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Summary

 

4-1BB ligand (4-1BBL) expressed on antigen-presenting cells interacts with 4-
1BB on activated T cells (especially CD8

  

++++

 

 cells) and co-stimulates the latter to
secrete cytokines and to proliferate. The role of 4-1BB−−−−

 

4-1BBL interaction
was studied here in a model of colitis based on naive CD4

  

++++

 

 T cell transfer to
SCID mice, a disease model in which CD8 cells do not take part. We found
that CD4

  

++++

 

 T cells from 4-1BB-deficient mice, after transfer in SCID mice, pro-
liferated more rapidly compared to wild-type CD4

  

++++

 

 T cells. Mice reconstituted
with naive CD4

  

++++

 

 T cells from 4-1BB-deficient mice developed colitis, however,
with a mixed Th1/Th2 response, in contrast to the Th1-type response in mice
reconstituted with wild-type naive CD4

  

++++

 

 T cells. Importantly, this altered
cytokine response did not temper colitis severity. Although it has been
reported previously that 4-1BB co-stimulation may contribute to regulatory T
cell functioning, we found that CD4

  

++++

 

CD25

  

++++

 

 regulatory T cells from 4-1BB-
deficient mice were perfectly able to prevent naive CD4

  

++++

 

 T cell-induced colitis.
In conclusion, our data provide evidence that 4-1BB−−−−

 

4-1BBL interaction
modulates the effector CD4

  

++++

 

 T cell-driven immune response and cytokine
production in experimental colitis without affecting regulatory T cell
function.
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Introduction

 

4-1BB (CD137) is a 30 kDa glycoprotein of the tumour
necrosis factor (TNF) receptor superfamily [1,2]. It is
expressed on activated CD4

 

+

 

 and CD8

 

+

 

 T cells, activated B
cells and natural killer cells, on resting monocytes and den-
dritic cells [3–6]. Its natural ligand, the 4-1BB ligand (4-
1BBL), is a type II transmembrane glycoprotein of the TNF
superfamily expressed on monocytes, macrophages, den-
dritic cells, B cells and on activated T cells [2,7]. 4-1BB
engagement enhances expansion of T cells of both murine
and human CD4

 

+

 

 and CD8

 

+

 

 T cells and activates them to
secrete cytokines [interleukin (IL)-2, IL-4, interferon (IFN)-

 

γ

 

, tumour necrosis factor (TNF-

 

α

 

)] [8–10] independent of,
but in synergy with, CD28 triggering [1,9]. 4-1BB is involved
in T cell-dependent antibody production by B cells [11] and
it promotes T cell survival [9,12]. 4-1BB triggering on den-
dritic cells stimulates them to produce IL-6 and IL-12 and
induces IL-8 and TNF-

 

α

 

 production in monocytes [4,6]. 

 

In

vivo

 

, studies with 4-1BBL-deficient mice and with agonistic
anti-4-1BB monoclonal antibodies (mAb) demonstrated a
role for 4-1BB

 

−

 

4-1BBL interactions in the induction and
maintenance of optimal CD8

 

+

 

 T cell-mediated immune
responses against viral infections [13,14] and tumours [15,
16]. The effects of 4-1BB co-stimulation on CD4

 

+

 

 T cells 

 

in
vivo

 

 are more controversial. Agonistic anti-4-1BB mAb opti-
mizes the CD4

 

+

 

 T cell response against tumours [17,18] and
reduces the suppressive function of regulatory T cells [19].
Defective CD4

 

+

 

 T cell priming associated with ageing can be
rescued by signalling through 4-1BB [20], and transgenic
non-obese diabetic (NOD) mice over-expressing a single-
chain anti-4-1BB Fv on pancreatic 

 

β

 

 cells develop more
severe diabetes than non-transgenic littermates [21]. Ame-
lioration of autoimmune diseases with agonistic anti-4-1BB
has been reported, presumably through anergy induction of
CD4

 

+

 

 T cells during priming at the dendritic cell interface in
lupus-prone NZB 

 

×

 

 NZW F

 

1

 

 mice [22] or through activa-
tion-induced cell death of autoreactive lymphocytes in
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experimental autoimmune encephalomyelitis and in sponta-
neous lupus disease in Fas-deficient MRL/lpr mice [23,24].
CD4

 

+

 

CD25

 

+

 

 regulatory T cells are important to maintain
peripheral tolerance. 4-1BB is expressed constitutively on
these regulatory T cells [25] and Choi 

 

et al

 

. reported 4-1BB-
dependent inhibition of activated CD4

 

+

 

CD25

 

+

 

 regulatory T
cell functions in a graft-

 

versus

 

-host model [19]. The role of
4-1BB 

 

in vivo

 

 thus appears to be complex, and varies accord-
ing to the experimental model studied.

