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Abstract

 

CD40 ligand (CD40-L), a member of the tumor necrosis
family of transmembrane glycoproteins, is rapidly and tran-
siently expressed on the surface of recently activated CD4

 

1

 

T cells. Interactions between CD40-L and CD40 induce B cell
immunoglobulin production as well as monocyte activation
and dendritic cell differentiation. Since these features char-
acterize rheumatoid arthritis (RA), the expression and func-
tion of CD40-L in RA was examined. Freshly isolated RA
peripheral blood (PB) and synovial fluid (SF) T cells ex-
pressed CD40-L mRNA as well as low level cell surface
CD40-L. An additional subset of CD4

 

1

 

 RA SF T cells up-
regulated cell surface CD40-L expression within 15 min of
in vitro activation even in the presence of cycloheximide,
but soluble CD40-L was not found in SF. CD40-L expressed
by RA T cells was functional, since RA PB and SF T cells
but not normal PB T cells stimulated CD40-L–dependent
B cell immunoglobulin production and dendritic cell IL-12
expression in the absence of prolonged in vitro T cell activa-
tion. In view of the diverse proinflammatory effects of
CD40-L, this molecule is likely to play a central role in the
perpetuation of rheumatoid synovitis. Of importance, block-
ade of CD40-L may prove highly effective as a disease mod-
ifying therapy for RA. (
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Introduction

 

Rheumatoid arthritis (RA) is an autoimmune disease in which
an ongoing immune response to arthritogenic peptides results
in a cascade of events leading ultimately to destruction of joint
tissues. Thus, RA synovium is characterized by lymphocytic
infiltration, T cell activation (1–5), B cell Ig production (6),
monocyte cytokine production (7–9), and dendritic cell activa-
tion (2, 4–8, 10, 11). The lymphocytic infiltrate that accumu-
lates within the chronically inflamed synovium contains a pop-
ulation of CD4

 

1

 

 T cells that is comprised almost exclusively of
memory T cells expressing the leukocyte common antigen
CD45RO (12, 13). Within this population of memory lympho-

cytes, there is an enrichment of CD45RB

 

dim

 

 memory T cells
(14). The CD45RO

 

1

 

 CD45RB

 

dim

 

 phenotype reflects a differ-
entiated effector T cell that has cycled through at least one ac-
tivation event (15, 16). These RA synovial T cells exhibit an
enhanced capacity to provide help for B cell Ig production and
a reduced suppressor activity (14). However, despite evidence
of T cell activation in RA, their role in the disease pathogene-
sis has been questioned (17, 18).

Many cytokines produced by activated T cells, such as IFN-

 

g

 

,
IL-2, and IL-4, are either absent or found at low levels within
the rheumatoid synovium (19–21). Furthermore, treatments
directed against CD4

 

1

 

 T cells, such as thoracic duct drainage
and cyclosporine and mAb therapies, have provided inconsis-
tent benefit in chronic RA (22–25). Finally, therapeutic use of
mAb directed against monocyte-derived proinflammatory cy-
tokines such as TNF-

 

a

 

 has proved highly effective in amelio-
rating the disease, even though it is not remission-inducing (26,
27). Taken together, these findings have led many to hypothe-
size that monocyte-derived cytokines are the principal factors
driving the local inflammatory response (28, 29).

One of the most important signals for B cell Ig production
is derived from interactions between CD40 ligand (CD40-L)

 

1

 

and CD40. Activation of CD4

 

1

 

 T cells after antigen presenta-
tion results in the upregulation of expression of CD40-L.
CD40-L is a 33-kD glycoprotein that is rapidly and transiently
expressed on the surface of recently activated CD4

 

1

 

 T cells
(30). CD40-L, a member of the TNF family of proteins, exhib-
its homology with TNF-

 

a

 

 (30). Both membrane-bound and
soluble forms of CD40-L have been identified and demon-
strated to be biologically active (31). Based on the similarity in
primary structure between CD40-L and TNF-

 

a

 

, both the
membrane-bound and soluble forms of CD40-L are predicted
to exist as native trimers (32, 33).

CD40 is expressed by B cells, monocytes, and dendritic
cells in their unactivated state (34, 35). Ligation of B cell CD40
induces proliferation, differentiation, Ig production, and iso-
type switching (34). CD40 ligation of monocytes increases cy-
tokine production and tumoricidal activity (36, 37). Ligation of
dendritic cell CD40 enhances their differentiation and activa-
tion, with increased expression of the costimulatory molecules
CD80 and CD86, increased cytokine production, and inhibi-
tion of apoptosis (35, 38). In view of the high levels of Ig, rheu-
matoid factor, monocyte-derived cytokines, and dendritic cell
activation that characterize RA, the expression and function of
CD40-L in RA was examined. The data demonstrate expres-
sion of low levels of membrane CD40-L, as well as preformed
CD40-L mRNA and protein within a subset of freshly isolated
RA peripheral blood (PB) and synovial fluid (SF) T cells, that
is capable of inducing Ig production by normal B cells and
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IL-12 expression by monocyte-derived dendritic cells. In view
of the diverse proinflammatory effects of CD40-L, these data
indicate that CD4

 

1

 

 T cell–expressed CD40-L is likely to play
a central role in rheumatoid synovitis, and suggest that the
CD40–CD40-L interaction may be an important therapeutic
target in RA.

 

Methods

 

Patients.

