
Generation and function of immunosuppressive human and murine
CD8

+ T cells by transforming growth factor-b and retinoic acid

Introduction

Regulatory T cells are believed to play a crucial role in

the bowel’s adjustments to microbial antigens and in the

modulation of tissue-damaging immune reactions; there-

fore, these cells are regarded as a promising new thera-

peutic target.1 The most prominent population of

regulatory T cells is the CD4+ subset. Various populations

of thymically or peripherally induced regulatory T cells,

such as CD4+ CD25+ T cells,2 CD4+ CD45RBlow T cells,3

type 1 regulatory T (Treg1) cells,4 and type 3 helper T

(Th3) cells,5 have been described for the control of intes-

tinal inflammation. However, less attention has been

given to the inhibitory capability of CD8+ T cells, and,

although several types of CD8+ regulatory T cells with

various phenotypes seem to exist in humans and in

experimental animals,6–11 the nature of the primary CD8+

regulatory T cells and the mechanisms underlying their

generation remain elusive. Some populations of CD8+

regulatory T cells are believed to be involved in the con-

trol of mucosal immune responses. An experimental

model mimicking inflammatory bowel disease (IBD) uses

the injection of CD4+ CD45RBhigh T cells into syngeneic

mice deficient in the recombination activation gene 2

(Rag-2) to generate inflammation of the gut mucosa. In

this model, Ménager-Marcq et al. demonstrated that

CD8+ CD28) T cells, but not CD8+ CD28+ T cells, freshly

isolated from the spleen or the gut efficiently prevent the

development of colitis.12 In addition, Ho et al. identified

a subset of CD8+ regulatory T cells characterized by

CD8+ CD44)CD103high expression.13 Adoptive transfer of

CD4+ T cells from mice that over-express tumour necro-

sis factor-a into immunodeficient Rag)/) mice induces

ileitis, but co-transfer of CD8+ CD44)CD103+ T cells

from wild-type mice attenuates the ileitis histology.13

Moreover, Mayer and co-workers suggested that CD8+ T
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Summary

The intestinal immune system is constantly challenged by foreign antigens

and commensal bacteria. Therefore, proper control of the intestinal

microenvironment is required. One important arm of this regulatory net-

work consists of regulatory T cells. In contrast to CD4+ Foxp3+ regulatory

T cells, which have been well characterized, immunomodulatory CD8+ T

cells that express Foxp3 are less well defined in terms of their generation

and function. Failures of these regulatory mechanisms contribute to the

development of inflammatory bowel disease. In this study we demonstrate

that the frequency of CD8+ Foxp3+ T cells is reduced in the peripheral

blood of patients with ulcerative colitis. As these cells might play a cur-

rently underestimated role in the maintenance of intestinal homeostasis,

we have investigated human and murine CD8+ Foxp3+ T cells generated

by stimulating naive CD8+ T cells in the presence of transforming growth

factor-b and retinoic acid, mediators that are abundantly produced in the

intestinal mucosa. These CD8+ Foxp3+ fully competent regulatory T cells

show strong expression of regulatory molecules CD25, Gpr83 and CTLA-

4 and exhibit cell–cell contact-dependent immunosuppressive activity

in vitro. Our study illustrates a previously unappreciated critical role of

CD8+ Foxp3+ T cells in controlling potentially dangerous T cells and in

the maintenance of intestinal homeostasis.

Keywords: CD8+ Foxp3+ T cells; immune regulation; inflammatory bowel

disease; retinoic acid; transforming growth factor-b
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cells with regulatory activity are present in the lamina

propria (LP) of normal healthy persons but not in the LP

of patients with IBD.14,15 Yet, whereas all of these studies

clearly confer on CD8+ T cells an important role in intes-

tinal inflammation, none of these studies has been

focused on the induction of truly CD8+ regulatory T cells

that express forkhead box P3 (Foxp3). In a previous study

we demonstrated that the intestinal expression of a self-

antigen leads to the induction of antigen-specific

CD8+ Foxp3+ T cells in vivo.16 Furthermore, we have

demonstrated that in vitro stimulation of antigen-specific

CD8+ T cells in the presence of transforming growth fac-

tor-b (TGF-b) and retinoic acid (RA) induced a robust

population of CD8+ Foxp3+ regulatory T cells.17 As the

intestine is characterized by abundant production of

TGF-b and RA it might therefore be prone to the induc-

tion of Foxp3+ regulatory T cells.