The aim of the present study was to analyse the effects of
4-1BB

 

−

 

4-1BBL interaction on the induction and regulation
of colitis in the T cell transfer model. In this model, SCID
mice lacking mature T and B lymphocytes are reconstituted
with syngeneic naive CD4

 

+

 

CD45RB

 

hi

 

 T cells and conse-
quently develop colitis which, however, can be prevented by
concomitant transfer of CD4

 

+

 

CD45RB

 

lo

 

 T cells, due to the
presence of regulatory T cells in this latter fraction [26,27].
This model enabled us to study the effects of the 4-1BB

 

−

 

4-
1BBL interaction specifically on CD4

 

+

 

 T cell-dependent
inflammation in the absence of CD8 and B cells. Because we
have reported previously functional expression of 4-1BB in
inflamed gut tissue in Crohn’s disease, an idiopathic chronic
inflammatory bowel disease in humans [28], the present
study on 4-1BB

 

−

 

4-1BBL interactions was also intended to
clarify its potential role in the pathogenesis of Crohn’s
disease.

 

Materials and methods

 

Reagents and mice

 

The mAb used in this study include anti-mouse CD3

 

ε

 

 mAb
[clone 500A2, hamster immunoglobulin (Ig) G], phyco-
erythrin (PE)-conjugated anti-mouse CD4 mAb (clone
GK1·5, rat IgG2b), fluorescein isothiocyanate (FITC)-conju-
gated anti-mouse CD25 mAb (clone 7D4, rat IgM, 

 

κ

 

) and
FITC-conjugated anti-mouse CD45RB mAb (clone 16 A, rat
IgG2a) (PharMingen, San Diego, CA, USA). Purified rat
anti-mouse-4-1BB mAb (clone 3H3, rat IgG2a) to perform
immunohistochemistry and for 

 

in vivo

 

 use was a kind gift
from Robert Mittler, Department of Surgery and Emory
Vaccine Center, Emory University School of Medicine,
Atlanta, USA. Peroxidase-labelled rabbit anti-rat Ig and
swine anti-rabbit Ig were purchased from Dako (Glostrup,
Denmark). Rat IgG2a mAb as an isotype control was puri-
fied from cultures supernatants of the hybridoma GL117
secreting anti-

 

α

 

-galactosidase of 

 

Escherichia coli

 

 (a gift from
H. Heremans, Rega Instituut, Leuven, Belgium).

Specific pathogen-free female Balb/c mice were obtained
from Harlan (Horst, the Netherlands). Specific pathogen-
free female 4-1BB

 

–/–

 

 Balb/c mice were generated as reported
previously [29]. Specific pathogen-free female C.B-17 SCID
mice were obtained from the breeding facility of the REGA
Institute (University of Leuven, Leuven, Belgium). All mice
were maintained in the animal care facility of the faculty of

medicine, Catholic University of Leuven in micro-isolator
cages with filtered air and free access to autoclaved food and
water. SCID mice were 6 weeks of age when experiments
were initiated. All studies were approved by the local ethical
committee of the Catholic University of Leuven.

 

SCID colitis model

 

Spleen cells from wild-type or 4-1BB

 

–/–

 

 Balb/c mice were
used as a source of CD4

 

+

 

 cells and separated further into a
CD45RB

 

hi

 

 and CD45RB

 

lo

 

 fraction under sterile conditions
by two-colour sorting on a FACS Vantage (Becton Dickin-
son, CA, USA), as described previously [30]. For the
experiments with T

 

reg

 

 cells, CD4

 

+

 

 T cells were stained with
FITC-conjugated anti-CD25 mAb and PE-conjugated anti-
CD45RB mAb and fractionated on a FACSVantage into
CD4

 

+

 

CD45RB

 

high

 

CD25

 

–

 

 and CD25

 

+

 

CD4

 

+

 

 T (with low to
intermediate CD45RB expression) (T

 

reg

 

) cells. All popula-
tions were 

 

>

 

 98% pure on re-analysis. To induce colitis,
SCID mice were injected intraperitoneally (i.p.) with sorted
syngeneic wild-type or 4-1BB

 

–/–

 

 CD45RB

 

hi

 

CD4

 

+

 

 T cells
(4 

 

×

 

 10

 

5

 

 cells/mouse). Some mice were injected i.p. with
wild-type CD45RB

 

hi

 

 (4 

 

×

 

 10

 

5

 

 cells/mouse) plus wild-type or
4-1BB

 

–/–

 

 CD45RB

 

lo

 

 (2 

 

×

 

 10

 

5

 

) CD4

 

+

 

 T cells. Some mice were
injected i.p. with total CD4

 

+

 

 T cells (5 

 

×

 

 10

 

5

 

 cells/mouse)
from wild-type or 4-1BB

 

–/–

 

 mice. Disease activity was mon-
itored weekly on the basis of body weight and soft stool or
diarrhoea and experiments were abrogated 8 weeks after T
cell transfer.