 

21 patients who fulfilled the 1987 American College of
Rheumatology criteria for RA (39) were studied. PB and SF were ob-
tained from 5 and 12 of these patients, respectively, and synovial tis-
sue was obtained from one patient while undergoing joint replace-
ment surgery, and from three patients with recent onset, untreated
RA by arthroscopic biopsy. Five of the patients were either on no
medication or were taking low-dose prednisone (

 

,

 

 10 mg/d). One pa-
tient was treated with intramuscular gold, nine with methotrexate,
one with 

 

D

 

-penicillamine, and three with sulfasalazine. Eight patients
were treated with low-dose prednisone in combination with their dis-
ease-modifying drug.

 

mAbs.

 

The following mAbs were used: anti-CD3 mAb 64.1 (14)
and OKT3 (American Type Culture Collection, Rockville, MD);
MT310, anti–CD4-PE (DAKO Corp., Carpinteria, CA); Leu M3,
anti-CD14 (Becton Dickinson, San Jose, CA); Leu 11b, anti-CD16
(Becton Dickinson); Leu 12, anti-CD19 (Becton Dickinson); Leu 19,
anti-CD56 (Becton Dickinson); L243, anti–HLA-DR (American
Type Culture Collection); biotinylated C8.6, anti–human IL-12 p40
(PharMingen, San Diego, CA); biotinylated 24-31, anti–human
CD40-L (Ancell Corp., Bayport, MN); TRAP1, anti–CD40-L (Immu-
notech, Marseille, France); 5C8, anti–CD40-L (a gift from Dr. Seth
Lederman, Columbia University, NY); and M90, anti–CD40-L (a gift
from Dr. Melanie Spriggs, Immunex, Seattle, WA). Secondary anti-
bodies included biotinylated rabbit anti–mouse IgG (DAKO Corp.),
FITC-conjugated goat anti–mouse Ig (GAMIg; Organon Teknika
Corp., Durham, NC), avidin-FITC (DAKO Corp.), avidin-PE (DAKO
Corp.), and avidin-Cyanin5 (Cy5; DAKO Corp.) were used where in-
dicated. Control reagents included mouse IgG1 (DAKO Corp.), un-
conjugated P1.17 (American Type Culture Collection), or P1.17 that
was biotinylated as described previously (40).

 

Cells and culture conditions.

 

Mononuclear cells (MNC) were ob-
tained from normal healthy donors or RA patients by centrifugation
of SF or heparinized venous blood over Ficoll-diatrizoate gradients
(Pharmacia Diagnostics AB, Uppsala, Sweden). The normal or RA
PBMC or RA SF MNC suspensions were washed twice and incu-
bated with neuraminidase-treated sheep red blood cells (N-SRBC).
The rosetting and nonrosetting populations were then separated by
Ficoll gradient centrifugation. After lysis of the red blood cells with 1 M
ammonium chloride, the T cell–enriched population was passed
through a nylon wool column to remove macrophages. Greater than
85% of the recovered T cells expressed CD3 as determined by flow
cytometry. In some instances, the T cells were purified further by
magnetic immunodepletion, as described (11). Cells were incubated
on ice for 30 min with mAb directed against CD14, CD16, CD19, and
HLA-DR, washed, and then incubated with GAMIg-conjugated
magnetic beads (Miltenyi Biotec Inc., Auburn, CA) for 30 min at 4

 

8

 

C.
The cells were passed over a column in a strong magnetic field
(MACS; Miltenyi Biotec Inc.), and the negatively selected T cells
were collected. By flow cytometry using anti-CD3 mAb, purity was

 

.

 

 97%.
For generation of monocyte-derived dendritic cells, the nonroset-

ting population was myeloid-enriched by magnetic immunodepletion
using mAb directed against CD3, CD16, CD19, and CD56 (41). After
purification, the cells were cultured at 1.3 

 

3

 

 10

 

6

 

 cells/ml in the pres-
ence of GM-CSF (800 U/ml) and IL-4 (400 U/ml) as described previ-
ously (42).

For B cell purification, PBMC were deleted of monocytes and
natural killer (NK) cells by incubation with 5 mM 

 

L

 

-leucine methyl

ester HCl (Sigma Chemical Co., St. Louis, MO) as described previ-
ously (43). The cells were washed twice and rosetted, as described
above. The nonrosetting cells were treated with 0.1 mM 

 

L

 

-leucyl-leu-
cine methyl ester HCl and rosetted again. The nonrosetting cells con-
tained 

 

.

 

 90% CD20

 

1

 

 B cells by flow cytometry (44). In some exper-
iments indicated in the text, PBMC were purified from a patient with
chronic lymphocytic leukemia (CLL). The CLL PBMC contained

 

.

 

 90% CD19

 

1

 

 B cells.
In some experiments, B and T cell mixtures were purified by pan-

ning of B cells. Cells were incubated with anti-CD19 mAb for 5 min
at room temperature, and subjected twice to centrifugation for 1 min
at 130 

 

g

 

 onto GAMIg-coated plates (Antibodies Inc., Davis, CA).
The nonadherent cells were collected, and the adherent B cells were
discarded (45). Unless indicated otherwise, all cultures were carried
out in RPMI 1640 (GIBCO BRL, Gaithersburg, MD) supplemented
with penicillin G (200 U/ml; Commonwealth Serum Laboratories,
Parkville, Victoria, Australia), gentamicin (10 

 

m

 

g/ml), 

 

L

 

-glutamine
(0.3 mg/ml; Trace Biosciences Pty. Ltd., Castle Hill, New South Wales,
Australia), and 10% FCS (Commonwealth Serum Laboratories).

 

Immunohistochemistry.