As these cells might play an as yet underestimated role

in the maintenance of intestinal homeostasis, we have

investigated CD8+ Foxp3+ T cells generated by TGF-b
and RA by analysing the function and phenotype in

humans and mice. Our study shows that TGF-b/RA-con-

verted CD8+ Foxp3+ T cells share all the major features

of conventional CD4+ regulatory T cells, i.e. suppressive

function in vitro. Furthermore, these subsets of regulatory

T cells also resemble each other at the molecular level as

determined by gene expression studies. The fact that this

conversion by TGF-b and RA also works with human

CD8+ T cells is of particular interest because we demon-

strate in this study that the frequency of CD8+ Foxp3+ T

cells is reduced in the peripheral blood of patients with

intestinal inflammation. Hence, our study illustrates a

previously unappreciated critical role of CD8+ Foxp3+ T

cells in controlling potentially dangerous T cells.

Materials and methods

Mice

Foxp3/GFP mice express both the Foxp3 and green fluo-

rescent protein (GFP) under the endogenous regulatory

sequence of the Foxp3 locus and were obtained from the

Charles River Laboratories (Sulzfeld, Germany). BALB/c

mice and C57BL/6 mice were obtained from Harlan Lab-

oratories (Harlan Winkelmann GmbH, Borchen, Ger-

many). Granzyme B (GzmB) -deficient C57BL/6 mice

were kindly provided by Prof. Dr U. Dittmer (Depart-

ment of Virology, University Duisburg-Essen).

Patients

Blood samples were obtained from 12 patients (five men,

seven women; age range, 32–72 years) with active ulcera-

tive colitis (UC) and from 18 healthy blood donors (eight

men, ten women; age range, 22–87 years), who were

used as control group. To assess disease activity, the clini-

cal activity index (CAI) according to Rachmilewitz’s crite-

ria and the ulcerative colitis disease activity index

(UCDAI) according to Sutherland’s criteria, including a

grading of clinical and endoscopic signs, were determined.

Patients were classified as having acute UC with a

CAI > 4.

Isolation of peripheral blood mononuclear cells

Peripheral blood mononuclear cells were isolated from

heparin-treated blood by Bicoll density gradient centrifu-

gation (Biochrom AG, Berlin, Germany). Isolated cells

were washed with buffer and either analysed immediately

or cryopreserved in medium containing 10% fetal calf

serum (PAA Laboratories GmbH, Pasching, Austria) and

10% DMSO (Carl Roth GmbH, Karlsruhe, Germany).

Isolation of lymphocytes

The autoMacs separation system (Miltenyi Biotec, Berg-

isch Gladbach, Germany) was used for the isolation or

depletion of lymphocyte subsets according to the manu-

facturer’s instructions. CD4+ and CD8+ T cells were nega-

tively selected.

Antibodies and flow cytometry

All antibodies were obtained from BD Biosciences Pharm-

ingen (Heidelberg, Germany). Staining with a-Foxp3

(eBioscience, San Diego, CA) was performed according to

the manufacturer’s recommendations. Flow cytometric

analysis was performed with a FACSCalibur flow cytome-

ter and CELLQUEST software or with an LSR II and DIVA

software (both from BD Biosciences).

In vitro induction of CD8+ Foxp3+ T cells

For the induction of Foxp3 expression in polyclonal

CD8+ T cells, 2�5 · 105 CD8+ CD25) naive T cells from

Foxp3/GFP transgenic mice or human CD8+ T cells iso-

lated from peripheral blood were stimulated with 0�5 lg/

ml soluble a-CD3, 2 ng/ml recombinant human TGF-b
(R&D Systems GmbH, Wiesbaden-Nordenstadt, Ger-

many) and 100 nM RA (Sigma-Aldrich, Saint Louis, MO).

On day 2, 50 U/ml recombinant human interleukin-2 was

added to the cultures. On day 4, Foxp3 expression in

CD8+ T cells was determined by staining with a-CD8 and

a-Foxp3 antibodies.

DNA microarray hybridization and analysis

Total RNA from sorted CD8+ T cells was isolated using

the RNAeasy kit (Qiagen GmbH, Hilden, Germany).

Quality and integrity of total RNA was controlled on an
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Agilent Technologies 2100 Bioanalyzer (Agilent Technolo-

gies, Waldbronn, Germany). Total RNA (500 ng) was

used in the Cy3-labelling reaction using the one-colour

Quick Amp Labeling protocol (Agilent Technologies).