 

Histological examination

 

Colon tissue samples were collected at the end of the exper-
iments and fixed in 6% formalin. Paraffin-embedded sec-
tions (5 

 

μ

 

m) were cut and stained with haematoxylin and
eosin. The sections were analysed without prior knowledge
of the type of T cell reconstitution or treatment. Gut inflam-
mation was scored, using a previously described score system
[30].

 

Immunohistochemistry

 

Colon tissue and mesenteric lymph nodes (MLN) were har-
vested from SCID mice 8 weeks after reconstitution with
CD4

 

+

 

 T cells as indicated. Cryostat sections (5 

 

μ

 

m) were cut
and stained immunohistochemically for the presence of 4-
1BB. All procedures were conducted at room temperature.
Briefly, cryostat sections were air-dried overnight, fixed in
acetone for 10 min and rinsed in phosphate-buffered saline
(PBS). Sections were then incubated in dual endogenous
enzyme-blocking reagent (DakoCytomation, Glostrup, Den-
mark; code S2003) for 10 min, washed in PBS and incubated
for 45 min with rat anti-mouse 4-1BB mAb (25 

 

μ

 

g/ml). Sec-
tions were rinsed with PBS and incubated for 30 min with
peroxidase-labelled rabbit anti-rat Ig (1/75 dilution). After
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washing with PBS the sections were incubated with peroxi-
dase-labelled swine anti-rabbit Ig (1/100 dilution) for
30 min. Sections were rinsed in PBS. The reaction product
was developed during 10 min using a solution of 50 mg 3-
amino-9-ethylcarbazole and 5 ml dimethylformamide in
100 ml acetate buffer (0·05 

 

M

 

, pH 4·9) to which 30% H

 

2

 

O

 

2

 

was added. After colour development, sections were rinsed in
acetate buffer for 5 min and were counterstained with
Mayer’s haematoxylin for 1 min. After wash with distilled
H

 

2

 

O, sections were mounted in glycerol medium (BDH,
Dorset, UK). As a negative control, the same procedure was
performed with rat IgG2a as a primary antibody. The num-
ber of positively staining cells was counted with a calibrated
graticule in the eyepiece of an Axiolab Zeiss microscope (G.
De Hertogh and K. Geboes). Four high-power fields (HPF)
(total magnification 

 

×

 

 400) focused on lamina propria in the
four quadrants of a transversal section of the colon were
selected for counting of 4-1BB-expressing cells among
mononuclear cells. One HPF consists for about 50% of lam-
ina propria, the rest being crypt epithelium. In MLN, 5 HPF
of the four quadrants and the centre of one biopsy section
were selected. Only mononuclear cells were counted, with
the exclusion of epithelial cells.

 

RNA extraction and quantitative reverse transcription-
polymerase chain reaction (RT-PCR)

 

Colonic tissue samples (from diseased areas in case of colitis
or randomly in the absence of macroscopic colitis) were
obtained from SCID mice at the end of the experiments as
indicated. All samples were frozen immediately in liquid
nitrogen after dissection and stored at 

 

−80°C until use. Total
RNA was extracted using the RNeasy Mini Kit (Qiagen,
Leusden, the Netherlands) according to the manufacturer’s
instructions. A constant amount of 2 μg target RNA was
used for cDNA synthesis (ready-to-use kit; Pharmacia, Upp-
sala, Sweden). After 90 min at 37°C, the reverse transcriptase
was inactivated by incubating the cDNA samples for 5 min at
95°C. The cDNA samples were then subjected to real-time
quantitative RT-PCR, performed in the ABI prism 7700
sequence detector (Applied Biosystems, Foster City, CA,
USA) as described previously [31]. The sequences of the
primers and probes for murine IFN-γ, TNF-α, IL-10 and β-
actin have been reported previously [31]. All primers and
probes were designed with the assistance of the computer
program Primer Express (AB) and purchased from Eurogen-
tec (Seraing, Belgium) or Applied Biosystems. The 5′-
nuclease activity of the Taq polymerase was used to cleave a
non-extendable dual-labelled fluorogenic probe. Fluorescent
emission was measured continuously during the PCR reac-
tion. PCR amplifications were performed in a total volume
of 25 μl containing 5 μl cDNA, 12·5 μl universal PCR Master
Mix without AmpErase® UNG (AB), 100–300 nM concen-
trations of each primer and 200 nM concentrations of the
corresponding detection probe. Each PCR amplification was

performed in triplicate wells using the following conditions:
94°C for 10 min, followed by 40 or 45 cycles at 94°C for 15 s
and 60°C for 1 min cDNA plasmid standards, consisting of
purified plasmid DNA specific for each individual target,
were used to quantify the target gene in the unknown sam-
ples, as described [31]. All results were normalized to β-actin
to compensate for differences in the amount of cDNA in all
samples.