 

5-

 

m

 

m frozen sections were stained to re-
veal expression of CD40-L using an immunoalkaline phosphatase
staining procedure. Briefly, sections were blocked for 20 min in 10%
rabbit serum/10% FCS in Tris-buffered saline (TBS), followed by a
60 min incubation in primary antibody (M90). Sections were then in-
cubated in biotinylated rabbit anti–mouse Ig, which was visualized us-
ing the avidin-biotin method with SteptABComplex/AP followed by
vector blue (Vector Laboratories, Inc., Burlingame, CA). Subse-
quently, the sections were counterstained with hematoxylin and im-
aged using confocal microscopy (Carl Zeiss Jena GmbH, Jena, Ger-
many). All incubations were carried out at room temperature.
Sections were washed with TBS between each incubation, and pri-
mary and secondary antisera were diluted in TBS at optimal titer. For
control staining, irrelevant isotype-matched antibodies were applied.

 

T cell activation.

 

For reverse transcription (RT)-PCR analysis,
normal PB T cells were activated by incubation in the presence of
10 ng/ml PMA (Sigma Chemical Co.) and 2.5 

 

m

 

g/ml PHA (Glaxo
Wellcome Australia Ltd., North Sydney, New South Wales, Austra-
lia) for 24 h. For CD40-L surface staining, purified T cells were acti-
vated by incubation in the presence of 10 ng/ml PMA and 5 

 

m

 

g/ml
ionomycin (Sigma Chemical Co.) or in 96-well plates coated with 64.1
(14) for durations described in the text. For some experiments, after
PMA and ionomycin activation, T cells were washed and fixed in 1%
paraformaldehyde for 15 min at room temperature. Fixed cells were
washed three times and incubated at 2 

 

3

 

 10

 

6

 

 cells/ml overnight at
37

 

8

 

C before using in subsequent cell culture experiments.

 

Cell staining and flow-cytometric analysis.

 

Freshly purified cells
were stained in the presence of 1% FCS for 30 min on ice. For two-
color staining, cells were incubated with either unconjugated mAb,
washed twice, then incubated with FITC-conjugated GAMIg and
phycoerythrin (PE)-conjugated anti-CD4 mAb, or incubated with
biotinylated mAb followed by FITC-conjugated streptavidin and PE-
conjugated anti-CD4 mAb. Cells were washed and fixed in 1%
paraformaldehyde and analyzed using a flow cytometer (Epics Elite
ESP; Coulter Corp., Hialeah, FL). Where appropriate, differences
were analyzed by the Mann Whitney U test.

 

RNA isolation and RT-PCR analysis.

 

Total RNA was isolated
using RNAzol (Biotecx Laboratories, Inc., Houston, TX) according
to the manufacturer’s instructions. First-strand cDNA was synthe-
sized using oligo-(dT)

 

20

 

 (Pharmacia Diagnostics AB) as a primer and
AMV-RT (Promega Corp., Madison, WI) as described previously
(14). Complementary DNA (equivalent to 10 ng total RNA) was
mixed with 50 pmol each of forward and reverse oligonucleotide
primers, 200 

 

m

 

M each of dGTP, dATP, dCTP, and dTTP (Perkin-
Elmer Corp., Norwalk, CT) in 10 mM Tris-HCl (pH 9.0), 1.5 mM
MgCl

 

2

 

, 50 mM KCl, and 0.1% Triton X-100 in a total volume of 50 

 

m

 

l.
The reaction mix was heated at 95

 

8

 

C for 7 min before adding 2 U 

 

Taq

 

polymerase (Perkin-Elmer Corp.), followed by 35 cycles of 95

 

8

 

C
(1 min), 55

 

8

 

C (30 s), and 74

 

8

 

C (1 min 30 s), and a final extension step
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at 74

 

8

 

C for 7 min. The CD40-L primer sequences were sense primer
5

 

9

 

-ATC TGC GGC CAC TGG ACT GC-3

 

9

 

, and antisense primer
5

 

9

 

-TTC CAG GGT TAC CAA GTT GT-3

 

9

 

 (46). The 

 

b

 

-actin primers
have been described previously (47). 10 

 

m

 

l of the PCR product was
analyzed by Southern blot for confirmation of specificity. After aga-
rose gel electrophoresis, DNA was transferred to Hybond-N nylon
membranes (Amersham International, Little Chalfont, UK) in 0.4 M
NaOH and probed using 

 

32

 

P–end-labeled internal oligonucleotides
(CD40-L, 5

 

9

 

 AGA TCC TTA TCC TTA CTG AA 3

 

9

 

; and 

 

b

 

-actin,
5

 

9

 

 CTG AAC CCT AAG GCC AAC CGT 3

 

9

 

). After hybridization
for 12 h at 55

 

8

 

C, filters were washed in 0.1

 

3

 

 SSC (1

 

3

 

 SSC: 150 mM
NaCl, 15 mM Na citrate, pH 7.0), 1% SDS at room temperature and
exposed to film for 2 h.

 

Analysis of secreted Ig.

