring and isolating CD25+ cells, and their undeniable
importance in immune homeostasis, many groups have sought alterations in
their number and/or function in patients with a variety of diseases. Table 1
summarizes some of these recent reports. A key question these studies raise
is: in the absence of an Ag-specific assay, how meaningful are changes in the
numbers and/or function of the total population of CD4+CD25+ Tr cells? For
example, a recent study reported that the in vitro function of CD4+CD25+

Tr cells from patients with MS is dramatically impaired upon polyclonal
activation [103], findings difficult to reconcile with the fact that these patients
do not suffer from systemic autoimmunity. Moreover, similar to Tr1 cells,
in many cases apparently normal CD4+CD25+ Tr cells can be isolated from
patients with disease, perhaps highlighting the inadequacy of our current in
vitro assays as a surrogate marker of in vivo functionality.

4
Peripheral Generation of CD4+CD25+ Tr Cells

In addition to thymus-derived CD4+CD25+ Tr cells, cells with a similar phe-
notype can also be generated from naive peripheral T cells. For example, acti-
vation in the presence of TGF-β induces naive CD45RA+ T cells to up-regulate
FoxP3 and develop contact-dependent, cytokine-independent suppressive ac-
tivity [32, 115]. Remarkably, these induced CD4+CD25+ Tr cells also seem to
have the capacity to induce differentiation of Tr1 cells [115]. Similarly, costim-
ulation blockade [101] and expansion with IL-15 induces contact-dependent
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CD4+CD25+ Tr cells [55]. In addition, cells from the CD25– pool that fail to
down-regulate CD25 after activation acquire a phenotype and function that
appear indistinguishable from those of naturally occurring CD4+CD25+ Tr
cells [108]. Analysis at the single cell level will be required to determine the
proportion of Tr cells in these induced populations, and whether they are
truly phenotypically and functionally equivalent to the naturally occurring
subset.

5
Networks of Tr1 and CD4+CD25+ Tr Cells

This review has attempted to highlight the similarities and differences be-
tweenhumanTr1andnaturallyoccurringCD4+CD25+ Trcells, summarized in
Table 2. It can be concluded that although these two subsets have nonredun-
dant roles in tolerance inductionandmaintenance, theyprobablyachieve their
effects in synergy. At birth, thymic-derived natural Tr cells would be imme-
diately ready to protect us against autoreactive T cells. Subsequent exposure
to foreign Ags would then stimulate the development of interdependent net-
works of cytokine-dependent (i.e., Tr1) and -independent (i.e., CD4+CD25+

Tr) regulation. The concept that naturally occurring CD4+CD25+ Tr, Ag-

Table 2 Comparison of some of the salient features of human Tr1 and naturally occur-
ring CD4+CD25+ Tr cells

Tr1 cells CD4+CD25+ Tr cells

Origins Peripheral Thymic

Primed by immature Subset(s) of DCs required
or tolerogenic DCs unknown

Require exogenous/ Require exogenous IL-2
autocrine IL-10

Ag specificity Primarily foreign Primarily self, but possibly
also foreign

Mechanism of action Secreted factors Cell-contact-dependent
(IL-10 ± TGF-β) in vitro

Growth and survival factors IL-2 and/or IL-15 IL-2 and/or IL-15

Expression of CD25 Inducible Constitutive

Expression of FoxP3 Low levels High constitutive levels

Cytokine production IL-2+/–, IL-4–, IL-10+, IL-2-, IL-4-, IL-10-,
IFN-γ+, TGF-β+ IFN-γ-, TGF-β+/-
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induced CD4+CD25+ Tr and Tr1 cells could all be present simultaneously
offers an explanation for conflicting results regarding cytokine-dependent
and -independent regulation. The relative importance of Tr1 vs CD4+CD25+

Tr cells, in any given instance, is likely dictated by the nature of the Ag, the
context of Ag presentation, and the biology of specific tissues. One further
level of control could be trafficking, since Tr1 and CD4+CD25+ Tr cells appear
to have distinct migratory behaviors [35]. A major area to be investigated
is the Ag specificity of these networks: do different Tr cell subsets recognize
distinct or overlapping subsets of Ags?

6
Therapeutic Opportunities

The idea that manipulation of the frequency and/or function of Tr1 or
CD4+CD25+ Tr could be used therapeutically has generated much excite-
ment. Indeed, significant progress toward proof of this principle has already
been made in animal models. We are currently investigating whether, as in
murine models [24], alloAg-specific T cells that have been anergized in vitro
upon addition of IL-10 are suppressed in their capacity to mediate graft versus
host disease (GVHD), and whether they represent the precursors of Tr1 cells.

However, in general it has been difficult to establish rapid and efficient
methods to expand homogenous populations of Ag specific Tr1 cells in vitro
that could be used as a cellular therapy in vivo. Thus, it is currently more real-
istic to contemplate clinical protocols that involve boosting the numbers of Tr1
cells directly in vivo, via administration of some combination of tolerogenic
agents [2, 82, 107]. Of particular interest is the remarkable efficiency of in
vivo administration of the combination of rapamycin and IL-10, in a murine
model of pancreatic islet allograft rejection, in inducing tolerogenic Tr1 cells
[13]. Moreover, in vivo induction of Tr1 cells in humans seems to have already
been achieved by specific immunotherapy (SIT) for allergens [36, 50, 81],
although the precise mechanisms involved in this system remain unknown.
Studying the mechanisms that pathogens have evolved over millions of years
to induce Tr1 cells in vivo may reveal new strategies to achieve this goal.

With respect to CD4+CD25+ Tr cells, caution should be adopted when
considering cellular therapy with non-Ag-specific populations that have been
expanded in vitro. In murine systems, this approach has already proven
successful at establishing long-term tolerance in the setting of bone marrow
transplantation [97]. However, human CD4+CD25+ Tr cells are a much more
heterogeneous mixture of activated effector and Tr cells. Although short-term
expansion ex vivo preserves the potent suppressive effects of bulk populations
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[38, 63], in the long-term, contaminating nonsuppressive cells overtake the
cultures.Whatwouldhappentosuchaheterogeneouspopulation invivocould
be a dangerous question to ask, especially if in vitro Ag-specific priming is
involved. On the other hand, it is also possible that mechanisms of infectious
tolerance will dominate, and that the non-Tr cells would eventually join the
Tr network. Judging by the number of citations dealing with Tr cells in recent
years, a similar mechanism already seems to have resulted in an increased
number of Tr immunologists!
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