Isolation and culture of lamina propria mononuclear 
cells (LPMC)

LPMC were harvested from the colon of T cell-reconstituted
SCID mice, as reported previously [30]. The isolated LPMC
were diluted into culture medium at a final concentration of
5 × 105 viable cells in 1 ml (24-well plates) and incubated at
37°C in 5% CO2 humidified air. The culture medium was
RPMI-1640 solution (Bio-Whittaker, Verviers, Belgium)
supplemented with 0·3 mg/ml l-glutamine, 100 U/ml peni-
cillin, 100 μg/ml streptomycin (Bio-Whittaker, Verviers,
Belgium) and 10% iron-supplemented fetal calf serum
(HyClone, Logan, UT, USA). Cells were stimulated with
soluble anti-mouse CD3ε (5 μg/ml) and mouse CD80-
transfected mitomycin C-treated (50 μg/ml) P815 cells
(5 × 105 in 1 ml). Supernatants were collected after 48 h for
cytokine measurement.

Cytokine assay

Measurements of IFN-γ and IL-4 production levels in the
supernatants of LPMC cultures were performed by sandwich
ELISA, using matched mAb pairs according to the manufac-
turer’s instructions (BioSource International, Fleurus,
Belgium).

Carboxyfluorescein succinimidyl ester (CFSE) labelling 
of T cells

T cell proliferation in vivo was assessed by flow cytofluorom-
etry of CFSE (Molecular Probes, Eugene, OR, USA) labelled
cells. CD4+ T cells were isolated from spleens of wild-type
and 4-1BB–/– mice and resuspended in RPMI-1640 at
50 × 106 cells/ml; 110 μl of 50 μM CFSE solution was added
to one ml of cells and mixed rapidly. After 5 min at room
temperature, cells were washed three times with PBS con-
taining 5% fetal calf serum (FCS), resuspended in culture
medium and 5 × 106 wild-type or 4-1BB–/– CFSE-labelled
CD4+ T cells were injected i.p. into 6-week-old SCID mice.
As negative and positive controls, unstained and stained
CD4+ T cells were kept in medium for 24 h to analyse CFSE
uptake. SCID mice were killed 5 days after reconstitution
and cells were harvested from the peritoneal cavity and
stained  with  PE-conjugated  anti-CD4.  CFSE  intensity
in a gate for CD4+ T cells was assessed with flow
cytofluorometry.
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Statistics

Statistical analysis was performed with GraphPad Prism,
version 3 (San Diego, CA, USA). The non-parametric
Mann–Whitney U-test was used. Statistical significance was
established at P < 0·05.

Results

Proliferation of 4-1BB–/–CD4++++ T cells in the peritoneal 
cavity

In lymphopenic mice, T cells undergo vigorous expansion
as a compensatory response to lymphopenia [32]. We
explored whether 4-1BB affects CD4+ T cell expansion in
vivo after transfer to SCID mice. Wild-type and 4-1BB–/–

CD4+ T cells were labelled with the cytoplasmic dye CFSE
and transferred into SCID mice. At day 5 after transfer, no
CD4+ T cells could be harvested from the spleen, suggesting
that at that time-point, cells had not yet migrated in abun-
dance to the periphery. Among T cells recovered from the
peritoneal cavity at day 5, 66·8 ± 4·9% wild-type CD4+ T
cells had retained high CFSE expression, suggesting that
these had undergone no or only few cell divisions (M1)
(Fig. 1). In contrast, 60·8 ± 5·6% of 4-1BB–/–CD4+ T cells

recovered from the peritoneal cavity were CFSE negative
and thus had undergone repeated cell divisions (M2)
(Fig. 1). The differences were highly significant
(P = 0·0079), and show that in the absence of 4-1BB, CD4+

T cells proliferate more rapidly in a lymphopenic host.