 

B (2.5 

 

3

 

 10

 

4

 

) and T cells (5 

 

3

 

 10

 

4

 

) were
cultured in the presence or absence of mAb 5C8 or an isotype-
matched control mAb (P1.17) in 96-well round-bottomed microtiter
plates. After 10 d of incubation at 37

 

8

 

C, supernatants were collected
and frozen until analysis. Isotype-specific ELISAs were used for the
quantitation of total IgM, IgG, and IgA in the culture supernatants as
described previously (48). Briefly, flat-bottomed, 96-well plates (Dy-
natech Laboratories, Inc., Chantilly, CA) were coated with affinity-
purified goat anti–human IgM, IgG, or IgA (Tago Inc., Burlingame,
CA) diluted in borate-buffered saline by incubating overnight at
37

 

8

 

C. After washing in Tween saline, the plates were incubated with
serial dilutions of standard Ig preparations (IgA and IgG, Behring
Diagnostics Inc., San Jose, CA; IgM, Tago Inc.) or culture superna-
tants for 2 h at 37

 

8

 

C. The washed plates were then incubated with per-
oxidase-conjugated affinity-purified goat anti–human Ig antibodies
(Tago Inc.). Plates were developed using 

 

o

 

-phenylenediamine as the
substrate, and the colored reaction product was measured with an
ELISA reader (Biokinetics EL312; Bio-Tek Instruments, Inc., Wi-
nooski, VT). The amount of Ig in the supernatants was determined by
comparison with a standard curve using the KinetiCalc program
(Bio-Tek Instruments, Inc.). Duplicates for each culture condition
were performed and differed by 

 

,

 

 10%. The sensitivities of the spe-
cific assays were 12 ng/ml for IgA and IgG, and 24 ng/ml for IgM.

 

Analysis of monocyte-derived dendritic cell IL-12 expression.

 

Dendritic cells obtained from myeloid cells cultured for 5 d with GM-
CSF and IL-4 were cultured with or without 15-min PMA- and iono-
mycin-activated, fixed normal PB or RA SF T cells (dendritic cell/T
cell ratio, 1:2) in the presence or absence of 5 

 

m

 

g/ml anti–CD40-L
mAb 24.31. After a 14-h incubation, the cells were harvested, and
cytospins were prepared. Cytospins were fixed in acetone for 2 min
and allowed to air dry for 2 h before blocking in 10% porcine serum/
10% FCS in TBS. The cytospins were then stained with the bioti-
nylated anti–IL-12 p40 mAb C8.6, followed by streptavidin conju-
gated to horseradish peroxidase, which was localized using the
chromagen diaminobenzidine tetrahydrochloride. Slides were im-
aged using confocal microscopy.

 

[

 

35

 

S]Methionine labeling.

 

Nylon wool column–purified normal
PB or RA SF T cells were washed and resuspended in prewarmed
DME deficient in 

 

L

 

-methionine and 

 

L

 

-glutamine (ICN Biomedicals,
Inc., Costa Mesa, CA) supplemented with 10% dialyzed FCS, penicil-
lin G (200 U/ml), gentamicin (10 

 

m

 

g/ml), and 

 

L

 

-glutamine (0.3 mg/
ml). Cells were activated with PMA and ionomycin for 6 h at 37

 

8

 

C
and 5% CO

 

2

 

 in the presence of 0.4 mCi/ml 

 

35

 

S-TRANSLabel (ICN
Biomedicals, Inc.). After activation, the cells were recovered by cen-
trifugation and resuspended at 8 

 

3

 

 10

 

6

 

 cells/ml in NP-40 lysis buffer
(150 mM NaCl, 1% NP-40, 50 mM Tris, pH 8.0). After a 30-min incu-
bation on ice, the nuclei were removed by centrifugation, and the cell
lysates were subjected immediately to immunoprecipitation as de-
scribed. The culture supernatants were filtered using a 0.22-

 

m

 

m filter,
and CD40-Fc immunoreactive protein was purified by immunopre-
cipitation.

 

CD40-Fc immunoprecipitation.

 

Cell lysates, supernatant, sera, SF,
or a trimeric human CD40-L/leucine-zipper fusion protein (hu-
CD40LT, 1 

 

m

 

g/ml; a gift from Dr. Melanie Spriggs) was precleared
with protein A–Sepharose before immunoprecipitation with 1 

 

m

 

g

dimeric human CD40/IgG1 Fc fusion protein (CD40-Fc; a gift from
Dr. Melanie Spriggs) and 30 

 

m

 

l protein A–Sepharose slurry. After an
18-h incubation at 4

 

8

 

C, the Sepharose beads were recovered by cen-
trifugation, washed five times in NP-40 lysis buffer, and resuspended
in 20 

 

m

 

l of 2

 

3

 

 SDS sample buffer (Bio-Rad Laboratories, Hercules,
CA). For [

 

35

 

S]methionine–labeled immunoprecipitated protein, the
samples were separated by electrophoresis through a 12% polyacryl-
amide gel (49) and visualized by fluorography. Nonradiolabeled pro-
tein was separated through 12% polyacrylamide gels and transferred
electrophoretically to nitrocellulose membranes (Amersham Interna-
tional) in transfer buffer containing 48 mM Tris, 39 mM glycine, and
20% methanol. After transfer, the membranes were blocked for 1 h
at room temperature in 10% skim milk powder that had been pre-
treated with immobilized streptavidin (Boehringer Mannheim, Mann-
heim, Germany) to remove endogenous biotin. The membranes were
then incubated in either biotinylated CD40-L mAb (0.5 

 

m

 

g/ml) or an
equal concentration of an irrelevant mAb, followed by streptavidin
conjugated to horseradish peroxidase. Immunoreactive protein was
visualized using chemiluminescence (ECL; Amersham Interna-
tional).

Figure 1. CD40-L expression by RA PB and SF T cells and in RA 
synovial tissue. (A) T cells were prepared from 9 normal PB, 5 RA 
PB, or 12 RA SF samples by rosetting with neuraminidase-treated 
SRBC, and stained immediately with either biotinylated control mAb 
or biotinylated anti–CD40-L (mAb 24-31) followed by streptavidin-
FITC. (B) An immunoalkaline phosphatase staining method was 
used to reveal CD40-L expression in RA synovial tissue. Arrows, 
Vascular/perivascular staining; 3325.
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Results

 

Freshly purified RA T cells express CD40-L mRNA and ele-
vated levels of cell surface CD40-L.

