'.) Check for updates

IMMUNOBIOLOGY

Human CD4 CD25' cells: a naturally occurring population of regulatory T cells

Wan Fai Ng, Phillip J. Duggan, Frederique Ponchel, Giuseppe Matarese, Giovanna Lombardi,

A. David Edwards, John D. Isaacs, and Robert I. Lechler

Despite thymic deletion of cells with speci-
ficity for self-antigens, autoreactive T cells
are readily detectable in the normal T-cell
repertoire. In recent years, a population
of CD4* T cells that constitutively ex-
press the interleukin-2 receptor- « chain,
CD25, has been shown to play a pivotal
role in the maintenance of self-tolerance
in rodent models. This study investigated
whether such a regulatory population
exists in humans. A population of
CD4+CD25* T cells, taken from the pe-
ripheral blood of healthy individuals and
phenotypically distinct from recently ac-
tivated CD4 + T cells, was characterized.

Introduction

These cells were hyporesponsive to
conventional T-cell stimuli and capable
of suppressing the responses of
CD4+CD25~ T cells in vitro. Addition of
exogenous interleukin-2 abrogated the
hyporesponsiveness and suppressive
effects of CD4 *CD25* cells. Suppression
required cell-to-cell contact but did not
appear to be via the inhibition of antigen-
presenting cells. In addition, there were
marked changes in the expression of
Notch pathway molecules and their
downstream signaling products at the
transcriptional level, specifically in
CD4*CD25* cells, suggesting that this

family of molecules plays a role in the
regulatory function of CD4 *+CD25* cells.
Cells with similar phenotype and function
were detected in umbilical venous blood
from healthy newborn infants. These
results suggest that CD4 *CD25% cells
represent a population of regulatory T
cells that arise during fetal life. Compar-
ison with rodent CD4 *CD25* cells sug-
gests that this population may play a key
role in the prevention of autoimmune dis-
eases in humans. (Blood. 2001;98:
2736-2744)
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Immune tolerance to self is essential to prevent autoimmunity. The existence of immunoregulatory cells in human self-

Clonal elimination of autoreactive T cells in the thymus is effectivéolerance, particularly in the pathogenesis of autoimmune diseases,

but incomplete and, consequently, peripheral mechanisms igfpoorly understood. This study examined the possibility that a

tolerance such as anergy, immune deviation, deletion, and regulatigp@ntaneously arising population of T cells with regulatory proper-

suppression are important. ties existed in man. Such a population was found in both adults and
A role for immunoregulatory T cells in the maintenance of selfféwborn infants, and the phenotype, function, and mechanism of

tolerance was first suggested in the 1970s, but a succession of in \#§on of these cells were explored.

artifacts cast doubts upon the experimental data. However, more recent

evidence from rodent models has implicated regulatory T cells in

transplantation toleranté and the prevention of autoimmune dis-Materials and methods

ease 1 The phenotype and mechanisms of action of such cells are ogla/b

partially defined. Two major cell types have been described: cytokine-

secreting Th2, Th3, and Tr1 cells, which predominantly release interléteripheral blood samples were obtained from healthy volunteers or from

kin-4 (IL-4), IL-10, and transforming growth fact@r(TGF{3)12-16 and  routine venesection from patients with primary polycythemia with no

anergic T cells, which appear to require cell-to-cell contact to medidteown white cell disorder. Following a normal pregnancy, umbilical cord
their suppressive functiof20 blood was obtained from the placenta of healthy full-term infants, who were

Spont | . lati £ T cells that lat t .delivered by an elective cesarean section. These investigations were
pontaneously occurring populations of T cells that reguiate au o'g‘iproved by the Hammersmith Hospital Research Ethics Committee.

mune inflammation have been described in animals. One such popula-
tion is the CD4CD25" subset found in normal mi¢é° These cells  cuiture media, reagents, and antibodies
resemble anergic cells in vitro and can suppress the responses of

+ . . : In all in vitro assays, RPMI 1640 medium supplemented with L-glutamine
CD4"CD25" cells in coculture in a cell contact—dependent makher. 2 mMIL), penicillin/streptomycin (100 1U/mL and 10ag/mL, respec-

Neonatally thymectom_ized mice, YVhiCh are Fjeficient in th?s populati Nely), amphotericin (500 ng/mL), all from Gibco, Paisley, United King-
of T cells, develop multiorgan autommune disease. Adoptive Fransferda‘m; and gentamicin (Rg/mL, Sigma, Poole, United Kingdom), referred
CD4+*CD25" cells from normal mice can protect these mice fronfo as supplemented RPMI, with 10% (final concentration) added human AB

jects

autoimmune diseas@&’16

serum (Harlan Sera-Lab, Loughborough, United Kingdom), was used. All
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cells were incubated at 37°C with 5% ¢@&nd 95% air. Phytohemaggluti days, dendritic cells were harvested and were used in coculture experiments
nin (PHA) was purchased from Sigma. Anti-CD3 monoclonal antibodiesith CD4*CD25" or CD4*CD25" cells. After coculture, dendritic cells
(UCHT-1 and OKT3) were purified from supernatants of hybridomasvere isolated by removing CD4cells using magnetic beads (Dynal).
Biotinylated anti-CD25 (7G7) was purchased from Ancell (Nottingham,

United Kingdom). Phycoerythrin (PE)— and fluorescein isothiocyanatdixed lymphocyte reactions

(FITC)—conjugated anti-CD25 (3G10, Caltag, Silverstone, United King- ) )

dom); Quantum Red (QR)-conjugated anti-CD4 (Q4120, Sigmay: piTAbout 1X 10* responder cells were cocultured withx610* stimulator

conjugated anti-69 (CH/4), FITC-conjugated anti-CD45RO (UCHLl)?e”S per well in 96-We|l plates (final volume_Z_Qﬂ_) in the presence or
from Serotec, Oxford, United Kingdom: FITC-conjugated anti-cDe212Psence of 30 units rh—IL-2, for 5 daysi-thymidine was added in the last

(Dreg56), FITC-conjugated anti-CD40L (TRAP1), PE-conjugated antit2 hours of the culture. The cells were harvested at the end of the culture,

CTLA-4 (BN13), FITC-conjugated anti-CD40 (catalog no. 33074X), frongnd3H-thymidine i_ncorporation was asses_seq b_y liquid scintillation spec
Pharmingen (San Diego, CA); FITC-conjugated anti-CD80 (DAL-1, Caltagsr;ometry' All experiments were performed in triplicate.