4-1BB is expressed in colonic tissue and mesenteric 
lymph nodes (MLN) in T cell-reconstituted SCID mice

The in situ expression of 4-1BB in colonic tissue and
MLN from wild-type and 4-1BB-deficient CD45RBhiCD4+

T cell-reconstituted mice was studied. 4-1BB positive
mononuclear cells were seeded in the lamina propria
(4·6 ± 1·1 4-1BB positive cells/HPF) in colon tissue from
wild-type CD45RBhiCD4+ T cell-reconstituted mice
(n = 13) (Fig. 2a). MLN from wild-type CD45RBhiCD4+ T
cell-reconstituted mice were enlarged compared to those
from CD45RBhi+loCD4+ T cell-reconstituted mice. As
shown in Fig. 2b, 4-1BB positive mononuclear cells were
present in the MLN from wild-type CD45RBhiCD4+ T
cell-reconstituted SCID mice (7·2 ± 1·5 4-1BB positive
cells/HPF, n = 11), and they had migrated preferentially to
the cortex where they were organized as focal agglomer-
ates. 4-1BB-positive mononuclear cells were rare (1·2 ± 0·4
4-1BB  positive  cells/HPF,  n = 5)  in  colon  tissue  from

Fig. 1. In vivo homeostatic CD4+ T cell prolifer-

ation in the peritoneal cavity after transfer to 

SCID mice. CD4+ T cells were isolated from 

spleen cells of wild-type and 4-1BB–/– mice and 

stained with the cytoplasmic dye carboxyfluores-

cein succinimidyl ester (CFSE). (a) Unstained 

and CFSE-stained CD4+ T cells from 4-1BB–/– 

mice (left) and wild-type mice (right) as a nega-

tive and positive control, respectively. CFSE-

stained cells were then injected intraperitoneally 

(i.p.) into SCID mice. At day 5, T cells were 

recovered from the peritoneal cavity and CFSE 

expression was analysed by flow cytofluorome-

try. (b) Representative FACS plots are shown; (c) 

summary bar graph representing the mean per-

centage plus s.e.m. of cells in the M1 and M2 area 

are shown (five mice per group). M1: cells which 

have undergone no or only few cell divisions; 

M2: cells which have undergo repeated cell 

divisions.
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4-1BB–/– CD45RBhiCD4+ T cell-reconstituted mice
(Fig. 2c). The 4-1BB positive cells might be of host ori-
gin, as other than CD4+ T cells can also express 4-1BB [3–
6]. In the negative control staining, no positive cells were
found (Fig. 2d).

4-1BB–/–CD45RBhiCD4++++ T cell-reconstituted SCID mice 
develop severe colitis

To study further the functional consequences of 4-1BB−4-
1BBL co-stimulation in experimental colitis, SCID mice
reconstituted with CD45RBhiCD4+ T cells from either
wild-type or 4-1BB-deficient mice were monitored weekly
up to 8 weeks. Data from two independent experiments
were pooled. SCID mice reconstituted with wild-type or
4-1BB–/–CD45RBhiCD4+ T cells both developed progres-

sive weight loss starting around 5 week after reconstitu-
tion, as shown in Fig. 3a. Macroscopically, the colon was
enlarged and had a greatly thickened wall in both wild-
type and 4-1BB–/– CD45RBhiCD4+ T cell-reconstituted
mice. On microscopy, the cellular inflammatory infiltrate
was composed of large numbers of lymphocytes. Neutro-
phils were common in ulcerative areas. Epithelial lesions
included ulceration, occasionally with a mountain-peak
appearance, and less severe lesions such as mucin deple-
tion, loss of goblet cells and crypt abscesses. Architectural
changes included crypt hyperplasia, crypt elongation and
villous transformation of the surface. Features and sever-
ity of inflammation were not different in wild-type and 4-
1BB–/– CD45RBhiCD4+ T cell-reconstituted SCID mice
(mean score 3·61 ± 0·40 and 4·17 ± 0·41, respectively)
(Fig. 3b).

Fig. 2. 4-1BB expression in colon and mesenteric lymph nodes of wild-type CD45RBhiCD4+ T cell-reconstituted SCID mice. Microphotographs of 

cryostat sections of colons (a) and mesenteric lymph nodes (b) from wild-type CD45RBhiCD4+ T cell-reconstituted mice were stained with anti-mouse 

4-1BB monoclonal antibodies (mAb) and peroxidase-labelled rabbit anti-rat and swine anti-rabbit Ig. (c) Microphotograph of a cryostat section of 

colon of a 4-1BB-deficient CD45RBhiCD4+ T cell-reconstituted SCID mice and stained as in (a) and (b). (d) Microphotograph of a cryostat section of 

colon from wild-type CD45RBhiCD4+ T cell-reconstituted SCID mice stained in the presence of a control primary antibody (original 

magnification × 400).