 

Initial experiments char-
acterized the expression of CD40-L in RA synovial tissue and
by RA PB and SF T cells. Flow-cytometric analysis of cells
stained with either 24-31, 5C8, M90, or TRAP1 demonstrated
low but statistically significant levels of CD40-L expression by
freshly isolated RA PB and SF T cells as compared with nor-
mal PB T cells (

 

P

 

 

 

,

 

 0.0001). 0.1

 

6

 

0.1% (mean

 

6

 

SE) of normal
PB T cells, 3.5

 

6

 

0.5% of RA PB T cells, and 6.0

 

6

 

1.2% of RA
SF T cells expressed cell surface CD40-L (Fig. 1 

 

A

 

). Immuno-
histochemical analysis of RA synovial tissue using an anti–
CD40-L mAb (M90) demonstrated CD40-L expression by in-
filtrating cells and associated with blood vessels (Fig. 1 

 

B

 

).
After 6 h of activation with PMA and ionomycin, 

 

z

 

 17% of
normal PB T cells and 

 

z

 

 27% of RA SF T cells expressed cell
surface CD40-L (Fig. 2). Of note, the CD40-L

 

1

 

–activated
RA SF T cells had diminished CD4 expression compared with
either activated normal PB T cells or CD40-L–negative RA SF
T cells.

Using human CD40-L and 

 

b

 

-actin–specific oligonucleo-
tides, RT-PCR demonstrated expression of CD40-L mRNA

by activated but not freshly isolated normal PB T cells. In con-
trast, both freshly isolated RA PB and SF T cells expressed
CD40-L mRNA (Fig. 3).

 

RA SF T cells contain preformed CD40-L.

 

Preformed cy-
toplasmic CD40-L has been demonstrated previously in hu-
man tonsillar CD45RO

 

1

 

 T cells (50). Since CD40-L was ex-
pressed at low levels by CD45RO

 

1

 

 SF T cells, the next
experiments examined whether the RA CD4

 

1

 

 T cells might
also contain a preformed store of CD40-L. Purified normal PB
or RA SF T cells were activated with immobilized anti-CD3,
stained with mAb directed against CD4 and CD40-L, and ana-
lyzed using two-color flow cytometry. Within 15 min of activa-
tion, the percentage of SF T cells that expressed surface CD40-L
was z 20% greater than the percentage of freshly isolated T cells
that expressed CD40-L (Fig. 4). No increase in CD40-L ex-
pression by normal T cells was observed during this time. To
exclude the possibility of rapid de novo protein synthesis by
the RA SF T cells, particularly in view of the expression of
CD40-L mRNA, the same experiment was carried out in the
presence of cycloheximide (10 mg/ml; Sigma Chemical Co.).
Whereas the initial upregulation of cell surface CD40-L ex-
pression occurred in either the presence or absence of cy-
cloheximide, the addition of cycloheximide blocked further

Figure 2. CD4 and 
CD40-L expression by 
normal PB and RA SF T 
cells. T cells were pre-
pared from normal PB or 
RA SF by nylon wool 
passage of MNC. Puri-
fied T cells were stained 
immediately or after 6 h 
of activation with PMA 
and ionomycin, with ei-
ther biotinylated control 
mAb or biotinylated anti–
CD40-L (mAb 24-31), 
followed by streptavidin-
FITC, and finally anti–
CD4-PE.
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CD40-L upregulation after 1–3 h of activation (Fig. 5). Thus, a
subpopulation of RA SF T cells contains preformed CD40-L
that is expressed rapidly upon activation in vitro. In contrast,
all surface CD40-L expressed by normal PB and upregulated
by RA SF CD41 T cells after initial expression and more pro-
longed activation requires de novo protein synthesis.

RA PB and SF T cells express functional CD40-L. In vitro,
Ig production by freshly isolated normal PB B cells can be in-
duced in the presence of normal T cells only in the presence
of an activation stimulus such as immobilized anti-CD3 or
pokeweed mitogen, and CD40–CD40-L interactions are criti-
cal for B cell activation (51). Since the level of CD40-L on PB
and SF T cells was low, it was important to determine whether
freshly isolated RA T cells expressed functional levels of
CD40-L. Normal PB B cells were incubated with either normal
PB, RA PB, or SF T cells in the presence of anti–CD40-L or
control mAb. RA SF and to a lesser extent PB T cells but not
normal T cells induced CD40-L–dependent B cell Ig pro-
duction (Fig. 6). The induced Ig consisted of IgM, IgG, and
IgA. Although CD40–CD40-L interactions have been demon-
strated to play a central role in Ig class switching (34), no con-
clusions regarding the nature of the Ig isotypes can be drawn

Figure 3. Characterization of CD40-L expression using RT-PCR. 
cDNA derived from freshly purified or in vitro activated normal 
PBMC, or freshly purified RA PB or SF MNC or T cells was ampli-
fied with specific primers for either CD40-L or b-actin. Southern 
blots of the PCR products were probed with a radiolabeled internal 
oligonucleotide as described in Methods.