Labelled cRNA was hybridized to Agilent’s human

4 · 44k microarrays for 16 hr at 68� and scanned using

the Agilent DNA Microarray Scanner. Expression values

were calculated using the software package FEATURE

EXTRACTION 10.5.1.1 (Agilent Technologies). Statistical

analysis of the expression data was performed using the

GENE SPRING software package (Agilent Technologies).

Clustering analysis was performed using GENESIS 1.6.

Cytokine analysis

For cytokine profiling, 4 · 105 sorted CD8+ Foxp3)/GFP)

and CD8+ Foxp3+/GFP+ T cells were re-stimulated with

10 ng/ml PMA and 1 lg/ml ionomycin (Sigma-Aldrich)

for 20 h at 37�. Quantification of cytokines in cell culture

supernatants was performed by using the Procarta Cyto-

kine assay kit (Panomics, Fremont, CA) according to the

manufacturer’s recommendations. The assay was run with

a Luminex200 instrument using LUMINEX IS software

(Luminex Corporation, Austin, TX). For intracellular

interferon-c (IFN-c) staining T cells were re-stimulated

with 10 ng/ml PMA, 1 lg/ml ionomycin and 5 lg/ml

Brefeldin A (Sigma-Aldrich) for 4 hr.

Real-time reverse transcription-PCR

Total RNA was prepared from isolated CD8+ T cells using

the RNeasy kit (Qiagen) following cDNA synthesis by M-

MLV Reverse Transcriptase, RNase H Minus, Point Muta-

tion (Promega, Madison, WI) and oligo-dT mixed with

random hexamers (Invitrogen, Carlsbad, CA) according

to the manufacturer’s recommendations. Real-time

reverse transcription-PCR was performed in an ABI

PRISM cycler (Applied Biosystems, Foster City, CA) with

specific primers for GzmB. Relative mRNA levels were

determined by normalization to the housekeeping gene

RPS9.

Suppression assay

For human suppression assays 5 · 104 human TGF-b/RA-

treated CD8+ CD25+ T cells were co-cultured with

5 · 104 freshly isolated CFSE-labelled CD4+ responder T

cells from the same donor and stimulated using the Treg

Suppression Inspector (Miltenyi Biotec) for 6 days. For

murine T-cell suppression assays, TGF-b/RA-treated

CD8+ T cells from Foxp3/GFP mice were separated into

CD8+ Foxp3)/GFP) and CD8+ Foxp3+/GFP+ T cells by

FACS on GFP expression, co-cultured with 1 · 105 freshly

isolated CFSE-labelled CD4+ CD25) responder T cells in

a 1 : 1 ratio and 0�5 · 105 splenic dendritic cells (DCs)

from syngeneic mice, and stimulated with 0�5 lg/ml solu-

ble a-CD3 for 3 days. When indicated, cells were sepa-

rated by using a transwell system. Suppression assays in

the absence of DCs were stimulated with 0�75 lg/ml

plate-bound a-CD3 and 1 lg/ml soluble a-CD28 for

3 days. Proliferation of responder cells was measured by

loss of CFSE dye.

Results

Decreased frequency of CD8+ Foxp3+ T cells in the
blood of patients with ulcerative colitis

To analyse the relevance of CD8+ Foxp3+ T cells to intes-

tinal homeostasis, we tested whether CD8+ Foxp3+ T cells

can be detected in healthy and diseased humans with

severe intestinal inflammation. Peripheral blood from

patients with UC and from healthy control subjects was

analysed for the expression of CD8, CD25 and Foxp3.

Despite the active state of disease (Table 1), we found no

difference in the percentage of CD8+ CD25+ T cells in

healthy control subjects and in patients with UC (Fig. 1a).

In contrast, when CD8+ CD25+ T cells were analysed for

the expression of Foxp3, the percentage of these cells was

significantly reduced in the peripheral blood of patients

with active UC (Fig. 1b).

In vitro induction of human CD8+ Foxp3+ suppressor
T cells

Restoring the number of CD8+ regulatory T cells could

be one possible mechanism for the treatment of UC.