FITC-conjugated anti-CD86 (BU63, Caltag); FITC-conjugated anti-CD11c . )

(KB90, Dako, Ely, United Kingdom); and FITC-conjugated anti—HLA-DRPrOIIferatlon assays

(catalog no. 347363, Becton Dickinson, Oxford, United Kingdom) wergpout 1 x 10¢ to 2 X 10¢ responder cells (CDZCD25~ or CD4*CD25"
used in flow cytometry. Flow cytometry was acquired and analyzed usigg|is) were cocultured with X 10* (or specified otherwise) ACs per well in
Cell Quest software (Becton Dickinson). Anti-human TEF-(9016.2, g6-well plates (final volume 20@L/well). PHA, at a final concentration of

R & D Systems, Abingdon, United Kingdom) and anti—human IL-10 (9D7} ,g/mL, was added with or without 10 U/mL rh—IL-2. After 60 hours of
were used in proliferation assays as neutralizing antibodies and enzymgture,3H-thymidine was added and the cells were cultured for a further 12
linked immunosorbent assay (ELISA) as capture antibodies. hours beforéH-thymidine incorporation was assessed.

CTLL-2 cells Transwell assays

CTLL-2 cells are a murine cell line that responds to murine IL-2 and IL-4ranswells of pore size 0 4m were used (Costar, High Wycombe, United
but only to human IL-2. Cells were maintained in culture in supplementadngdom); 1.5x 10P CD4*CD25" cells per well were cultured in 24-well
RPMI medium with 10% fetal calf serum (Biowhittaker, Wokinghamyplates in the presence of ACs (1x510° cells/well) with 2 pug/mL PHA
United Kingdom) and human recombinant (rh)-IL-2 (10 U/mL, Boehringereferred to as lower wells). Equal numbers of G425 or CD4"CD25
Mannheim, Mannheim, Germany). They were subcultured every 2 to 3 dayglis were added into either the Transwells (referred to as upper wells) or
Cells were rested in medium without IL-2 overnight prior to use in assayge lower wells directly. The Transwells were inserted onto the 24-well
plate. ACs (1.5¢ 10° cells/well) were present in all upper wells. After 60
CD4*CD25* and CD4+CD25~ cells hours of culture, the cells in the lower and upper wells were harvested

. . . _separately and transferred to 96-well plafiétthymidine was added, and
Peripheral blood mononuclear cells (PBMCs) were isolated from perlphe{ Eiep cells \)//vere cultured for a further 12 hoursiefore the incorporation of

blood samples by density gradient centrifugation over Lymphoprep (Ny- .

comed, Birmingham, United Kingdom). For isolation of CDZ cells, yH-thymldme was measured.
PBMCs were incubated in medium supplemented with 2% fetal calf SerLLrFmiting dilution analyses
at 37°C on tissue culture dishes twice for 45 minutes each to remove

adherent cells. Nonadherent cells were collected and washed. Non-C[Berial dilutions of responder cells in 24 replicates were cocultured with
cells were depleted by incubation with a cocktail of antibodies (anti-CD$ x 10*irradiated stimulator cells per well in 96-well plates for 5 days. The
[OKT8], anti-CD19 [BU12], anti—class Il [L243], collected from superna-exact number of responder cells depended on the number of responder cells
tants of hybridomas, and anti-CD56) followed by magnetic bead (Dynabtained from each individual, with top dilutions ranging fronx2L0* to

Wirral, United Kingdom) separation. The purified CD4cells were 8 x 10%cells per well. Wells were scored positive if the counts were above
incubated with biotinylated anti-CD25 antibodies, washed, and thensD of the average count of the control (wells containing only irradiated
incubated with streptavidin microbeads (M&olumn, Miltenyi Biotec, stimulator cells). The frequency, confidence interval, ghdalue for each
Gladbach, Germany). CD€D25 cells were obtained by negative assay were calculated by the maximum likelihood method using GLIM
selection (flow through), and CD£D25" cells were positively selected software (NAG, Oxford, United Kingdom). For all data, a probability
(eluted column-retained cells). In some experiments, CRélls were estimate of the data conforming to single-hit kinetics was calculated.
purified by flow cytometry using biotinylated anti-CD25 (7G7) antibodies

followed by streptavidin-PE and FITC-conjugated anti-CD4 monoclonaytokine ELISA

antibodies (catalog No. 340133, Becton Dickinson) on a FACStar cell sorter o

(Becton Dickinson). The purity of the cell population was measured by floupernatants were taken from cultures at 72_hours. A_nubocﬁes from clones
cytometry and was between 90% to 95% for C25 cells and 9D7, 9016.2, and 43-11_(Immunokontact, Witney, United Klngdom) were
between 80% to 90% for CDLD25" cells. Cord blood mononuclear cells US€d as capture antibodies for detection of IL-10, Téif-and interferory
were isolated by density gradient centrifugation over Lymphoprep. REIFN-Y), respectively. The cqrrespondlng detQCtlon _antlbodles us.ed in
blood cells and reticulocytes were removed by incubating cord blodBe @ssays are 12G8 (Pharmingen), anti—g¢hicken immunoglobulin
mononuclear cells with mouse anti-human glycophorin A followed b{R & D Systems), and 45-15 (Immunokontact).

incubation with goat anti-mouse immunoglobulin G magnetic particles . ) ) o

(BioMayg, Polysciences, Warrington, United Kingdom). Cord blood €D4 Real-time polymerase chain reaction quantitation of mRNA

T cells and CD4CD25" cells were isolated as described above. CD4+*CD25" and CD4CD25 cells were purified as mentioned above.
Cells were solubilized in a guanidinium buffer (6 M guanidinium thiocya-
Accessory cells nate, 0.1 mM citrate, 1% [vol/vol] sarcosyl, 0.4% [vol/v@{mercaptoetha-

Iradiated (30 Gy) T-cell-depleted PBMCs were used as accessory cé@' 0.1 mM sodium acetate). Lysates were subjected to a protein extraction

(ACs). PBMCs were incubated with anti-CD3 antibodies (OKT3) followed!Sing Phenol, and RNA was recovered by precipitation with isopropanol.
by magnetic bead separation (Dynal) to remove T cells Total RNA (1) extracted from control or activated T cells was incubated

with 1.5 g oligo-d(T)s primer at 95°C for 15 minutes and then cooled on
ice for 5 minutes. A first-strand complementary DNA synthesis was
performed by adding 400 units Superscript Il reverse transcriptase (Gibco)
Human monocyte-derived dendritic cells were generated by culturimgntaining RT buffer (25 mM Tris-HCI, pH 8.3; 37.5 mM KCI; 1.5 mM
adherent cells from PBMCs in the presence of GM-CSF and IL-4. AfterMgCl,), 10 mM dithiothreitol, and deoxyribonucleoside triphosphate

Dendritic cells
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mixture (50nM each) and incubating at 42°C for 90 minutes. The reaction A Purity of cell populations
was stopped, and secondary structures denatured, by incubation at 75°C fer
10 minutes. Real-time polymerase chain reaction (PCR) was performe
using an ABI7700 sequence detection system (PE Applied Biosystems, 1
London, United Kingdom) in the presence of Sybro-green. This fluoro-
chrome incorporates stoichiometrically into the amplification product,§ t_
providing real-time quantification of the double-stranded DNA PCR © .
product. Primers for each gene of interest were designed for use under

real-time PCR conditions, to amplify an 80— to 100-base pair fragment with CD4 FITC —