Figure 4. Induction of 
surface CD40-L expres-
sion by normal or RA SF 
CD41 T cells after acti-
vation. Normal PB or
RA SF T cells were pre-
pared by passage of MNC 
over nylon wool, and acti-
vated in the presence of 
immobilized anti-CD3 
mAb. Samples were col-
lected at 15-min intervals 
and stained as described 
for Fig. 2. CD41 cells 
were gated, and CD40-L 
expression by the CD41 
cells was analyzed. Data 
are representative of 
three separate experi-
ments.
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in this assay, as circulating memory and naive, as opposed to
purified naive, B cells were used. As CD40-L stimulates all
subsets of B cells, production of IgM and IgG is normally facil-
itated to a comparable extent, and of IgA to a lesser extent
(51). Over a number of experiments, the percent inhibition of
each isotype by anti–CD40-L ranged from 60 to 100%. As can
be seen, RA PB T cells stimulate very little, if any, CD40-L–
dependent Ig production in accordance with the lower expres-
sion of CD40-L on the cell surface. Therefore, the data
demonstrate that RA SF T cells express sufficient CD40-L to
induce B cell Ig production in the absence of any in vitro acti-
vation stimulus.

Dendritic cell IL-12 production has been demonstrated re-
cently to be upregulated greatly after ligation of CD40 by
CD40-L (52). To confirm that CD40-L expressed by RA T
cells was functional, IL-12 expression by monocyte-derived
dendritic cells was examined in response to either normal PB
or RA SF T cells in the presence or absence of anti–CD40-L
mAb. Preformed stores of CD40-L were mobilized by a 15-min
in vitro activation, and T cells were fixed before their addition
to dendritic cells, to prevent further activation. The data dem-
onstrate that RA SF but not normal T cells induced dendritic
cell IL-12 expression in a CD40-L–dependent manner (Fig. 7).

 

Activated T cells upregulate CD40-L expression after
downmodulation by B cells.

 

It has been demonstrated previ-
ously that T cell surface CD40-L expression can be downmod-
ulated, via receptor-mediated endocytosis, through interac-
tions with B cell CD40 (53). The next experiments examined
whether reactivation of T cells in which CD40-L had been
downmodulated could lead to a similar rapid reexpression of
CD40-L as that observed upon activation of RA SF T cells.
For these experiments, purified normal PB T cells were acti-
vated for 3 h with PMA and ionomycin. After activation, down-
modulation of T cell surface CD40-L was induced by a 2-h in-

cubation with CLL PBMC at a T cell/B cell ratio of 1:5. The
B cells were then removed by panning, and the T cells were re-
stimulated with PMA and ionomycin. Cell surface CD40-L ex-
pression was analyzed using TRAP1 (Fig. 8). CD40-L was
expressed by activated T cells, but downmodulated after incu-
bation with B cells. Reactivation resulted in T cell CD40-L ex-
pression within 15 min. As demonstrated in Fig. 6, a 15-min ac-
tivation of T cells in the absence of a 3-h preactivation period
did not induce CD40-L expression or background autofluores-
cence. These in vitro data suggest that B cell–induced endocy-
tosis of CD40-L may contribute to the intracellular stores of
preformed CD40-L that are available for reexpression upon
subsequent activation.

 

Production of soluble CD40-L by RA SF T cells.

 

Normal
PB T cells have been shown previously to secrete a soluble
form of CD40-L after in vitro activation (54). Since RA SF T
cells are activated in vivo but produce lower levels of IL-2, IL-4,
and IFN-

 

g

 

 than activated normal PB T cells, the next experi-
ments compared the levels of immunoprecipitated sCD40-L
produced by [

 

35

 

S]methionine-labeled normal PB and RA SF T
cells activated for 6 h in the presence of PMA and ionomycin.
Using CD40-Fc, a 33-kD protein corresponding to the full-
length membrane CD40-L and an 18-kD protein correspond-
ing to the soluble form of CD40-L (54) were each precipitated
in equivalent amounts from normal PB and RA SF T cell ly-
sates (Fig. 9 

 

A

 

). Supernatant from normal PB and RA SF T
cell cultures contained a predominant 26-kD protein and a
small amount of an 18-kD protein. Each was present at equiva-
lent levels in RA SF and normal PB T cell supernatants.

The 26-kD protein is likely to represent a cleavage product
of membrane CD40-L, and the 18-kD species, the secreted
sCD40-L (54). Despite in vitro evidence of this secreted pro-
tein, there is as yet no evidence that it is produced in vivo.
Since both of these proteins were found in SF T cell superna-

Figure 5. Cycloheximide does not block rapid CD40-L expression by RA SF T cells. RA SF T cells were incubated with or without cyclohexim-
ide for 2 h, washed, and then activated with PMA and ionomycin, with or without cycloheximide, for various periods of time. CD40-L expression 
was analyzed as described for Fig. 2.
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tants, sCD40-L was sought in normal and RA serum and RA
SF. Protein was immunoprecipitated using CD40-Fc and ana-
lyzed by immunoblotting, using a biotinylated anti–CD40-L
mAb. No immunoreactive protein was detected in any of the
sera (data not shown) or SF samples, whereas huCD40LT was
immunoprecipitated and detected readily (Fig. 9 B).

Discussion

Strong evidence exists for the role of CD41 T cells in B cell Ig
production in the rheumatoid synovium. Ig levels are elevated
in RA synovium, and disease severity is correlated with rheu-
matoid factor seropositivity (6, 55, 56). The expression of
CD45RO and enrichment in CD45RBdim cells (14, 57, 58) sug-
gests further that rheumatoid synovial CD41 T cells have
been stimulated previously, possibly multiple times (15, 16).