(d)

(a) (b)

(c)
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4-1BB co-stimulation influences the CD4++++ T cell cytokine 
response in the inflamed lamina propria

To study the cytokine response in mice with colitis, colon tis-
sue was harvested from SCID mice 8 weeks after reconstitu-
tion with either wild-type or 4-1BB–/– CD45RBhiCD4+ T cells.
Levels of cytokine mRNA in colonic tissue were determined
by real-time quantitative RT-PCR. Data from two indepen-

dent experiments were pooled. As shown in Table 1, mRNA
levels of IFN-γ were elevated in wild-type CD45RBhiCD4+ T
cell-reconstituted SCID mice, compared to wild-type
CD45RBhi+loCD4+ T cell-reconstituted SCID mice which do
not develop colitis (see below). In contrast, mRNA levels of
IL-10 were significantly lower in wild-type CD45RBhiCD4+

T cell-reconstituted  mice,  compared  to  wild-type
CD45RBhi+loCD4+ T cell-reconstituted mice (P < 0·0029).
The latter is in accordance with the role ascribed to IL-10 in
the prevention of colitis induction [33]. IFN-γ mRNA levels
were significantly lower and IL-10 mRNA levels significantly
higher in 4-1BB–/–CD45RBhiCD4+ T cell-reconstituted mice
compared to wild-type CD45RBhiCD4+ T cell-reconstituted
mice (P < 0·05). In fact, IL-10 mRNA levels in these mice
were comparable to those of wild-type CD45RBhi+loCD4+ T
cell-reconstituted mice. To explore further these differences
in cytokine production, we isolated LPMC from wild-type
and 4-1BB–/– CD45RBhiCD4+ T cell-reconstituted mice and
analysed the Th1/Th2 cytokine production (IFN-γ and IL-4)
in LPMC cultures. As shown in Table 2, the secretion of the
Th2 type cytokine IL-4 was higher in the culture superna-

Fig. 3. Comparison of disease activity after transfer of CD45RBhi and 

CD45RBlo CD4+ T cells from wild-type or 4-1BB–/– mice to SCID recip-

ients. SCID mice were reconstituted with either wild-type or 4-1BB–/– 

CD45RBhiCD4+ T cells, or with wild-type CD45RBhiCD4+ T cells plus 

wild-type or 4-1BB–/– CD45RBloCD4+ T cells as indicated. Data from 

two independent experiments were pooled. (a) The change of weight 

over the observation time is expressed as a percentage of the original 

weight at the start of the experiment. Data represent the mean ± s.e.m. 

(b) Histological scores of colonic sections. Data represent the individual 

score for each mouse. ***P < 0·001.  (a) �, CD45RBhi + 4-1BB+/+ 

CD45RBlo T cells (n = 7); �, CD45RBhi + 4-1BB-/- CD45RBlo T cells 

(n = 7); �, 4-1BB+/+ CD45RBhi T cells (n = 17); �, 4-1BB-/- CD45RBhi T 

cells (n = 18). (b) �, 4-1BB-/- CD45RBhi T cells (n = 18); �, 4-1BB+/+ 

CD45RBhi T cells (n = 17); �, CD45RBhi + 4-1BB-/- CD45RBlo T cells 

(n = 7); �, CD45RBhi+ + 4-1BB+/+ CD45RBlo T cells (n = 7).
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Table 1. Cytokine mRNA level (cytokine : β actin ratio) in the colon of

SCID mice reconstituted with CD4+ T cell subsets1.

Type of CD4+ T cell

reconstitution

Cytokine mRNA 

IFN-γ TNF-α IL-10

4-1BB–/–CD45RBhi (n = 16) 241 ± 41†** 490 ± 104 43 ± 14†

4-1BB+/+CD45RBhi (n = 16) 598 ± 151** 326 ± 59 11 ± 4**

CD45RBhi + CD45RBlo (n = 6) 17 ± 13 225 ± 52 50 ± 9
1mRNA levels of cytokines in colonic samples from all groups were

analysed using quantitative real-time reverse transcription-polymerase

chain reaction (RT-PCR). The numbers represent the ratio of cDNA

copy number for the cytokine divided by the cDNA copy number for β-

actin and multiplied by 106 (mean ± s.e.m.). Data from two independent

experiments are pooled. †P < 0·05 versus 4-1BB+/+CD45RBhiCD4+ T cell-

reconstituted mice; **P < 0·01 versus CD45RBhi + CD45RBloCD4+ T cell-

reconstituted mice.

Table 2. Cytokine secretion by lamina propria mononuclear cell

cultures1.