59°C annealing temperature (Primer Express, PE Applied Biosystems).
Because of the high homology between members of each family, sequenc8
targeted for primer design were restricted to the lowest homolog regions
The optimization of the real-time PCR reaction was then performedT
according to the manufacturer’s instructions. For each analysis, transcrip-
tion of the gene of interest was compared with transcription of the§

(CD4") (CD25") (CD25%)

CD4+ T cells ex vivo

housekeeping ger®@APDH, which was amplified in parallel. a8
o
40L FIT CD62L FITC  CD45RO FITC
Results CD69 FITC CD40L FITC

A subset of CD4 * T cells constitutively expressing IL-2 cozs- cozss
receptor- a (CD25) can be isolated from peripheral blood

We studied the expression of CD25 on CDHBcells obtained from
peripheral blood samples using flow cytometry and found that the CTLA-4PE —>
proportion of CD4 T cells that express CD25 ranged from 15% to
30% (data not shown). These CB@D25+ T cells can be isolated C
using magnetic beads or flow cytometric sorting with the resultantT PHA - activated CD4+ T cells
purity of 90% to 95% for CD4CD25 T cells and 80% to 90% for

CD47CD25* T cells (Figure B). In this study, we used peripheral g
samples from adult healthy volunteers and routine venesectiom,
samples from primary polycythemic individuals who were screenecd
to exclude white cell disorders.

) - CD69 FITC CD40L FITC CD62L FITC ~ CD45RO FITC
CD4+CD25* T cells are phenotypically distinct from recently

i Figure 1. Naturally occurring human CD4 +CD25* cells can be found in health
activated CD4 * T cells that express CD25 9 Y 9 y

individuals and are phenotypically distinct from recently activated CD4 * cells.

. . . . . (A) CD47CD25" cells constitute a significant proportion of CD4" T cells in peripheral
Because CD25 is up-regulated during T-cell activation, it Wasood of healthy individuals. Purified CD4* T cells were stained with anti-CD4 FITC

important to determine whether the CO@D25" cells isolated and anti-CD25 PE. The resultant purity of CD4*CD25* and CD4*CD25~ cells
from peripheral blood of healthy individuals simply representeiaalated using magnetic befl;\ds from a typical experivmelnt. is shown. (B) Phenotype of
. . CD4"CD25" cells from peripheral blood of healthy individuals. In the top panel, 100
recently activated cells. We Compared the surface eXpreSSlonMpreripheral blood was stained with anti-CD4-QR, anti-CD25~ PE, and FITC-
activation makers on CDLD25" cells from peripheral blood with conjugated monoclonal antibodies as indicated. The dot plots were gated on CD4*
CD4*CD25t cells obtained from PHA-stimulated PBMCs. We foundymphocytes. In the bottom panel, 100 plL peripheral blood was stained with
. nti-CD4-QR, anti-CD25~ FITC, and anti-CTLA-4—PE (thin solid lines) or isotype-
that mQSt CD4CD25" cells from per_lpheral blood expresseq CD45R_Orahatched control (thick solid lines). The histogram plot was gated on a CD4*CD25* or
CD62 ligand (CD64L), and cytotoxic T lymphocyte—associated antigefds +cp25- lymphocyte population. (C) The phenotype of recently activated CD4"
4 (CTLA.4) but not CD69, CD40 |igand (CD40|_) (Figure 1B). |n cells that express CD25 is distinct from “constitutive” CD4+CD25* cells. PBMCs from
i i i R e same healthy individuals were stimulated with PHA (2 pg/mL) for 2 days. The
contras_t, CD_4 cells _In_ WhIC.h Cb25 expression was mduce(_j b cells were harvested and stained with anti-CD4-QR, anti-CD25~ PE, and the
PHA stimulation exhibited hlgh levels of CD69, and a much hlgheﬁdicated FITC-conjugated monoclonal antibodies. The dot plots were gated on
proportion of these cells were CD45R0whereas the level of cD4* lymphocytes.

CD62L expression was similar (Figure 1C).

CD4*CD25* T cells are hyporesponsive to polyclonal T-cell autologous ACs were significantly suppressed (Figure 3A,B) and
stimuliin vitro the production of IL-2 and IFNywas profoundly inhibited (Figure
C,D). The suppression occurred in a dose-dependent manner, and
0% inhibition was observed at a ratio of 1:1 CI2D25':
D4*CD25 cells (Figure 3E). Addition of IL-2 to the coculture
abrogated this suppression (Figure 3A).

Despite the constitutive expression of CD25, the proliferativ
responses of CD4ACD25" T cells to PHA or soluble anti-CD3 in
the presence of autologous ACs and to HLA-mismatched stimu
tor cells were considerably lower than those of COD25 T
cells (Figure 2A-C). The CD4ACD25" cells also produced less
IL-2 and IFN<y in response to these stimuli (Figure 2E,|:)j|'he suppressive function of CD4 *+CD25* cells cannot be
However, when IL-2 was added into the culture, the responsiven&iglained by passive IL-2 consumption by these cells

N .
of CD4*CD25" cells was restored (Figure 2A,D). One mundane explanation for the suppressive property of

CDA4+CD25* T cells suppress the responses of CD4  +CD25- CD4+CD25" cells was that these cells cqmpetgd with QD@DZS'* N
cells for growth factors such as IL-2. To investigate this possibility,
we measured the proliferation of the IL-2—dependent murine
When CD4 CD25' cells were cocultured with CDAD25  cells, CTLL-2 cells to a titration of recombinant human IL-2 in the
the responses to PHA or soluble anti-CD3 in the presence mfesence or absence of either ClXD25" or CD4*CD25 cells.

T cells in coculture
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Figure 2. CD4 *CD25* cells are hyporesponsive to polyclonal T-cell stimuli.

(A-D) The proliferative responses of CD4*CD25* ([J) and CD4*CD25~ (M) cells to
various stimuli are shown. In each experiment, 1 X 10* to 2 X 10* responder cells
were cultured with PHA (2 pg/mL) plus 1 X 10% irradiated autologous ACs with or
without IL-2 (10 U/mL, A); irradiated allogeneic PBMCs (B); soluble anti-CD3 with
ACs (C); and soluble anti-CD3 with IL-2 (10 U/mL) in the presence of ACs (D). Conc
indicates concentration. (E-F) Production of IL-2 (E) and IFN-y (F) in the superna-
tants from the culture of CD4+CD25* or CD4*CD25~ (2 X 10%) cells stimulated with

HUMAN CD4*CD25" CELLS 2739

and then only at very low concentrations (Figure 4B). To exclude the
possibility that the ELISA assay was insufficiently sensitive to detect
biologically active concentrations of TGg;- purified TGF8 was
titrated into cultures of mitogen-stimulated COZD25" T cells to
determine the concentration required to reproduce the inhibition caused
by the CD25 cells. This revealed that a concentration in excess of 80
pg/mL was needed to see significant inhibition of T-cell proliferation;
the ELISA assay was able to detect concentrations as low as 1.0 pg/mL
(data not shown). Thus, it is unlikely that functionally significant
amounts of TGH were secreted by the CD2%opulation. Further
more, addition of neutralizing antibodies against these 2 cytokines failed
to reverse the suppression caused by the C2s (Figure 4E) or
reverse the hyporesponsiveness (data not shown).