The ability of RA SF and synovial tissue CD41 T cells to pro-
vide B cell help in the presence of in vitro activation has been
demonstrated (14). However, the constitutive capacity of
freshly isolated RA T cells to provide B cell help allows a more
appropriate estimation of their in vivo function. In this study,
CD41 RA PB and SF T cells were found to express CD40-L
mRNA and to manifest low level expression of membrane
CD40-L as well as preformed stores of CD40-L, and could in-
duce B cell activation and dendritic cell IL-12 expression in a
CD40-L–dependent manner. CD40-L expression by activated
T cells appears to be tightly regulated, in that cell surface ex-
pression can be detected within 1–2 h of activation, is maximal
at 3–9 h, and is undetectable within 24–72 h (50, 59). There-
fore, these data suggest that at least a subpopulation of CD41
RA T cells has been activated recently to express CD40-L
mRNA and protein in vivo, and that this CD40-L is likely to be
of functional significance.

Since only low levels of CD40-L expression by either RA
PB, RA SF, or RA synovial tissue T cells were observed, it is
possible that the CD40 binding epitope recognized by these
anti–CD40-L mAbs might have been masked by soluble CD40
that had bound in vivo (60). Attempts were made to clarify this
issue by staining freshly purified normal and RA T cells with
the TRAP1 anti–CD40-L mAb that is reported to bind
CD40-L at a site distinct from the CD40 binding epitope (61).
However, in preliminary experiments, commercially obtained
TRAP1 mAb blocked CD40-Fc binding to activated T cells
and CD40-L–induced B cell proliferation (data not shown).
Since this mAb appeared to recognize a CD40-L epitope near
the binding site, and other mAbs to portions of CD40-L not in-
volved in CD40 binding are not available, the question of
masking of CD40-L by soluble CD40 in vivo could not be ad-
dressed definitively. Therefore, it remains possible that the
levels of surface CD40-L might be underestimated because of
masking of the CD40-binding site and the epitope recognized
by anti–CD40-L mAb by soluble CD40. Regardless, both in
vitro and in vivo evidence suggest that even low level CD40-L
expression by freshly purified RA PB and SF CD41 T cells is
physiologically relevant. First, as shown here, CD40-L–depen-
dent Ig production by normal B cells could be induced in the
absence of in vitro activation. It is quite possible that the
higher levels of Ig production stimulated by RA SF as com-
pared with RA PB T cells relate to a higher expression of
other adhesion and costimulatory molecules by the SF T cells
(4) as well as the higher expression of CD40-L. In particular, at
low levels of CD40-L expression, signaling through adhesion
molecules may provide important additive effects (51). Fur-
thermore, RA SF but not normal PB T cells strongly upregu-
lated dendritic cell intracellular IL-12 production in a CD40-
dependent manner. Second, an in vitro model demonstrated
recently induction of CD40-L expression by , 12% of
CD45RA1 T cells in the presence of immobilized anti-CD3.
However, in the presence of IL-4, these T cells could induce
CD40-L–dependent IgE synthesis (62). Therefore, low levels
of CD40-L expression can be physiologically relevant. Third,
maternal carriers of X-linked hyper-IgM syndrome have a
greatly reduced number of PBMC with the capacity to express
functional CD40-L, yet these individuals exhibit a functionally
normal immune system (63). Finally, after in vitro activation,
normal PB B cells express CD40-L protein and mRNA, al-
though at significantly lower levels than are found on activated
normal peripheral T cells. This small amount of B cell surface

Figure 6. RA PB and SF T cells induce B cell Ig production. 5 3 106 
normal PB (dotted bar), RA PB (striped bar), or SF (solid bar) T cells 
were incubated with 2.5 3 104 normal B cells for 10 d in the presence 
of the blocking anti–CD40-L mAb, 5C8, or control mAb. Superna-
tants were analyzed for IgM, IgG, or IgA by isotype-specific ELISA. 
Data are representative of three separate experiments.



Functional CD40 Ligand in Rheumatoid Arthritis 2411

Figure 7. Dendritic cells upregulate IL-12 
expression in response to RA SF T cell 
CD40-L. Monocyte-derived dendritic cells 
were cultured on their own (A and D) or 
stimulated with 15-min activated, fixed 
normal PB (B and E) or RA SF (C and F) 
T cells in the presence (D–F) or absence 
(A–C) of an anti–CD40-L mAb. Staining 
with a negative control mAb was identical 
to A. After 14 h of incubation, the cells 
were harvested, cytospins were prepared, 
and intracellular IL-12 was detected using 
an anti–IL-12 p40 mAb.

Figure 8. Activated
T cells upregulate
CD40-L expression after 
downmodulation by
B cells. Normal PB T cells 
were incubated with 
PMA and ionomycin for
3 h, washed, and incu-
bated with or without 
CLL PBMC for 2 h.
B cells were then re-
moved by panning, and 
the T cells were reincu-
bated for 15 min with 
PMA and ionomycin. 
CD40-L expression was 
detected by staining with 
TRAP1 followed by bioti-
nylated rabbit anti–
mouse IgG and then 
streptavidin-FITC.
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CD40-L is sufficient for mediation of B cell homotypic aggre-
gation and for the induction of Ig secretion by resting PB B
cells (60). Together, these data indicate a requirement for only
a small number of CD40-L–expressing T cells and a low den-
sity of CD40-L expression for functional activity in vivo.

These data provide evidence for stores of intracellular
CD40-L within RA SF T cells. Previously, preformed CD40-L
has been demonstrated in human tonsillar CD45RO1 T cells
(50). While much of the CD40-L expression in RA ST was lo-
cated on cell membranes, at least some staining appears more
diffuse and intracellular. CD40-L expression was noted consis-
tently on and around blood vessels. This is of interest, in view
of the recent demonstration of CD40-L expression by endo-
thelial cells (64). Although its functional significance is as yet
unknown, CD40-L expressed by rheumatoid synovial endothe-
lial cells could play a role in the activation of emigrating B cells
and myeloid cells. 