Type of CD4+ T cell

reconstitution IFN-γ pg/ml IL-4 pg/ml

IFN-γ :
IL-4 ratio

4-1BB–/–CD45RBhi (n = 18) 5017 ± 855 420 ± 80** 36 ± 14*

4-1BB+/+CD45RBhi (n = 17) 6461 ± 1314 113 ± 20 142 ± 52

1Lamina propria mononuclear cells (LPMC) were isolated from

colonic tissues from SCID mice reconstituted with CD4+ T cell subsets

as indicated. LPMC (5 × 105 in 1 ml) were stimulated with anti-CD3ε
(5 μg/ml) and mouse CD80 transfectants (5 × 105/ml). Supernatants

were harvested after 48 h of culture and assayed for interferon (IFN)-γ
and interleukin (IL)-4 by enzyme-linked immunosorbent assay

(ELISA). Data are pooled from two experiments and expressed as the

mean ± s.e.m. *P < 0·05; **P < 0·01 versus 4-1BB+/+CD45RBhiCD4+ T

cell-reconstituted mice.
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tants of 4-1BB–/– compared to wild-type CD45RBhiCD4+ T
cell-reconstituted mice (P < 0·01). The IFN-γ : IL-4 ratio in
the supernatants from LPMC cultures was significantly
lower in 4-1BB–/–CD45RBhiCD4+ T cell-reconstituted mice
compared to wild-type CD45RBhiCD4+ T cell-reconstituted
mice (36 ± 14 versus 142 ± 52, P = 0·026). Together these
data show that CD45RBhiCD4+ T cells from 4-1BB–/– mice,
after transfer into SCID mice, produce a mixed Th1/Th2
cytokine pattern in the colon lamina propria to which they
are recruited, while transferred wild-type CD45RBhiCD4+ T
cells produce a selective Th1 cytokine pattern.

4-1BB−−−−4-1BBL interaction is not involved in 
CD4++++CD25++++ regulatory T cell function in the T cell 
transfer model

Gut inflammation induced by CD45RBhiCD4+  T cells  can
be prevented by concomitant reconstitution with
CD45RBloCD4+ T cells, due to the activity of a CD4+CD25+

regulatory T cell population in this latter subset [26,27].
Because recent data suggest a role for 4-1BB in the function
of CD4+CD25+ regulatory T cells [19,34], we studied whether
4-1BB is important for the function of regulatory T cells in
this colitis model. First, we compared the ability of wild-type
and 4-1BB–/– CD45RBloCD4+ T cells to prevent colitis in
wild-type CD45RBhiCD4+ T cell-reconstituted SCID mice.
As shown in Fig. 3a, SCID mice reconstituted with either 4-
1BB–/– or wild-type CD45RBloCD4+ T cells plus wild-type
CD45RBhiCD4+ T cells appeared healthy, with a gradual
increase of body weight and absence of diarrhoea during the
period of observation. Macroscopically the colon appeared
normal at the time of dissection and microscopically only
few lymphocytes were observed in the lamina propria, with-
out any difference in the inflammatory score (histology
score: 0·29 ± 0·18 versus 0·14 ± 0·14, respectively, for wild-
type and 4-1BB–/–CD45RBloCD4+ T cells, n = 7) (Fig. 3b).
Additionally, SCID mice reconstituted with total CD4+ T
cells from 4-1BB-deficient or from wild-type mice also
showed gradual increases of body weight, and no detectable
pathological changes in the intestine were seen (data not
shown).

Discussion

Using a chronic colitis model based on naive CD4+ T cell
transfer to SCID mice, we report here that 4-1BB−4-1BBL
interaction modulates CD4+ T cell effector functions. We
were able to show that 4-1BB was expressed on mononuclear
cells in inflamed colon tissue and MLN from reconstituted
SCID mice, despite the absence of CD8 cells. To gain further
insight into the role of 4-1BB on CD4+ T cells, we reconsti-
tuted SCID mice with either wild-type or 4-1BB–/–

CD45RBhiCD4+ T cells. All mice developed a wasting disease
with diarrhoea due to colitis. This indicates that the induc-
tion of the effector response of CD45RBhiCD4+ T cells and

their homing to the lamina propria is 4-1BB independent.
Wild-type CD45RBhiCD4+ T cell-reconstituted mice devel-
oped colitis with a Th1 profile, as evidenced by high levels of
IFN-γ mRNA in colon tissue and secretion of high amounts
of IFN-γ in LPMC cultures. Interestingly, 4-1BB–/–