CD4*CD25* T cells do not inhibit APC function

One possible target of the suppressive effects of the TDR5"

cells is the antigen-presenting cell (APC), as we have shown
previously in the regulation mediated by anergic T c#lIgo
address this possibility, we cultured premature monocyte-derived
dendritic cells with either CD4CD25" cells or CD4 CD25 cells

in the presence of PHA for 48 hours. Although dendritic cells that
had been cocultured with CDED25" cells expressed a lower
level of CD80 and CD86 than those cocultured with COD25
cells, the levels of these molecules were similar to dendritic cells
that had been cocultured with medium only (Figure 5A). The
expression of CD40 and HLA-DR was comparable. Furthermore,

PHA for 3 days in the presence of autologous ACs.

dendritic cells that had been precultured with C@D25" T cells

were fully competent in functional assays (data not shown). By
Because neither CDLD25" nor CD4'CD25 cells proliferated exclusion, these findings suggest that these regulatory cells act
in response to rh—IL-2 alone, the proliferation measured in thérectly on neighboring T cells.

assay can be considered as solely contributed by the proliferation of

CTLL-2 cells. The proliferation of the CTLL-2 cells was unaf-

fected by the presence of CD@D25" or CD4"CD25 cells A« B »
(Figure 4A), suggesting that neither cell population consumed a £
significant amount of IL-2. The suppressive property of X » % 10
CD4'CD25" cells is thus unlikely to be the result of passive § 1 £
consumption of IL-2 by these cells. o 0+
AC+PHA AC+PHAHIL2 0 0.04 ) 0.2 1
The suppressive function of CD4 +CD25+ cells does not appear o kiR paml)
to be mediated by soluble factors C 200 D,
To determine whether the suppressive function of COB25" 2004
cells is mediated by secretion of soluble factors, a Transwell systerg }E:, 10
was used. As shown in Figure 4C, if CD@D25" cells were mixed = 100+
with CD4"CD25" cells in the lower well, inhibition of prolifera -
tion was observed. However, if the CDB@D25" cells were placed 0 25125 25125 ¢ D25 D28t 25+ /25 25725

in the upper well, which also contained ACs, and were thus
physically separated from the CD@D25" cells by a semiperme E

able membrane, no inhibition was observed, although thes :z
CD4*CD25" cells remained hyporesponsive (Figure 4D). These ®
observations suggest that soluble factors do not play an essentia «

role in mediating the suppressive function of CIZD25" cells T ool - ,

and that the suppression requires cell-to-cell contact. Moreover, Rato of wppressor” cls o sspondor

these data argue further against IL-2 consumption being the cells
mechanism of suppression. Figure 3. CD4 *CD25* cells suppress the responses of CD4 *+CD25~ cells in
coculture. (A-B) CD4+CD25" cells (M) or CD4*CD25" ([J) (1 X 10* cells/well) or
coculture of both CD47CD25" and CD4*CD25~ cells (&) (total 2 x 104 cells/well)
were stimulated in the presence of irradiated autologous ACs (1 X 10* cells/well) with
PHA (2 pg/mL, A) in the absence or presence of IL-2 (10 U/mL); soluble anti-CD3
for 3 days (B). Proliferation was measured by S3H-thymidine incorporation.
To determine whether regulatory cytokines, such as IL-10 and F,GF«C,D) Production of IL-2 (C) and IFN-y (D) in coculture of CD4*CD25~ (1 X 10%) and
were responsible for the suppressive effects of this T-cell population, fff# 'CP25~ cells (@) or CD4*CD25™ (1 X 107) cells (@) in response to PHA (2
. . .pg/mL) in the presence of autologous ACs (2 X 10%) for 72 hours. (E) The
levels of these cytokines were measured in the supernatants of Stifiljzerative responses of CD4*CD25- cells (1 X 10%) to PHA (2 pg/mL) and
lated cultures. In only 1 of 3 experiments were these cytokines deteciediogous ACs (2 x 10%) in the presence of various numbers of CD4*CD25* cells.

The suppressive function of CD4 +CD25* cells is not mediated

by IL-10 or TGF- g1
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A B Figure 4. Suppressive property of CD4 +CD25* cells
20 is not dependent on suppressive cytokines or other
IL-10 TGF-p soluble factors and cannot be explained by IL-2
(pg/mL) (pg/inL) consumption by these cells.  (A) 5000 CTLL-2 cells (H)
were cultured with various concentrations (Conc) of
rh—IL-2 in the presence or absence of either CD4*CD25*

b +
'; CD25" Exptl 0.29 Not detected (©) or CD4*CD25" (O) cells (2 x 10* cellsiwell) for 36
x o :
= Expt2 Notdetected  Not detected hours with 3H th¥m|dlpe added during the last 12 hours of
a culture. The proliferation of CD4*CD25" or CD4*CD25~
Q . .
Expt3  Not detected 1.6 cells to IL-2 alone is negligible (mean cpm = 69 and 95,
' respectively) compared with that of the CTLL-2 cells in
CD25 Expt1 Notdetected  Not detected the presence of IL-2. (B) Supernatants from cultures of
either CD47CD25" or CD4*CD25~ (1 X 10%) cells with
. i . .167 0.084 O
1.333 0.667 0333 0 Expt2 Notdetected  Not detected ACs (2 X 10%) and PHA (2 pg/mL) were measured for the
Conc of IL-2 (U/mL} production of IL-10 and TGF-B in 3 separate experi-
Expt3  Notdetected  Not detected ments. (C,D) CD4+CD25- cells (1.5 X 105 cells/well)

were cultured in 24-well plates in the presence of ACs
(1.5 X 10% and PHA (2 pg/mL). CD4*CD25* or
CD4+CD25" cells (1.5 X 10%) cells were added to the

C Lower wells D Upper wells upper or lower chamber as indicated (ACs were present
in both the lower and upper chambers). The proliferative
30 20 responses were measured separately from the cells
harvested from the lower wells (C) or upper wells (D) after
3 days culture. (E) CD4*CD25* and CD4*CD25~
20 4 — 10 - (1 x 10% cells were cultured in various combinations
"-g é with ACs (1 X 10%) plus PHA (2 pg/mL) and the indicated
< 101 . x Ili antibody or IL-2.
= E O
£ a
3 04 © Upper: Nit 25 25+
Upper: Nil Nil 25" 26F Nil
Lower:257( 256%/25 25 25 Lower: 257 25%/26° 25 25
125" 128"

cpm (x 1079}
o E-Y [+ 4]
CD25"