Therefore, an effective protocol for the in vitro induction

of human CD8+ regulatory T cells is required. In vitro

stimulation of antigen-specific CD8+ T cells in the pres-

ence of TGF-b and RA induced a robust population of

Table 1. Characterization of ulcerative colitis patients

Patient Sex Age CAI UCDAI

1 M 48 6 6

2 F 38 9 Missing data

3 F 44 11 10

4 F 36 7 5

5 M 46 7 7

6 F 32 12 7

7 F 55 5 8

8 M 46 6 7

9 F 72 7 6

10 M 68 6 9

11 M 61 7 8

12 F 62 8 9

CAI, clinical activity index; F, female; M, male; UCDAI, ulcerative

colitis disease activity index.
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CD8+ Foxp3+ regulatory T cells.17,18 To induce human

CD8+ Foxp3+ T cells, we isolated naive CD8+ T cells from

peripheral blood, labelled them with CFSE, and stimu-

lated them in the presence or absence of TGF-b, RA or

the combination of TGF-b and RA. As shown in Fig. 2(a)

the stimulation of human CD8+ T cells with a-CD3/a-

CD28 or a-CD3/a-CD28 in combination with RA

induced only a slight increase in the expression of Foxp3

(3%; 7%). In contrast, stimulation in the presence of

TGF-b induced a strong conversion into CD8+ Foxp3+ T

cells (34%), and this conversion was further increased by

the addition of RA (53%). Furthermore, these

CD8+ Foxp3+ T cells showed a strong up-regulation of

CD25 and CTLA-4, marker molecules characteristic for

naturally occurring CD8+ regulatory T cells (Fig. 2b). To

analyse the suppressive potential of induced human

CD8+ Foxp3+ T cells, we sorted CD8+ CD25high T cells

after stimulation in the presence of TGF-b/RA and co-

cultured them with naive CFSE-labelled human CD4+

responder T cells. At day 6 after stimulation, proliferation

of responder cells was measured by the loss of CFSE dye.

As shown in Fig. 2(c), TGF-b/RA-treated CD8+ CD25high

T cells markedly suppressed the proliferation of CD4+

responder T cells, which demonstrated the regulatory

activity of human CD8+ Foxp3+ T cells in vitro.

Molecular and functional phenotype of TGF-b/RA-
induced CD8+ Foxp3+ T cells

A prerequisite for the use of regulatory T cells in a thera-

peutic setting is the detailed molecular and functional

characterization of these cells. To gain further insight into

the biology of these CD8+ Foxp3+ T cells and to over-

come the technical limitations of human cells (e.g. the

lack of regulatory T-cell-specific surface molecules that

can distinguish Foxp3) cells from Foxp3+ T cells), we

used Foxp3/GFP transgenic reporter mice, in which GFP

expression accurately identifies the Foxp3+ T-cell popula-

tion. Polyclonal CD8+ Foxp3)/GFP) T cells from Foxp3/

GFP mice were stimulated with a-CD3 alone or a mixture

of a-CD3, TGF-b and RA. Again, only the combination

of T-cell receptor stimulus plus TGF-b/RA induced a sub-

stantial conversion of CD8+ Foxp3)/GFP) cells into

CD8+ Foxp3+/GFP+ T cells (Fig. 3). To define the molec-

ular phenotype of the in vitro-induced CD8+ Foxp3+ T

cells, we analysed the characteristics of these cells by using

Agilent gene expression chips. CD8+ Foxp3)/GFP) and

CD8+ Foxp3+/GFP+ T cells were FACS-sorted (Fig. 4a),

and gene expression analyses were performed. A heat map

generated from DNA microarray data showed that

CD8+ Foxp3)/GFP) and CD8+ Foxp3+/GFP+ T cells cul-

tured under the same polarizing conditions clearly exhibit

distinct and specific expression profiles (Fig. 4b). To ana-

lyse whether TGF-b/RA-induced CD8+ Foxp3+ T cells

share common molecular features with naturally occur-

ring CD8+ and CD4+ regulatory T cells, we evaluated

gene expression data for marker molecules specific to reg-

ulatory T cells. Interestingly, CD8+ Foxp3+/GFP+ T cells

expressed a variety of genes that are known to be specific

for regulatory T cells, e.g. Gpr83, CD25 and CTLA-419,20

(Fig. 4c) suggesting a regulatory phenotype of the

CD8+ Foxp3+ T cells. When naive T cells are activated

under the influence of RA, they acquire a gut-homing

phenotype with high expression levels of CD103, a4b7

and CCR9.21 Evaluating the expression of these homing

molecules on TGF-b/RA-treated CD8+ T cells revealed

strong expression of CD103 and CCR9 but no difference

in the expression level between CD8+ Foxp3)/GFP) and

CD8+ Foxp3+/GFP+ T cells (Fig. 4d) demonstrating that

the differential expression of Foxp3 is independent of the

expression of homing molecules. To validate array-based

mRNA expression levels, we confirmed the regulatory
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Figure 1. The percentage of CD8+ CD25+ Foxp3+ T cells is lower in the peripheral blood of patients with ulcerative colitis than in that of healthy

