
Role of endogenous 4-1BB in the development of systemic lupus
erythematosus

Introduction

Systemic lupus erythematosus (SLE) is a complex poly-

genic autoimmune disease characterized by the presence

of pathogenic autoantibodies to a spectrum of nuclear

antigens, including nucleosomes and DNA.1 Its clinical

heterogeneity originates in chronic activation of the

immune system, resulting in tissue damage mediated by

autoantibody and inflammatory processes initiated as a

consequence of deposition of complement-fixing immune

complexes.1 Although it is well established that B2 and T

lymphocytes3,4 participate in disease pathogenesis, the

production of high titres of autoantibodies is a key hall-

mark and primary element of SLE, supporting the crucial

role of B cells in SLE pathogenesis. T cells, especially

CD4+ T cells, are required for full penetrance of the

disease, largely via their role in helping to activate auto-

reactive B cells.1

4-1BB, a 50–55-kDa tumor necrosis factor receptor

(TNFR) family member, is an activation-induced costimula-

tory molecule existing on CD4, CD8 and natural killer (NK)

T (NKT) cells, with the exception of CD24+ CD25+ T regu-

latory cells and dendritic cells, which express this antigen in

a constitutive manner.5,6 Through the use of gene-deficient

mice and/or antibody-mediated signalling/blocking, the

importance of the 4-1BB pathway has been underscored in a

variety of clinical settings.7 4-1BB gene-deficient mice have

suboptimal NK/NKT numbers8 and dysregulated T-cell

division,9,10 and causes acute inflammatory bowel disease in

severe combined immunodeficiency (SCID) mice upon

adoptive transfer of 4-1BB–/– CD4+ T cells.11

A relationship between autoimmune SLE and 4-1BB

signalling has recently been suggested.12,13 To further elu-

cidate the role of the 4-1BB)4-1BB ligand (4-1BBL) path-

way in autoimmune-prone MRL-Faslpr (lpr) mice with

special reference to SLE, we generated lpr mice deficient

in 4-1BB and followed the disease pattern in these mice.

Our results suggest that 4-1BB deficiency causes acceler-

ated autoimmune lesions, early mortality, and acute

nephritis in lpr mice.

Materials and methods

Mice

MRL/MpJ-Tnfrs6lpr (MRL/MpJ-Faslpr; MRL-Faslpr; lpr)

mice were obtained from the Jackson Laboratory (Bar

Harbor, ME). The 4-1BB-deficient mice have been previ-

ously described.9 In order to generate lpr mice defici-

ent in 4-1BB, we mated the homozygous parents from
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Summary

Systemic lupus erythematosus (SLE) is characterized by the production of

autoantibodies directed against nuclear antigens including nucleosomes

and DNA. To determine the role of T-cell costimulatory molecule 4-1BB

in the regulation of SLE, MRL-Faslpr (lpr) mice deficient in 4-1BB (lpr/4-

1BB–/––) were generated and their disease phenotype was compared to that

of control lpr mice. The main finding of this study is that the lpr/4-

1BB–/–– mice had more pronounced skin lesions which appeared earlier,

increased lymphadenopathy, increased renal damage, and higher mortality

than 4-1BB-intact control lpr mice. The increased severity of lesions in

lpr/4-1BB–/–– mice was closely associated with increases in CD4+ T,

CD3+ B220+ double-negative T cells, serum immunoglobulin, anti-dsDNA

autoantibodies, and tissue immunoglobulin deposits. These data suggest

that the 4-1BB)4-1BB ligand signalling pathway plays an important role

in SLE and that deletion of 4-1BB confers susceptibility to lpr mice, lead-

ing to accelerated induction of disease and early mortality.
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individual single knock-out backgrounds. Independent

colonies were established and backcrossed amongst sib-

lings over nine generations so that MRL background

genes were present at > 90%. The genotype of mutant

mice was assessed by Southern analysis of tail DNA or

by polymerase chain reaction (PCR). All mice were

housed in the Louisiana State University Health Sciences

Center specific pathogen-free animal facility. All experi-

ments were performed using strain-, age-, and sex-

matched mice. Animal experimentation protocols were

approved by the Louisiana State University Health

Sciences Center Institutional Animal Care and Use

Committee.

Assessment of skin lesions

Skin lesions were recorded every month until animals were

killed at the age of 5 months. Grading of skin lesions was

performed as follows: 0, none; 0�5, mild (tip of the nose

plus ears); 1, moderate (< 1 cm; tip of the nose plus ears);

2, moderately severe (< 2 cm; tip of the nose plus eyes

plus ears plus skin scabs), and 4, severe (> 2 cm; tip of

the nose plus eyes plus ears plus skin scabs).