A member of the Notch family and one of its ligands are CD4+CD25" cells effects a change in Notch signaling, possibly via
overexpressed on CD4 +CD25+ cells modulation of Notch-4. Additionally, the rise in Delta-1 transcrip-

o didate set of molecules in T-cell diated lation i tki}on raises the possibility that stimulated COZD25" T cells
ne candidate set of molecules in -cell-mediated reguiation s i9g., o capable of Notch-mediated T cell-to—T cell communica-

Notch family of receptors and its _Il_gands, which belong tc_) thﬁon. Thus, when antigen-specific T-cells were transfected with
Jagged and Delta molecular families. Thus, overexpression I%Ita—l, they were able to inhibit the responses of antigen-

Jagged-1 in antigen-pulsed APCs induced tolerance in naive o jonced cells and became capable of linked suppresion
cells, which could then be adoptively transferféddditionally, P P PP '

These observations suggest that Notch signaling contributes to the
certain family members were differentially transcribed when 99 g g

. . laegulatory effects of these cells.
human T-cell clone was anergized or activated (F.P. and J.I.,

unpubli_shed observations, 2000). _There are no staining re_agem§ presence of CD4 +CD25* T cells is responsible for

that reliably detect or block the Varlo_us family memb(.ars.on IIV'ngonlinear kinetics in limiting dilution analyses of alloresponses

cells, and we therefore used real-time PCR quantitation of the

corresponding transcripts in CD&D25" and CD4 CD25 cells. We used limiting dilution assays to detect subpopulations of
This revealed that deltex, a positive regulator of the Notctells exhibiting multihit kinetics consistent with suppressive
signaling pathway?23 was highly up-regulated in CDO£D25" activity in coculture. Figure 6 shows a limiting dilution analysis
cells compared with CD4CD25" cells. Furthermore, upon stimu plot of a mixed lymphocyte reaction using unfractionated CPp4
lation, the transcription of Notch-4 and Delta-1 dramaticalllCD4"CD25, or CD4*CD25" cells as responders. A significant
increased only in CD4ACD25" cells, concurrent with a rise in deviation from single-hit kinetics was observed with unfraction-
Hes-1 transcript (Figure 5B). The expression of Notch-1, Jaggedated CD4 cells, whereas depletion of the CB@D25" popula

and Jagged-2 was similar among CI¥D25" and CD4CD25" tion led to restoration of single-hit kinetics and a significant
cells (data not shown). Hes-1 is a downstream mediator of Notoicrease in frequency. When enriched CID25" cells were
pathway signaling? and these data suggest that stimulation afsed, multihit kinetics was observed. These results suggest that
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Figure 5. CD4 +*CD25* cells did not inhibit APC function.  (A) Immature monocyte-
derived dendritic cells (1 X 10%) were cocultured with either CD4"CD25~ or
CD4+CD25* (1 x 109) cells or medium for 48 hours. The cells were stained with
FITC-conjugated monoclonal antibodies. The mean florescence intensities were
measured. Dendritic cells were gated according to the forward and side scatter
characteristics. (B) Notch signaling was specifically increased in CD4+*CD25* cells
upon stimulation. Transcription of Notch-4, Delta-1, Hes-1, and deltex in CD4*CD25*
and CD4*CD25~ cells, before and after activation with anti-CD3 and anti-CD28.
Transcription of each gene is normalized to that of GAPDH.
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unpublished observation, 2000). We tested whether this subpopula-
tion of CD4*CD25" cells showed similar phenotype and behavior
to their adult counterparts. About 5% to 15% of CD4ells
expressed CD25, and these had a similar phenotype to adult
CD47CD25" cells: neonatal CD4CD25" cells expressed CD62L
and CTLA4 but not CD69, CD40L. However, most neonatal cells
expressed CD45RA, with a small percentage expressing CD45R0.
Indeed, the CDA4CD45R0O" cells were confined to the CDED25*
population (Figure 7A). Because of the relatively small volume of
umbilical venous blood that could be collected, it was not possible
to obtain sufficient numbers of CDED25" cells for detailed
functional analysis. However, by examining the kinetics of limiting
dilution analysis against allogeneic stimulator cells using either
CD4*CD25 cells or unfractionated CD4cells as responders, we
again found that the unfractionated CDgopulation exhibited
significant deviation from single-hit kinetics, and depletion of
CD4*CD25" cells restored the single-hit kinetics and led to an
increase in frequency (Figure 7B). These findings suggest that the
CD4*CD25" cells from cord blood also possess regulatory function.

CD4*CD25* cells retain their suppressive properties after
in vitro expansion

As described in Figures 2 and 3, the CID25" cells could be
driven to divide by stimulation in the presence of exogenous IL-2.

the CD4"CD25" subpopulation contains cells with a suppres

sive or regulatory function.

Cells with similar phenotype and function to adult CD4 +*CD25*
cells are found in umbilical venous blood from healthy

newborn infants

We observed that a proportion of CDA cells from umbilical

venous blood in newborn infants express CD25 (P.J.D. et al,

Cell No (x107%)

0 2 4 X
1 B |
=
g RPN
- A N S CD25" cells
I: i J (p <1.0 E-9)
£ (2= 59)
CD4" cells
0.1 (p=0.773)
CD25 cells (*= 6)
(p = 0.985) (f=1:1913)
=3
(f=1:610)

Figure 6. CD4 *CD25* cells are responsible for the multihit kinetics observed in
limiting dilution analysis in alloresponses. Limiting dilution analyses using CD4*,
CD4*CD25, or CD4*CD25" cells as responder cells. Serial dilutions of responder
cells were cocultured with allogeneic irradiated PBMCs (5 x 10%) for 5 days. Control
wells contained stimulator cells only. The precursor frequency (f), x2 value (x?), and a
probability estimate of the data conforming to single-hit kinetics (p) for each
responder subset were indicated. Calculation of the precursor frequency in the
CD4*CD25" subset was not meaningful because of the highly significant deviation of
the data from single-hit kinetics.

o
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Figure 7. CD4 *CD25" cells from umbilical cord blood of normal-term infants

are phenotypically similar to those from adult peripheral blood. (A) Cord blood
mononuclear cells were isolated and stained with anti-CD4-QR, anti-CD25~ PE, and
FITC-conjugated monoclonal antibodies as indicated (middle panel). The dot plots
were gated on CD4* lymphocytes as shown in the top panel. Peripheral mononuclear
cells from cord blood were stained with anti-CD4-QR, anti-CD25~ FITC, and
anti—-CTLA-4—PE (thin solid lines) or isotype-matched control (thick solid lines). The
histogram plot was gated on CD4*CD25* or CD4*CD25" lymphocytes (bottom
panel). (B) Limiting dilution analyses using CD4* (#) or CD4*CD25~ ([]) cells as
responder cells. Serial dilutions of responder cells were cocultured with allogeneic
irradiated PBMCs (5 x 10%) for 5 days. Control wells contained stimulator cells only.