CD40 expressed by B cells but not monocytes is capable of
downregulating CD40-L (53, 65). In this study, CD40-L was
downregulated by incubation with B cells but was unaffected
by incubation with monocytes or dendritic cells (data not
shown). Therefore, one mechanism of regulation of T cell
CD40-L expression might be via B cell membrane or soluble
CD40-induced internalization by receptor-mediated endocyto-
sis, followed by lysosomal degradation (53, 65). The inability of
monocytes or dendritic cells to downregulate CD40-L expres-
sion may relate to their ability to costimulate T cells simulta-
neously through molecules such as CD86 (66). The ability of T
cells to reexpress cell surface CD40-L suggests that if sequen-

tial T cell activation events occurred in RA synovium, intracel-
lular CD40-L within CD41 memory T cells might provide a
store of rapidly inducible cell surface CD40-L.

The small percentage of freshly isolated RA PB and SF T
cells that expresses membrane CD40-L is likely to reflect the
tight regulation of CD40-L expression in vivo. As demon-
strated here and elsewhere, this might occur through interac-
tion with B cells, or via cleavage from the cell surface (53). It
has been reported previously that in vitro activated normal PB
T cells express both a 33-kD surface and an 18-kD soluble
form of CD40-L, and that both forms are biologically active
(31). Whereas an 18-kD form of CD40-L could be immunopre-
cipitated from the cell lysates of in vitro activated normal PB
and RA SF T cells, in this study, this form of CD40-L was de-
tected only at very low levels in the culture supernatant of ei-
ther cell type. Surprisingly, a more predominant 26-kD form of
CD40-L was detected within both the activated normal and SF
T cell supernatants. This finding is in contrast to a previous
study in which the sole form of soluble CD40-L produced by in
vitro activated PB T cells was reported to correspond to a mo-
lecular mass of 18 kD (31). The 26-kD protein may reflect deg-
radation of surface CD40-L during cell activation, and it is pos-
sible that this discrepancy reflects different methods of cell
activation and/or the use of different reagents for immunopre-
cipitation. Although soluble CD40-L was detected in RA SF T
cell supernatants, none was present in RA SF. It is probable
that any soluble CD40-L produced in SF is sequestered imme-
diately by soluble or cellular CD40 or is degraded. Thus, the
biological significance of sCD40-L is still unclear. Neverthe-
less, sCD40-L produced locally by activated T cells may well
be capable of stimulating B cells in close proximity within the
microenvironment, although a more distant endocrine effect
seems unlikely.

After in vitro activation, the subset of SF T cells that ex-
pressed CD40-L also had diminished CD4 expression. CD4 ex-
pression is downregulated after activation, and this decrease in
expression becomes more pronounced during longer periods
of activation (67). Previously, the finding that RA SF T cells
secrete only small amounts of IL-2, exhibit decreased IL-2–
receptor expression, and proliferate poorly in response to stim-
ulation has led to the suggestion that RA SF T cells are anergic
(68). However, these studies provide evidence against this.
Whereas anergic T cells have a reduced capacity for CD40-L
mRNA and protein expression (69), SF T cells were fully capa-
ble of CD40-L expression in vivo, and upregulated CD40-L ex-
pression upon activation to an even greater extent in vitro than
normal PB T cells. Therefore, these data, together with the
phenotype CD4dim CD45RBdim CD272, are consistent with
the idea that RA synovial T cells are highly differentiated
memory T cells that have undergone at least one and possibly
multiple activation cycles (70). Reduced IL-2 production cor-
relates with this phenotype (14, 70), and may occur as a conse-
quence of memory T cell differentiation rather than a lack of
costimulation in the synovial environment. The spontaneous
expression of CD40-L mRNA by RA PB T cells could be ex-
plained either by extraarticular T cell activation events, or by
the recirculation of activated SF T cells to draining lymph
nodes and then into the blood. Further phenotypic analysis of
the PB T cell subsets would address this issue.

CD40-L has multiple proinflammatory effects through its
interaction with CD40, expressed by B cells, monocytes, and
dendritic cells. Thus, these studies suggest that CD40-L is

Figure 9. Production of soluble CD40-L by RA SF T cells. (A) Nor-
mal PB or RA SF T cells were incubated for 6 h in medium deficient 
in L-methionine in the presence of PMA and ionomycin and 35S-
TRANSlabel. CD40-L immunoreactive protein was purified by im-
munoprecipitation with CD40-Fc. Immunoprecipitated proteins were 
separated by electrophoresis and analyzed by fluorography. (B) RA 
SF or huCD40LT was precleared with protein A–Sepharose, then im-
munoprecipitated with CD40-Fc and protein A–Sepharose. Immuno-
precipitated proteins were separated by electrophoresis, analyzed by 
immunoblotting with biotinylated anti–CD40-L (mAb 24-31), and vi-
sualized by chemiluminescence.
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likely to play a central role in the perpetuation of RA. Of im-
portance, increased CD40-L expression has been demon-
strated recently in patients with other autoimmune disease, in-
cluding SLE and multiple sclerosis (71, 72). The benefits of
CD40-L blockade have been demonstrated in several animal
models of autoimmune disease, including collagen-induced ar-
thritis (73). Particularly promising was the induction of long-
term graft acceptance after blockade of both CD40-L and
CD80/CD86 in a cardiac allograft model (74). Taken together,
these animal studies and our evidence of functional CD40-L
expression in RA suggest that therapeutic blockade of CD40-L
may prove to be highly effective. Moreover, the effectiveness
of combinations of mAbs in an animal model renews optimism
that remission-inducing therapy for RA might be achievable.
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