Histological observation

Animals were killed on scheduled days and tissues were

frozen in Tissue-Tek O.C.T. embedding medium (Miles,

Elkhart, IN). Sections (7 lm) were cut and stained with

haematoxylin and eosin (H & E) by routine methods.

Immunohistochemistry

Staining for germinal centres was performed with biotinyl-

ated peanut agglutinin (PNA; 1/20) (Vector Laboratories

Inc., Burlingame, CA) and visualized with ABC reagents

(Vector) followed by haematoxylin counterstaining and

cover-slipping. Micrographs were taken with an Eclipse

E600 microscope (Nikon, Melville, NY).

Immunofluorescence staining

Sections (7 lm) were cut, air-dried, fixed in chilled acet-

one, rehydrated in tris buffered saline (TBS) and used in

assays. After blocking in 5% normal rabbit serum (Sigma-

Aldrich, St Louis, MO), sections were incubated with

dilutions of fluorescein isothiocyanate (FITC)-conjugated

goat anti-mouse immunoglobulin G (IgG) and the FITC-

conjugated goat IgG fraction of mouse compliment recep-

tor 3 (both from the Cappel Laboratory, Malvern, PA)

for 60 min at room temperature. Sections were washed

three times (3 min each wash) with TBS containing

0�05% T20 followed by cover-slipping. Micrographs were

taken with an Eclipse E600 microscope (Nikon). The

titres were quantified as the reciprocal value of the

highest anti-IgG- and anti-C3-FITC dilution that gave a

clear positive reaction.

Flow cytometry analysis

Phenotypic analysis of lymphocytes (1 · 106 cells in

100 ll) was performed at 4� after an initial blocking step

with 1 lg of unlabelled anti-FccR antibody (eBioscience,

San Diego, CA). The monoclonal antibodies used inclu-

ded CD3, CD4, CD5, CD8b and B220 (eBioscience).

Determination of serum antibody titres

Serum samples were obtained from mice aged 3 and

5 months. Serially diluted sera were subjected to immu-

noglobulin analysis by enzyme-linked immunosorbent

assay (ELISA). Total IgG1, IgG2a, and IgG2b were quanti-

fied using commercially available kits according to the

instructions of the manufacturer (Bethyl Laboratories,

Montgomery, TX). Analysis of anti-DNA-specific anti-

bodies was performed by coating microtitre plates

with 10 lg/ml double-stranded DNA (dsDNA) (Sigma-

Aldrich) followed by the addition of serially diluted sera,

and bound immune complexes were revealed as above.

The TMB peroxidase substrate (eBioscience) was used to

detect horseradish peroxidase (HRP) activity by absorb-

ance at 450 nm. Serum antinuclear antibodies (ANoA)

were quantified using HEp-2-coated slides (Antibodies

Inc., Davis, CA).

Statistical analysis

Each experiment was performed on four to seven mice

and was repeated at least three times with similar results.

All statistical analyses were conducted using Student’s

t-test and results were considered significant at P � 0�05.

Results

4-1BB deficiency causes pronounced splenomegaly,
lymphadenopathy, and severe skin lesions in lpr mice

The phenotypes of lpr/4-1BB+/+ and lpr/4-1BB–/– mice

were analysed from birth to the age of 5 months. One of

the hallmarks of autommmune disease in lpr mice is the

development of visible skin lesions (of the back, neck and

ears),14,15 which become acute with age and disease pro-

gression.16 We analysed the development of pathological

symptoms in these mice. The lpr/4-1BB+/+ mice devel-

oped the characteristic skin lesions, i.e. around the tip of

the nose and around the ears, and such lesions were par-

ticularly pronounced in lpr/4-1BB–/– mice (Fig. 1a). Addi-

tionally, the lpr/4-1BB–/– but not the lpr/4-1BB+/+ mice

showed progressive erosion of the ear pinnae in 60–80%

of cases, with onset at 4 months of age (Fig. 1a). The
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incidence and severity of skin lesions and ear pinna dam-

age were comparable among male and female lpr/4-1BB–/–

mice (data not shown). Previous studies suggested that

treatment with anti-4-1BB reduces visible skin lesions in

lpr mice,12 and in the current study lpr mice treated with

agonistic anti-4-1BB monoclonal antibody as a control

showed no apparent skin lesions (Fig. 1a; asterisk). Time–

course grading of skin lesions gave the same result

(Fig. 1b). As splenomegaly and lymphadeopathy are con-

stant features of SLE pathogenesis,16 we evaluated the

gross sizes and weights of spleens and axillary lymph

nodes of lpr/4-1BB+/+ and lpr/4-1BB–/– mice and found

significant spleen and lymph node enlargement in the

latter (Figs 1c and d).