20z aunr zo uo jsenb Aq ypd'9€/2010128U/vYEYL/9€.2/6/86/)Pd-01011e/pO0|gARU SUOKEDIgNdYSE//:d)Y WOl papeojumoq



2742  NGetal BLOOD, 1 NOVEMBER 2001 - VOLUME 98, NUMBER 9

Given that cell division can lead to recovery of responsiveness byalitologous ACs (data not shown). In addition, our observation that
cells rendered anergic in vitro, we tested the suppressive activityRiflA-stimulated CD4# cells (that had up-regulated CD25 expres
the CD4"CD25" cells after 2 days of stimulation with coimmebi sion) were phenotypically distinct from naturally occurring
lized anti-CD3 and anti-CD28 antibodies, followed by 2 days i€D4*CD25" cells argues further against these being recently
rh—IL-2. As shown in Figure 8, the CD25cells retained their activated CD4 cells. Indeed, in vitro stimulation and expansion of
suppressive properties after in vitro expansion. In contragD4"CD25" cells did not abolish their suppressive phenotype,
CD4*CD25  cells treated in exactly the same manner were nethile similar treatment to CD4ACD25 cells failed to generate
suppressive. These data indicate that the QLI225* cell popula  “suppressor” cells. CDACD25" thus seem to be a spontaneously
tion is a stable cell lineage that can be expanded while retaining étdsing population of cells with novel phenotype and function.
regulatory function. In the mouse, regulatory CDED25" cells appear to arise in
the thymus in that CD4CD25" thymocytes behave similarly to
mature peripheral CD4CD25" T cells?® In this respect, it is
Discussion interesting that 5% to 15% of the CD4T cells from umbilical
venous blood samples of normal-term infants express CD25.
In this study, CD4CD25" T cells were detected in peripheralNeonatal CD4CD25" T cells have a similar phenotype to their
blood samples from adult volunteers and in umbilical venous bloediult counterparts except that they more frequently express
taken from newborn infants. These cells had a distinctive phengD45RA. However, the functional implication of this differential
type, expressing a mixture of markers of memory and naive T celisxpression of CD45 isoforms is unclear. In mice, both CD4SRB
and caused substantial inhibition of proliferation and cytokingmemory”) and CD45RB (“naive”) subsets of CDACD25" cells
secretion by CD4CD25™ T cells. Mechanistically, the regulation inhibit the proliferation of CD4CD25 cells equally?® Neonatal
effected by these cells appears to require cell-to-cell contact, is @H4+CD25" cells also appear to possess regulatory function
mediated by known cytokines, does not lead to inhibition of APGecause depletion of these cells converted multihit kinetics in
function, and may involve signaling through the Notch receptors.imiting dilution analysis into single-hit kinetics and revealed a
The results cannot be attributed to the recent activation Of'CD'ﬁigher precursor frequency. The presence of @0B25* cells has
T cells in vivo inducing expression of CD25. Indeed, the similaritheen described in healthy fetuses as early as 16 weeks’ gestation,
of results between healthy volunteers, individuals with primanaising the possibility that this population arises soon after thymic
polycythemia, and newborns argues against an inflammatory origiftogeny commences. The presence of significant numbers of
in any one of these groups. Individuals with primary polycythemigp4+CD25" T cells in healthy individuals from the neonatal
were screened to exclude white cell disorders, and neongakiod into the adult life argues for a significant and persistent role
samples were derived from infants delivered by elective cesargafhe immune system.
section, making it unlikely that parturition was responsible for T.cel|l anergy has been implicated in the maintenance of
inducing this population of cells. Equally, these findings argeripheral tolerance. Although anergic human T-cell clones have
Unlikely to be the result of an in vitro artifact because of the use gEen generated by a variety of methods in Vitro’ most of the in vivo
anti-CD25 monoclonal antibody in the positive selection processyidence has come from rodent models, and naturally occurring
The clone of antibody that we employed has been shown notd@ergic T cells have not previously been described in man. In this
inhibit anti-CD3-stimulated proliferation or IL-2 binding of T study, the behavior of CDAD25 cells isolated from peripheral
cells?®2"Furthermore, we have confirmed that the addition of thigjood of healthy individuals was characteristic of anergic cells. To
antibody in concentrations up to 1@g/mL did not affect the oy knowledge, this is the first set of data indicative of the existence
proliferation of CD4 T cells in response to PHAin the presence ot naturally occurring anergic T cells in vivo. We have previously
demonstrated that human and murine anergic T-cell clones could
A inhibit antigen-specific and allospecific T-cell proliferatté# and

CD2s" prolong skin allograft survival in vivé! Similarly, CD4*CD25"
m cells were also capable of inhibiting the responses of G225~

T cells. Taken together, these observations suggest that anergic T cells
are not simply immunologically inert cells but may play an active
regulatory role in the maintenance of immunologic tolerance.

The mechanism(s) of regulation effected by these cells remains
to be elucidated fully. From the results obtained here, it does not
cD25 CTLA4 CD4OL CD69 involve known regulatory cytokines or passive consumption of
IL-2 and appears to require cell-to-cell contact. We have demon-
strated previously that anergic murine T-cell clones inhibit the
responses of responsive T-cell clones via inhibition of the APCs in
a cognate manné?. More recently, Cederbom and colleagtfes
demonstrated that murine CDE@D25" T cells down-regulate the
expression of CD80 and CD86 on dendritic cells. However, in this

study, although CD4ACD25" cells were less efficient in inducing
Figure 8. CD4 *CD25* cells can be expanded in vitro but retain their suppres _ : : :
sive phenotype. (A) CD4*CD25" or CD4*CD25~ cells were stimulated with the up reQU|at_|0n of COStImU|atIOT‘I malecules CD_SO and CD§6 on
immobilized anti-CD3 (1 pg/mL) and anti-CD28 (10 pg/mL) for 3 days, and the cells ~ Monocyte-derived dendritic cells compared with CODD25
were washed and rested in medium containing 30 U/mL rh—IL-2 for 2 days. The cells  cells, we did not observe any significant down-regulation of these
were then stained with FITC- or PE-conjugated monoclonal antibodies as indicated. costimulatory molecules or their functional capacity These data
(B) CD4*CD25* or CD4+*CD25~ (1 X 10%) cells generated as in panel A were N . ) .
suggest that CDACD25" cells may directly regulate the function

cocultured with autologous unstimulated CD4*CD25~ (1 x 10%) cells in the presence ¢
of autologus ACs (1 X 10%) and PHA (2 wg/mL) for 3 days. of responsive T cells.