blood donors. Peripheral blood mononuclear cells from healthy donors (n = 18) and from patients with ulcerative colitis (n = 12) were analysed

by flow cytometry for the expression of CD8, CD25, and intracellular Foxp3. (a) Percentage of CD8+ CD25+ T cells among CD8+ T cells. Means
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phenotype by FACS-staining. Figure 5(a) shows the spe-

cific up-regulation of CD25 and CTLA-4 molecules in

CD8+ Foxp3+/GFP+ T cells. We next proceeded to char-

acterize the proliferative properties of CD8+ Foxp3+ T

cells. After re-stimulation, CD8+ Foxp3+/GFP+ T cells

exhibited proliferative capability (Fig. 5b) but secreted less
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Figure 2. Human transforming growth factor-b (TGF-b)/retinoic acid (RA) -induced CD8+ Foxp3+ T cells express markers of regulatory T cells

and exhibit suppressive activity. (a) CFSE-labelled CD8+ T cells from human peripheral blood were stimulated with soluble a-CD3 and a-CD28

for 4 days or left unstimulated. When indicated, cells were supplemented with 2 ng/ml human recombinant TGF-b or 100 nm RA. Cells were

stained for the expression of CD8 and Foxp3. The use of a gating technique on proliferating CD8+ T cells demonstrates the expression of Foxp3

as compared with CFSE fluorescence intensity. The figure shows the results of one experiment representative of three independent experiments.

(b) In human CD8+ T cells treated with TGF-b/RA or left untreated, Foxp3 was co-stained with either CD25 or CTLA-4. The figure shows

results that are representative of those obtained from three independent experiments. (c) For in vitro T-cell suppression assays, FACS-sorted

TGF-b/RA-treated CD8+ CD25high T cells were co-cultured with freshly isolated CFSE-labelled CD4+ responder T cells and polyclonal-stimulated

with the Treg Suppression Inspector (Miltenyi Biotec). Histograms show the proliferation of responder T cells as determined by loss of CFSE

dye. Geometric means of CFSE fluorescence intensity are shown. The figure shows results from one of three independent experiments.
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from Foxp3/green fluorescent protein (GFP) mice were co-cultured with splenic dendritic cells from BALB/c mice and soluble a-CD3 in the pres-

ence or absence of 2 ng/ml human recombinant TGF-b and 100 nm RA for 4 days. Cells were stained for the expression of CD8 and Foxp3/GFP.

The figure shows data representative of three independent experiments.
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IFN-c and tumour necrosis factor-a in vitro than did

CD8+ Foxp3)/GFP) cells, but neither cell type expressed

interleukin-10 at detectable levels (Fig. 5c).

TGF-b/RA-induced CD8+ Foxp3+/GFP+ T cells
exhibit suppressor function in vitro

To study the potential of TGF-b/RA-induced CD8+ Foxp3+

T cells with regard to their immunosuppressive capability

in vitro, we sorted TGF-b/RA-treated CD8+ Foxp3)/GFP)

and CD8+ Foxp3+/GFP+ T cells and co-cultured them with

naive CFSE-labelled polyclonal CD4+ CD25) responder T

cells in the presence of DCs and a-CD3 stimulation. Like

human CD8+ Foxp3+ T cells induced by TGF-b/RA, mur-

ine CD8+ Foxp3+/GFP+ T cells were able to suppress CD4+

T-cell proliferation in vitro (Fig. 6a). To assess the effect of

TGF-b/RA-induced CD8+ Foxp3+ T cells on the effector

function of CD4+ responder T cells we analysed the expres-

sion of the pro-inflammatory cytokine IFN-c in CD4+

responder T cells (Fig. 6b). Whereas the percentage of IFN-

c-producing CD4+ responder T cells was significantly

increased when co-cultured with CD8+ Foxp3)/GFP) T

cells, co-culture with TGF-b/RA-induced CD8+ Foxp3+/

GFP+ T cells slightly reduced the production of IFN-c in

CD4+ responder T cells. This finding suggests some sup-

pressive function of TGF-b/RA-induced CD8+ Foxp3+ reg-

ulatory T cells in vitro.