4-1BB gene deletion leads to early mortality
in lpr mice

It has been shown that death in lpr mice is chiefly a result

of renal disease, with a mean survival time of 6 months.17

Given the severe skin lesions and significant lymphadeno-

pathy and splenomegaly in lpr/4-1BB–/– mice, we tested

whether the genetic absence of 4-1BB affected the mortal-

ity of lpr mice. We followed the survival patterns of

cohorts of 4-1BB-sufficient and -deficient lpr mice (both

male and female) and found a mortality rate of 80% in

lpr mice deficient in 4-1BB compared with 40% mortality

in lpr/4-1BB+/+ mice by the time they reached the age of

5 months (Fig. 2). By 4 months of age, lpr/4-1BB–/– mice

were becoming increasingly moribund and showing

reductions in cage movement. As per the guidelines of

our Institute’s Animal Holding facilities, the experiments

involving lpr/4-1BB–/– mice were terminated by the time

they reached 5 months of age. Collectively, these data

strongly suggest that the 4-1BB gene function has

an important role in SLE and its deficiency causes early

mortality in lpr mice.

Increased numbers of CD4+ T cells in spleens
of lpr/4-1BB–/–– mice

Because T cells, and in particular CD4+ T cells, play cru-

cial roles in the development of autoimmune lesions in

lpr mice,18–21 and in the light of reports that 4-1BB–/–

mice inherently display increased in vitro and in vivo

CD4+ T-cell division9,10 and our finding that lpr/4-1BB–/–

mice show increased mortality (Fig. 2), we evaluated the

T-cell make-up of various treated groups. Our results

suggest that the lpr/4-1BB–/– mice showed early increases

in CD4+ T-cell numbers in the spleen which continued to

rise thereafter (Fig. 3a). However, we did not find any

marked alteration in CD8b+ T-cell numbers in any group

or at any age (Fig. 3b). Growing evidence suggests that

the development of autoimmunity in lpr mice is closely

correlated with the appearance of cells that coexpress

both T-cell and B-cell phenotypes [CD4– CD8– B220+

CD3+ double-negative (DN) T cells] and that the pres-

ence of these cells is linked to disease progression.22 We

found increased proportions of DN T cells in the spleens

(Fig. 3c) of lpr/4-1BB–/– mice compared with lpr/4-1BB+/+

mice. Taken together, these data suggest that CD4+ T-cell

and DN T-cell hyperactivity in lpr/4-1BB–/– mice appears

in part responsible for the disease severity and mortality

seen in these groups.

Serum autoantibody titres are higher in
lpr/4-1BB–/–– mice

One of the key aspects of the lpr mutation correlating

with disease severity is the generation of autoantibody

production and immunoglobulin accumulation in target
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Figure 1. 4-1BB deficiency in MRL-Faslpr (lpr) mice causes acute

skin lesions, lymphadenopathy, and early mortality. (a) Representa-

tive photographic images of 5-month-old lpr/4-1BB+/+ (+/+) and

lpr/4-1BB–/– (–/–) mice. *The lpr/4-1BB+/+ (+/+) mice were treated

subcutaneously from age 1 month with agonistic anti-4-1BB mono-

clonal antibody (100 lg twice weekly) and visible skin lesions were

assessed at age 5 months. Note the acute skin lesions and ear pinna

loss in lpr/4-1BB–/– mice (arrows and dashed circles). (b) Skin

lesions in (a) were graded as mentioned in the Materials and

methods. (c, d) Size distribution (c) and tissue weights (d) of spleens

and lymph nodes in 5-month-old mice. *P < 0�001.
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Figure 2. The mice were assessed every month and mortality was

monitored. The asterisk indicates termination of experiments because

of deterioration of the general health of MRL-Faslpr (lpr)/4-1BB–/–

mice.
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organs (especially the kidneys).16,17 Serum was collected

by cardiac puncture and antinuclear antibody production

was assessed in conjunction with examination of HEp-2-

coated slides. The lpr/4-1BB–/– mice, compared with lpr/

4-1BB+/+ mice, showed increased serum titres of anti-

nuclear IgG1/2a (Figs 4a–c). Additionally, we analysed

serum levels of total immunoglubulins and anti-DNA

antibody production in these mice. Consistent with the

antinuclear antibody data, levels of circulating immuno-

globulins and anti-dsDNA titres were also significantly

higher in lpr/4-1BB–/– mice compared with lpr mice

(Figs 4d and e).