CD25

25 25 257 /25" 25725
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It has been suggested recently that Notch and its ligands maylbel0 restored single-hit kinetic®.In keeping with these findings,
important in the induction and maintenance of tolerance. Deltawle showed that the human CB@D25" cells exhibited multihit
expression is increased on peripheral T cells during the inductionlafnetics in response to alloantigens. In contrast, the GTIA25~
tolerance with high-dose peptide delivered intranasally. Furtherells conformed to single-hit kinetics but the unfractionated €D4
more, antigen-specific CD4T cells transfected with Delta-1 population did not. These observations are consistent with the
inhibited the response of antigen-primed T cells and induced linkedggestion that CDACD25" cells may contain the LPC2 cells
suppressior® Additionally, overexpression of human Jagged-1, described by Dozmorov and colleagues. The multihit kinetics
Notch ligand, on murine APCs induces naive peripheral €04 displayed by the CD4CD25" cell population may be attributable
cells to become regulatory cells and transfer antigen-specificthe heterogeneity of the population. It is possible that improving
tolerance to recipient mic8. We have also observed the up-the purity of the CD4CD25" cells would yield single-hit kinetics
regulation of these family member genes in an anergic humaith very low or undetectable frequencies in limiting dilution
T-cell clone (F.P. and J.1, unpublished observations, 2000). In thigsalysis against alloantigens. However, even with flow cytometric
respect, it is interesting that we found differential transcription &forting, we have not been able to obtain a CDB25" cell
deltex, which facilitates Notch signaling in CB@D25* T cells. population with purity greater than 90% without severely compro-
Furthermore, following stimulation with anti-CD3 and anti-CD28mising the yield.

Notch-4 and Delta-1 transcriptions were up-regulated, along with Taken together, our results demonstrate that a proportion of
Hes-1, a downstream mediator of Notch signaling. These dat®4* T cells from adult peripheral blood and neonatal umbilical
imply a role of Notch and its ligands in the development ovenous blood constitutively express CD25 and are distinct from
maintenance of the regulatory function of CBZID25" cells. recently activated CD4 T cells. This subset of CD4T cells
Currently, blocking studies are not possible in that no antibodigssembles anergic cells and possesses suppressive function in vitro.
are available to detect or inhibit the interactions between Notciihe suppression appears to be cell-to-cell contact dependent and
Notch ligand family members, possibly reflecting the high degreaay involve the Notch signaling between neighboring T cells. This
of conservation of these protein between species. Another molecsifhpopulation of CD4 T cells has similar characteristics to
that is expressed on CDED25" cells, but not CDACD25" cells, CD4*CD25" in mice, which are critical in the maintenance of

is CTLA-4. It is possible that the high-affinity interaction betweerelf-tolerance and the prevention of autoimmune disease. Human
CTLA-4 and B7 molecules expressed on APCs prevents @D4*CD25" cells may have an equally important role in the

diminishes the delivery of costimulatory signals by APC t@egulation of autoimmunity and transplant tolerance.
CD4*CD25 cells.

Some of the most persuasive evidence for the existence of
“suppressor” cells has come from limiting dilution analy®i8>A
zigzag appearance of the semilogarithmic plot has been attribufggknowledgments
to the presence of more than one responder cell type, one of which
has regulatory effects. More recently, Dozmorov and cole thank Drs Andrew George and Hans Stauss for critical review
league®37 proposed a 2-cell subtype model to explain thesef the manuscript, Drs Ragnar Lindstedt, Silvia Vendetti, and
observations. The first subtype (LPC1) exhibited single-hit kinetickio-Guan Chai for helpful discussions, Sue Douglas and Gary
and was responsive; the second subset (LPC2) exhibited mult¥iarns for technical assistance. We also thank the nursing staff on
kinetics and had the ability to inhibit the responses of the firthe Haematology Day Unit of Hammersmith Hospital for arranging
subset. In their studies using murine CDB cells, they found that the collection of blood samples. We are grateful for the financial
the “suppressor” subset was contained within the “memory” CD4support of the Wellcome Trust, Garfield Weston Foundation, and
T-cell population and addition of IL-2 or neutralizing antibodies t#\ction Research and Wellbeing.

References

1. Hall BM, Pearce NW, Gurley KE, Dorsch SE. 7. Powrie F, Leach MW, Mauze S, Caddle LB, Coff- 12. Powrie F, Leach MW, Mauze S, Menon S, Caddle
Specific unresponsiveness in rats with prolonged man RL. Phenotypically distinct subsets of CD4+ LB, Coffman RL. Inhibition of Th1 responses pre-
cardiac allograft survival after treatment with cy- T cells induce or protect from chronic intestinal vents inflammatory bowel disease in scid mice
closporine, IIl: further characterization of the inflammation in C. B-17 scid mice. Int Immunol. reconstituted with CD45RBhi CD4+ T cells. Im-
CD4+ suppressor cell and its mechanisms of ac- 1993;5:1461-1471. munity. 1994;1:553-562.
tion. J Exp Med. 1990;171:141-157. 8. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, 13. Powrie F, Carlino J, Leach MW, Mauze S, Coff-

2. Qin S, Cobbold SP, Pope H, et al. “Infectious” Toda M. Immunologic self-tolerance maintained man RL. A critical role for transforming growth
transplantation tolerance. Science. 1993;259: by activated T cells expressing IL-2 receptor al- factor-beta but not interleukin 4 in the suppres-
974-977. pha-chains (CD25): breakdown of a single sion of T helper type 1-mediated colitis by

3. Davies JD, O’Connor E, Hall D, Krahl T, Trotter J, mechanism of self-tolerance causes various au- CD45RB(low) CD4+ T cells. J Exp Med. 1996;
Sarvetnick N. CD4+ CD45RB low-density cells toimmune diseases. J Immunol. 1995;155:1151- 183:2669-2674.
from untreated mice prevent acute allograft rejec- 1164. 14. Seddon B, Mason D. Regulatory T cells in the
tion. J Immunol. 1999;163:5353-5357. 9. Asano M, Toda M, Sakaguchi N, Sakaguchi S. control of autoimmunity: the essential role of

4. Zhang ZX, Yang L, Young KJ, DuTemple B, Autoimmune disease as a consequence of devel- transforming growth factor beta and interleukin 4
Zhang L. Identification of a previously unknown opmental abnormality of a T cell subpopulation. J in the prevention of autoimmune thyroiditis in rats
antigen-specific regulatory T cell and its mecha- Exp Med. 1996;184:387-396. by peripheral CD4(+)CD45RC~ cells and
nism of suppression. Nat Med. 2000;6:782-789. 10. Suri-Payer E, Amar AZ, Thornton AM, Shevach CDA4(+)CD8(~) thymocytes. J Exp Med. 1999;

5. Boitard C, Yasunami R, Dardenne M, Bach JF. T EM. CD4+CD25+ T cells inhibit both the induc- 189:279-288.
cell-mediated inhibition of the transfer of autoim- tion and effector function of autoreactive T cells 15. Asseman C, Mauze S, Leach MW, Coffman RL,
mune diabetes in NOD mice. J Exp Med. 1989; and represent a unique lineage of immunoregula- Powrie F. An essential role for interleukin 10 in
169:1669-1680. tory cells. J Immunol. 1998;160:1212-1218. the function of regulatory T cells that inhibit intes-