Cytotoxicity of TGF-b/RA-induced CD8+ Foxp3+/
GFP+ T cells

Under normal inflammatory conditions CD8+ T cells

exhibit cytolytic activity. Therefore, the expression of

cytotoxicity-related molecules was studied. Surprisingly,

granzyme B and D (GzmB and GzmD) and perforin

(Prf1) were specifically up-regulated in CD8+ Foxp3+/

GFP+ T cells in comparison to CD8+ Foxp3)/GFP) T

cells (Fig. 7a). To validate array-based mRNA expression

levels, we confirmed data by quantitative PCR. This

revealed the specific up-regulation of GzmB in CD8+

Foxp3+/GFP+ T cells in comparison to Foxp3)/GFP) T

cells (Fig. 7b). To further analyse whether the suppressive

activity of TGF-b/RA-induced CD8+ Foxp3+/GFP+ T cells

is mediated via GzmB-dependent killing of CD4+ respon-

der T cells we studied the immunosuppressive potential

of GzmB-deficient TGF-b/RA-induced CD8+ Foxp3+ T

cells. For this purpose CD8+ CD25) T cells from GzmB-

deficient and wild-type mice were stimulated with DCs

and a-CD3 in the presence of TGF-b and RA for 4 days.

The FACS-sorted CD8+ CD25high T cells from GzmB-

deficient and wild-type mice expressed high levels of

Foxp3 (Fig. 7c). As shown in Fig. 7(d) the inhibitory

function of GzmB-deficient CD8+ CD25+ Foxp3+ T cells

is comparable to the suppressive ability of wild-type

CD8+ CD25+ Foxp3+ T cells, demonstrating the dispens-
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able role of GzmB for the suppressive activity of TGF-b/

RA-induced CD8+ regulatory T cells.

Immunosuppressive capability of TGF-b/RA-induced
CD8+ Foxp3+/GFP+ T cells is dependent on DCs

To assess whether the inhibitory function of TGF-b/RA-

induced CD8+ regulatory T cells is cell–cell contact-

dependent or is mediated by soluble factors, we

performed inhibition assays with a transwell system, in

which responder cells and regulatory T cells are sepa-

rated by a semi-permeable membrane. As depicted in

Fig. 8(a), cell–cell contact between CD4+ responder T

cells and TGF-b/RA-induced CD8+ Foxp3+/GFP+ T cells

is mandatory for the regulatory function of these cells.

As a result of the cell–cell contact-dependency of TGF-b/

RA-induced CD8+ Foxp3+/GFP+ T cells and the fact that

modulation of antigen-presenting cells (APC) is one of

several postulated mechanism of CD4+ regulatory T-cell-

mediated suppression we further investigated the role of

DCs in a T-cell suppression assay. Therefore, we per-

formed inhibition assays with and without the presence

of DCs. Interestingly, the suppressive activity of TGF-b/

RA-induced CD8+ Foxp3+/GFP+ T cells is only detectable

in the presence of DCs (Fig. 8b). This finding suggests

that TGF-b/RA-induced CD8+ Foxp3+/GFP+ T cells exert

their suppressive function by modulating the stimulatory

function of DCs.

Discussion

The intestinal immune system is constantly challenged by

foreign antigens and commensal bacteria. Therefore,

proper control of the intestinal microenvironment is

required. One important arm of this regulatory network

consists of regulatory T cells. Many researchers have

undertaken association studies among patients with IBD

to determine whether changes in regulatory T cells can be

correlated with disease severity, with a particular focus on

defining the differences between circulating cells and cells

from gut tissue. Most of these studies have analysed

CD4+ CD25+ Foxp3+ regulatory T cells, and much less is

known about the role of CD8+ regulatory T cells in IBD.