Increased B-cell function in lpr/4-1BB–/–– mice

In the light of the increased serum antibody titres of lpr/

4-1BB–/– mice, we investigated whether B-cell number

and function were substantially altered in lpr/4-1BB–/–

mice in a series of experiments. First, we evaluated germi-

nal centre formation in lpr/4-1BB+/+ and lpr/4-1BB–/–

mice at 5 months of age. Results clearly showed greatly

increased germinal centre formation (determined by pea-

nut agglutinin reactivity) in lpr/4-1BB–/– mice compared

with lpr mice (Fig. 5a). This suggested that some popula-

tions of B cells may also be increased in lpr/4-1BB–/–

mice. To test this hypothesis, we measured B-cell sub-

sets in both the spleen and the peritoneal cavity. At

5 months of age, the percentages of B1 (B220+ CD5+)

and B2 cells (B220+ CD5–) were slightly higher (but not

significantly so) in the spleens of lpr/4-1BB–/– mice com-

pared with lpr mice, but the differences were significant

in the peritoneums of these mice (Figs 5b and c). These

results suggest that 4-1BB deficiency does not lead to rel-

ative changes in splenic B cells but affects their function

in lpr mice.
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Figure 3. Increased CD4+ T-cell numbers in spleens of MRL-Faslpr

(lpr)/4-1BB–/– mice. Single cell suspensions of spleens were prepared

and processed as mentioned in the Materials and methods. Cells

(1 · 106 per sample) were stained with fluorochrome-labelled anti-

CD4 (a) and anti-CD8b (b) antibodies and analysed by flow cytome-

try. Absolute numbers of individual cell types were calculated from
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(n ¼ 4). (c) Splenocytes from 5-month-old mice were subjected to

flow cytometry analysis to determine the percentage of double-negat-

ive T cells (CD3 gated). *P < 0�001.
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Figure 4. Autoantibody production is signifi-

cantly enhanced in MRL-Faslpr (lpr)/4-1BB–/–

mice. (a– c) Three and five months after initial

treatment, mice were killed, and sera were col-

lected and applied at indicated dilutions to

HEp-2-coated slides for the analysis of serum

antinuclear antibody titres; bound immune

complexes were visualized using appropriate

fluorescein isothiocyanate (FITC)-conjugated

anti-immunoglobulin antibodies as mentioned

in the Materials and methods. (d) Sera (diluted

1/500) from 5-month-old mice were applied

to appropriate anti-immunoglobulin coated

microtitre wells and levels of circulating auto-

antibodies were evaluated by enzyme-linked

immunosorbent assay (ELISA) using com-

mercial kits. (e) Sera (diluted 1/500) from

5-month-old mice were incubated in microtitre

plates precoated with double-stranded DNA

(dsDNA). Immune complexes formed were

quantified by ELISA. Magnification ·9�6. OD,

optical density.
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4-1BB deletion exacerbates renal damage in lpr mice

As mortality in lpr mice is often a result of renal failure,17

we evaluated whether 4-1BB deletion in lpr mice also

exacerbated renal injury. Histological analyses confirmed

that lpr/4-1BB–/– mice showed increased glomerular infil-

trates (Figs 6a and b). We also examined whether patho-

logical lesions in the kidneys were affected in lpr/4-1BB–/–

mice by evaluating kidney deposition of IgG and comple-

ment receptor 3 (C3). The lpr/4-1BB–/– mice revealed

increased accumulation of both IgG and C3 in compar-

ison with lpr/4-1BB+/+ mice (Figs 6c and e). Titration

experiments further confirmed that the kidneys of lpr/4-

1BB–/– mice had increased IgG and C3 deposition

(Figs 6d and f), confirming that 4-1BB deficiency in lpr

mice causes severe renal damage.

Discussion

Our study shows that lpr mice develop an SLE-like auto-

immune disease characterized by massive lymphoproli-

feration, acute skin lesions, anti-DNA autoantibodies,

immune complex deposition, glomerulonephritis and

mortality, and that 4-1BB deficiency dramatically exa-

cerbates this phenotype. The 4-1BB-deficient lpr mice

exhibited early and increased immune activation, as

demonstrated by increases in lymph node and spleen

weights and hypergammaglobulinaemia.