6. Powrie F, Mason D. OX-22high CD4+ T cells in- 11. Salomon B, Lenschow DJ, Rhee L, et al. B7/ tinal inflammation. J Exp Med. 1999;190:995-
duce wasting disease with multiple organ pathol- CD28 costimulation is essential for the homeosta- 1004.
ogy: prevention by the OX-22low subset [pub- sis of the CD4+CD25+ immunoregulatory T cells 16. Read S, Malmstrom V, Powrie F. Cytotoxic T lym-
lished erratum appears in J Exp Med. 1991:173: that control autoimmune diabetes. Immunity. phocyte-associated antigen 4 plays an essential

1037]. J Exp Med. 1990;172:1701-1708. 2000;12:431-440. role in the function of CD25(+)CDA4(+) regulatory

20z aunr zo uo jsenb Aq ypd'9€/2010128U/vYEYL/9€.2/6/86/)Pd-01011e/pO0|gARU SUOKEDIgNdYSE//:d)Y WOl papeojumoq



2744 NG et al

17.

18.

19.

20.

21.

22.

23.

24,

cells that control intestinal inflammation. J Exp
Med. 2000;192:295-302.

Lombardi G, Sidhu S, Batchelor R, Lechler R.
Anergic T cells as suppressor cells in vitro. Sci-
ence. 1994;264:1587-1589.

Thornton AM, Shevach EM. CD4+CD25+ immu-
noregulatory T cells suppress polyclonal T cell
activation in vitro by inhibiting interleukin 2 pro-
duction. J Exp Med. 1998;188:287-296.

Vendetti S, Chai JG, Dyson J, Simpson E, Lom-
bardi G, Lechler R. Anergic T cells inhibit the anti-
gen-presenting function of dendritic cells. J Im-
munol. 2000;165:1175-1181.

Taams LS, van Eden W, Wauben MH. Antigen
presentation by T cells versus professional anti-
gen-presenting cells (APC): differential conse-
quences for T cell activation and subsequent T
cell-APC interactions. Eur J Immunol. 1999;29:
1543-1550.

Hoyne GF, Le Roux I, Corsin-Jimenez M, et al.
Serratel-induced notch signalling regulates the
decision between immunity and tolerance made
by peripheral CD4(+) T cells. Int Immunol. 2000;
12:177-185.

Matsuno K, Diederich RJ, Go MJ, Blaumueller
CM, Artavanis-Tsakonas S. Deltex acts as a posi-
tive regulator of Notch signaling through interac-
tions with the Notch ankyrin repeats. Develop-
ment. 1995;121:2633-2644.

Matsuno K, Eastman D, Mitsiades T, et al. Human
deltex is a conserved regulator of Notch signal-
ling. Nat Genet. 1998;19:74-78.

Jarriault S, Brou C, Logeat F, Schroeter EH, Kopan

25.

26.

27.

28.

29.

30.

31.

BLOOD, 1 NOVEMBER 2001 - VOLUME 98, NUMBER 9

R, Israel A. Signalling downstream of activated mam-
malian Notch. Nature. 1995;377:355-358.

Hoyne GF, Dallman MJ, Lamb JR. Linked sup-
pression in peripheral T cell tolerance to the
house dust mite derived allergen Der p 1. Int Arch
Allergy Immunol. 1999;118:122-124.

Rubin LA, Kurman CC, Biddison WE, Goldman ND,
Nelson DL. Amonoclonal antibody 7G7/B6, binds to
an epitope on the human interleukin-2 (IL-2) receptor
that is distinct from that recognized by IL-2 or anti-
Tac. Hybridoma. 1985;4:91-102.

Robb RJ, Rusk CM, Neeper MP. Structure-func-
tion relationships for the interleukin 2 receptor:
location of ligand and antibody binding sites on
the Tac receptor chain by mutational analysis
[published erratum appears in Proc Natl Acad Sci
U S A. 1988;85:8226]. Proc Natl Acad Sci U S A.
1988;85:5654-5658.

Itoh M, Takahashi T, Sakaguchi N, et al. Thymus
and autoimmunity: production of CD25+CD4+
naturally anergic and suppressive T cells as a key
function of the thymus in maintaining immuno-
logic self-tolerance. J Immunol. 1999;162:5317-
5326.

Thornton AM, Shevach EM. Suppressor effector
function of CD4+CD25+ immunoregulatory T
cells is antigen nonspecific. J Immunol. 2000;164:
183-190.

Paganelli R, Cherchi M, Scala E, et al. Activated
and “memory” phenotype of circulating T lympho-
cytes in intrauterine life. Cell Immunol. 1994;155:
486-492.

Chai JG, Bartok |, Chandler P, et al. Anergic T

32.

33.

34.

35.

36.

37.

cells act as suppressor cells in vitro and in vivo.
Eur J Immunol. 1999;29:686-692.

Cederbom L, Hall H, Ivars F. CD4+CD25+ regu-
latory T cells down-regulate co-stimulatory mol-
ecules on antigen-presenting cells. Eur J Immu-
nol. 2000;30:1538-1543.

Eichmann K, Falk |, Melchers I, Simon MM.
Quantitative studies on T cell diversity, I: determi-
nation of the precursor frequencies for two types
of streptococcus A-specific helper cells in nonim-
mune, polyclonally activated splenic T cells. J
Exp Med. 1980;152:477-492.

Goronzy J, Schaefer U, Eichmann K, Simon MM.
Quantitative studies on T cell diversity, Il: determi-
nation of the frequencies and Lyt phenotypes of
two types of precursor cells for alloreactive cyto-
toxic T cells in polyclonally and specifically acti-
vated splenic T cells. J Exp Med. 1981;153:857-
870.

Melchers |, Fey K, Eichmann K. Quantitative
studies on T cell diversity, Ill: limiting dilution anal-
ysis of precursor cells for T helper cells reactive
to xenogeneic erythrocytes. J Exp Med. 1982;
156:1587-1603.

Dozmorov IM, Lutsenko GV, Sidorov LA, Miller
RA. Analysis of cellular interactions in limiting di-
lution cultures. J Immunol Methods. 1996;189:
183-196.

Dozmorov IM, Miller RA. Regulatory interactions
between virgin and memory CD4 T lymphocytes.
Cell Immunol. 1996;172:141-148.

Dozmorov |, Eisenbraun MD, Lefkovits I. Limiting
dilution analysis: from frequencies to cellular in-
teractions. Immunol Today. 2000;21:15-18.

20z aunr zo uo jsenb Aq ypd'9€/2010128U/vYEYL/9€.2/6/86/)Pd-01011e/pO0|gARU SUOKEDIgNdYSE//:d)Y WOl papeojumoq