CD45RBhiCD4+ T cell-reconstituted mice had significantly
lower levels of IFN-γ mRNA in colon tissue compared to
wild-type CD45RBhi CD4+ T cell-reconstituted mice. More-
over, LPMC harvested from 4-1BB–/–CD45RBhiCD4+ T cell-
reconstituted mice produced more IL-4 when stimulated in
vitro compared to wild-type CD45RBhiCD4+ T cell-
reconstituted mice, thus resulting in a significantly different
IFN-γ : IL-4 ratio. These data suggest that 4-1BB−4-1BBL
interaction is important to balance Th1/Th2 cytokine pro-
duction in CD4+ T cell-driven inflammation. More impor-
tantly, however, these data indicate that the cytokine profile
is not important for the outcome of the disease severity.
Indeed, weakening a Th1 response by tilting the balance
towards a Th2 response did not attenuate colitis, as disease
severity was not different in wild-type and 4-1BB-deficient
CD45RBhiCD4+ T cell-reconstituted SCID mice. This obser-
vation is in accordance with recent data showing that Th1 as
well Th2 differentiated CD4+ T cells are able to induce colitis
in the SCID model [35,36].

IL-10 is required for prevention of colitis by regulatory T
cells in this model [33]. However, IL-10 is apparently not suf-
ficient to prevent colitis. Indeed, 4-1BB–/–CD45RBhiCD4+ T
cell-reconstituted mice had significantly higher IL-10 mRNA
levels in colon tissue compared to wild-type CD45RBhiCD4+

T cell-reconstituted mice. Interestingly, IL-10 mRNA levels
in tissue were even similar to those observed in wild-type
CD45RBhi+loCD4+ T cell-reconstituted mice. The fact that
high levels of IL-10 mRNA are not sufficient to prevent coli-
tis may perhaps be explained by the observation that, besides
IL-10, TGF-β is also needed to prevent colitis in SCID mice
[37,38]. CD4+CD25+ regulatory T cells express 4-1BB con-
stitutively [25] and 4-1BB co-stimulation augments the pro-
liferation of CD4+CD25+ regulatory T cells [34]. The SCID
colitis model is eminently suitable to study regulatory T cells,
as mentioned above. We studied the suppressive capacity of
regulatory T cells harvested from 4-1BB-deficient mice. Sim-
ilar to CD45RBhi plus 4-1BB+/+CD45RBloCD4+ T cell-recon-
stituted mice, SCID mice reconstituted with CD45RBhi plus
4-1BB–/–CD45RBloCD4+ T cells increased in weight over time
and had no histological features of colon inflammation.
Thus, 4-1BB−4-1BBL interaction is not essential for regula-
tory T cell function in this model. This contrasts to obser-
vations in a graft-versus-host model [19] and points to the
complexity and heterogeneity of regulatory T cell control
mechanisms.

Our data in the colitis model might be relevant for eluci-
dating the potential role of 4-1BB in the pathogenesis of
Crohn’s disease. We have reported previously functional
expression of 4-1BB in Crohn’s disease [28]. Interestingly,
expression in ulcerative colitis was much lower compared to
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Crohn’s disease. Instead, other members of the TNF/TNFR
superfamily such as CD40/CD154 and OX40/OX40L are all
expressed equally in both types of inflammatory bowel dis-
ease [39]. Crohn’s disease is characterized by a Th1 type of
inflammation [40]. In contrast, ulcerative colitis is charac-
terized by high IL-10 production [41]. This phenomenon
could be influenced at least in part by 4-1BB, as shown by
our data in this experimental model of colitis. Differences in
4-1BB expression in Crohn’s disease versus ulcerative colitis
may be important in the different cytokine expression pat-
tern and clinical presentation of both diseases.

In conclusion, our data support recent observations that
4-1BB−4-1BBL interaction is involved in CD4+ T cell-medi-
ated immune responses [17,22,24]. The picture, however,
remains complex. In an in vivo model, 4-1BB–/– CD4+ T cells
display enhanced cell division and clonal expansion during a
primary response resulting in a more enhanced effector
CD4+ T cell response to ovalbumin (OVA) [42]. The authors
suggested that 4-1BB triggering might thus have a down-reg-
ulatory role on CD4+ T cells, by limiting their clonal expan-
sion. Our results are in accordance with these findings, as we
also showed some enhanced activities of CD45RBhiCD4+ T
cells from 4-1BB-deficient mice after transfer to SCID mice.
This was manifested by enhanced homeostatic-type prolif-
eration and Th2-type cytokine production, with higher IL-4
and IL-10. Down-regulation of CD4+ T cells by 4-1BB trig-
gering might also help to explain the beneficial effects of ago-
nistic anti-4-1BB mAb in several autoimmune disease
models [22–24]. A further exploration of these potential
down-regulatory effects of 4-1BB triggering on CD4+ T cell
function seems warranted.
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