Mayer and colleagues suggested that a defect of CD8+

regulatory T cells in the LP may lead to the development

of IBD.14,15 These researchers demonstrated that CD8+ T

cells isolated from non-inflamed mucosa display suppres-

sive capabilities; in contrast, LP CD8+ T cells derived

from patients with IBD could not suppress immune

responses. They conclude that CD8+ T cells with regula-

tory activity are present in the LP of normal healthy per-

sons but not in the LP of patients with IBD. In the

present study we demonstrated that the peripheral blood

of patients with UC contains fewer CD8+ CD25+ Foxp3+

T cells when the disease is active. These findings are in

line with those of earlier studies, which demonstrated that

the peripheral blood of patients with Crohn’s disease and
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CD8+ CD25) splenic T cells from Foxp3/GFP mice were cultured as described in Fig. 3. (a) Differentiated CD8+ Foxp3)/GFP) and

CD8+ Foxp3+/GFP+ T cells were stained for the expression of Foxp3, CD25 and CTLA-4. The figure shows data representative of three indepen-

dent experiments. (b) FACS-sorted CD8+ Foxp3)/GFP) and CD8+ Foxp3+ /GFP+ T cells were labelled with CFSE and re-stimulated with soluble

a-CD3 for 3 days. Proliferation was measured by loss of CFSE dye. The percentage of proliferated cells is indicated. (c) FACS-sorted

CD8+ Foxp3)/GFP) and CD8+ Foxp3+ /GFP+ T cells were re-stimulated for 20 hr with PMA/ionomycin. Cell culture supernatants were analysed
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figure shows data representative of two independent experiments.
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UC contains fewer CD4+ regulatory T cells during disease

flares, and suggest that the severity of disease is inversely

correlated with the number of regulatory T cells in the

peripheral blood.22–24 Despite our limited understanding

of the role of regulatory T cells in the pathogenesis of

human IBD, the ability to alter regulatory pathways may

be a crucial avenue for achieving long-term remission.

Results from animal models suggest that the transfer of

regulatory T cells may be beneficial.25 However, given that

patients with IBD exhibit an increased number of regula-

tory T cells in the LP and a decreased number in the

peripheral blood, large numbers of regulatory T cells may

need to be transferred if we are to alter the balance

between a regulatory and a pro-inflammatory response.

Published protocols for expanding CD4+ regulatory T

cells ex vivo rely on repetitive stimulation via the TCR in

combination with cytokine exposure.26–28 Within the

CD8+ regulatory T-cell subset, adaptive CD8+ regulatory

T cells are by far the most dominant group. These cells

can be induced by stimulation through the T-cell receptor

under certain conditions resulting in a variety of different

phenotypes. Recently, it was demonstrated that CD8+

CD25+ Foxp3+ regulatory T cells can be generated by the

treatment with anti-CD3 antibody.29,30 In addition,

another population of human CD8+ CD25+ Foxp3+ regu-

latory T cells has been described by Siegmund et al.31

Here, TGF-b and CD3/CD28 antibodies were required to

expand these cells. For the CD4+ T-cell subset it was

shown that TGF-b-induced conversion of CD4+ T cells

into the Foxp3+ phenotype by gut-associated DCs is aug-

mented by the key metabolite of Vitamin A, RA,

in vitro.32,33 Ideally, if unwanted uncontrolled immunosu-

ppression is to be avoided, regulatory T cells should be

manipulated to express homing molecules that direct
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Figure 6. Immunosuppressive capability of transforming growth factor-b (TGF-b)/retinoic acid (RA) -induced CD8+ Foxp3+ /GFP+ T cells.

CD8+ CD25) splenic T cells from Foxp3/GFP mice were cultured as described in Fig. 3. For in vitro T-cell suppression assays, FACS-sorted

CD8+ Foxp3)/GFP) and CD8+ Foxp3+ /GFP+ T cells were cultured with freshly isolated CFSE-labelled CD4+ CD25) responder T cells and sple-

nic DCs from BALB/c mice, and stimulated with soluble a-CD3 for 3 days. (a) Histograms show proliferation of responder T cells as determined

by loss of CFSE dye. Geometric means of CFSE fluorescence intensity are shown. The figure shows data representative of results from five inde-

pendent experiments. (b) On day 3 of in vitro T-cell suppression assays cells were re-stimulated with PMA, ionomycin and Brefeldin A for 4 hr

and stained for CD4+ CD25) responder T cells and intracellular interferon-c. The diagram shows the percentage of interferon-c-expressing

responder T cells from four independent experiments. Means are shown. Student’s t-test was used to assess the statistical significance of differ-

ences in these percentages.
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them to the tissue of interest. Most interesting in this