We investigated the basis of the relationship between

4-1BB deficiency and the severe disease phenotype in lpr

mice. As CD4+ T-cell activity has been shown to be crit-

ical in the pathogenesis of SLE18–21 and lpr/4-1BB–/– mice

revealed significantly increased CD4+ T-cell numbers in

the present study, such increased CD4+ T-cell activity

may in part be responsible for the observed differences

between the two groups. The finding of increased CD4+

T cells numbers in lpr/4-1BB–/– mice compared with lpr/

4-1BB+/+ mice is consistent with previous reports that

4-1BB–/– mice have inherently increased CD4+ T-cell divi-

sion.9,10 Recently, it was demonstrated that CD4+ T cells

isolated from 4-1BB–/– mice increased the severity of coli-

tis and mortality in SCID mice after adoptive transfer,11

revealing an important characteristic of 4-1BB–/– CD4+

T cells. Taken together, these findings suggest that the

hyperproliferative 4-1BB–/– CD4+ T-cell phenotype11 may

have further increased the already enhanced CD4+ T-cell

responses of lpr mice, resulting in the lpr mutation pro-

ducing a more acute and susceptible phenotype. Increased

percentages of pathogenic double-negative (CD4– CD8–

CD3+) T cells expressing the B220 marker in lpr/4-1BB–/–

mice seem to be another factor contributing to more

severe disease in these mice.

Robust B-cell activation and increased production of

autoantibodies are among the factors contributing to dis-

ease severity in lpr mice.23,24 Increases in B-cell function

but not numbers in lpr/4-1BB–/– mice may in part be

responsible for the altered disease severity. Interestingly,

the effect on autoantibody production was significant

from the age of 3 months onwards in lpr/4-1BB–/– mice,
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becoming acute in the later stages of life. In this study, we

have shown that the percentage of B1 cells was markedly

higher in lpr/4-1BB–/– mice compared with lpr controls,

especially in the peritoneum. Conventional B cells (B2) are

responsible for antibody production and immunoglobulin

class switching and have been extensively studied in the lpr

model.23,24 The role of B1 cells in the autoimmune-prone

lpr mice is still not clear and, although they have not been

shown to contribute to the development of autoimmune

lesions in lpr mice,25 several lines of research have sugges-

ted a role for B1 cells in SLE pathogenesis through the pro-

duction of low-affinity antibodies, diminished negative

regulation and recruitment to the germinal centre, or the

production of interleukin-10.26 In lpr mice, B1 cells

(which are abundant in the peritoneum) were shown to

accumulate in secondary lymphoid organs, suggesting a

role for these cells in SLE pathogenesis.27 Interestingly,

deletion of B1 cells by hypotonic shock reduced disease

severity in BWF1 mice.28 It should be mentioned that

control Balb/c 4-1BB–/– mice did not reveal any serum

autoantibodies or tissue immunoglobulin deposition at

the age groups studied (data not shown), suggesting that

the observed B-cell hyperactivity in lpr/4-1BB–/– mice did

not stem from the 4-1BB-deficient background but was

the result of combined fas and 4-1BB deficiencies.

The present study indicates that the severity of SLE-like

symptoms in lpr/4-1BB–/– mice is a result of enhanced

CD4+ T-cell (but not forkhead/winged-helix family of

transcriptional regulators (Foxp3+) CD4+ regulatory T

cell; data not shown) and B-cell function, suggesting that

deleting or altering the functions of these cells might alle-

viate disease symptoms in these mice. We are currently

investigating whether adoptive transfer of cells from lpr/4-

1BB+/+ mice into lpr/4-1BB–/– mice decreases disease

symptoms. We did not examine the cytokine and chemo-

kine make-ups of the two mouse strains, and it will be of

interest to determine whether there exist any differences

in the above parameters. Unpublished data from our

laboratory suggest that there is no difference in IFN-c
production between the T cells of the two mouse strains.

Future studies will determine whether regulatory cyto-

kines such as interleukin-10 and transforming growth fac-

tor-b have a role in disease severity in lpr/4-1BB–/– mice.

In conclusion, we have demonstrated that endogenous

4-1BB plays a critical role in exacerbating murine SLE

through up-regulation of CD4+ T-cell, DN T-cell and

B-cell function, in that deletion of 4-1BB accelerates

disease resolution and causes acute autoimmune lesions,

leading to early mortality in lpr mice.
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