context is the observation that the RA is synthesized in

abundance by gut and gut-associated DCs21,32,33 and

induces the specific gut-homing molecules CCR9 and

a4b7 integrin on T cells.21 Therefore RA seems to play a

predominant role in the homeostasis and homing of lym-

phoid populations of the gut-associated lymphoid tissue

(GALT). The important role of RA in controlling Foxp3

expression in combination with TGF-b suggests that the

GALT has evolved a specific system for maintaining a bal-

anced symbiosis between the gut flora and the immune

system.18,32–34 Intriguingly, in the current study we could

demonstrate that the potential of TGF-b and RA to con-

vert naive CD4+ T cells into Foxp3+ T cells is also true

for both murine and human CD8+ T cells. Our work has

shown that treating naive CD8+ T cells with TGF-b and

RA induces murine and human CD8+ Foxp3+ T cells with

suppressive activity. Although these CD8+ Foxp3+ T cells

possess proliferative capability they exhibit a phenotype

that is strikingly similar to that of naturally occurring

CD4+ Foxp3+ regulatory T cells and TGF-b/RA-induced

CD4+ regulatory T cells. Most notably, they specifically

express higher levels of CD25, Gpr83 and CTLA-4 than

do CD8+ Foxp3) T cells activated in vitro.
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In vitro and in vivo experimental systems investigating

polyclonal populations of CD8+ regulatory T cells have

assumed the existence of separate subsets of CD8+ regula-

tory T cells on the basis of several apparently distinct

mechanisms of immune regulation. Therefore it is of

major interest to understand the molecular pathway

through which inhibitory CD8+ T cells modulate other

T-cell subsets, in particular CD4+ T cells. The increased

expression of the cytolytic enzymes GzmB, GzmD and

Prf1 in TGF-b/RA-induced CD8+ Foxp3+/GFP+ regula-

tory T cells raises the possibility that these cells may

mediate suppression by killing increased numbers of

responder cells or APCs. However, CD8+ Foxp3+ T cells

differentiated from GzmB-deficient mice exhibited

the same inhibitory capacity as CD8+ Foxp3+ T cells dif-

ferentiated from wild-type mice. Additional important

mechanisms for CD8+ regulatory T cell-mediated immu-

noregulation include the secretion of soluble factors, such

as immunosuppressive cytokines, and negative signalling

directly on the target cell or on APCs. CD8+ CD122+ reg-

ulatory T cells produce interleukin-10 to suppress the

production of IFN-c and the proliferation of CD8+

responder cells.35 However, immunosuppression by

soluble factors is unlikely for TGF-b/RA-induced

CD8+ Foxp3+/GFP+ regulatory T cells because these cells

were not suppressive when separated from responders by

a transwell system. In contrast, the modulation of APCs

seems to be an important mechanism of TGF-b/RA-

induced CD8+ Foxp3+/GFP+ regulatory T cells as the

presence of APCs within the inhibition assay is manda-

tory for the suppressive activity of CD8+ Foxp3+/GFP+

regulatory T cells.

In conclusion, we have detected a lower number of

CD8+ Foxp3+ T cells in the peripheral blood of patients

with UC than in healthy persons. Therefore, the in vitro

generation of CD8+ Foxp3+ regulatory T cells may pro-

vide a new strategy to modulate T-cell responses.

We established a protocol for the in vitro induction of
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Figure 8. Immunosuppressive capability of transforming growth factor-b (TGF-b)/retinoic acid (RA) -induced CD8+ Foxp3+/GFP+ T cells is

dependent on dendritic cells. In vitro T-cell suppression assays were performed as described in Fig. 6. Histograms show proliferation of responder

T cells as determined by loss of CFSE dye. Geometric means of CFSE fluorescence intensity are shown. (a) CFSE-labelled CD4+ CD25) responder
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dent experiments. (b) In vitro T-cell suppression assays were performed in the presence of dendritic cells and stimulated with soluble a-CD3 or

in the absence of dendritic cells and stimulated with plate-bound a-CD3 and soluble a-CD28. The figure shows data representative of results

from three independent experiments.
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adaptive CD8+ Foxp3+ regulatory T cells that can be

induced from murine and human CD8+ CD25) T cells by

TCR stimulation in the presence of TGF-b and RA with

the potential to suppress CD4+ T-cell proliferation in vi-

tro in a cell–cell contact-dependent manner. Our study

illustrates a previously unappreciated critical role of

CD8+ Foxp3+ T cells in controlling potentially dangerous

T cells in the gut and the induction of these cells in vitro

may be a future perspective for the therapy of inflamma-

tory bowel disease.
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