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Prevention of Collagen-Induced Arthritis with an
Antibody to gp39, the Ligand for CD40

Fiona H. Durie, Roy A. Fava, Teresa M. Foy, Alejandro Aruffo,
Jeffrey A. Ledbetter, Randolph J. Noelle*

The ligand for the CD40 antigen is a 39-kilodalton protein, gp39, expressed on the surface
of activated CD4* T cells and is essential for thymus-dependent humoral immunity. The
role of gp39-CDA40 interactions in autoimmune disease was investigated in vivo with the
use of an antibody that blocks their interactions (anti-gp39). Arthritis induced in mice by
immunization with type Il collagen was inhibited by anti-gp39. Anti-gp39 blocked the
development of joint inflammation, serum antibody titers to collagen, the infiltration of
inflammatory cells into the subsynovial tissue, and the erosion of cartilage and bone. Thus,
interference with gp39-CD40 interactions may have therapeutic potential in the treatment

of autoimmune disease.

Experimental evidence has established
that the CD40 ligand, gp39, is essential in
the development of thymus-dependent im-
munity (I). The expression of gp39 is large-
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ly restricted to activated CD4™ T cells
(2—4), and its receptor, CD40, is a mitogen-
ic receptor expressed on mature B cells (5).
It has been postulated that expression of
gp39 during cognate T cell-B cell interac-
tions is an essential signal in the develop-
ment of thymus-dependent (TD) immunity.
This postulate has been proven with the
recognition that X-linked hyper immuno-
globulin M (IgM) syndrome (HIM), which
results in the severe reduction of thymus-
dependent responses and Ig isotype switch-
ing, results from point mutations in the gp39
gene (6-9). Mutant gp39 proteins from HIM
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patients cannot trigger B cell activation or
bind to CD40 (6). Although TD humoral
immune responses in HIM patients are im-
paired, cell-mediated immune responses are
intact, suggesting that gp39 is only essential
in antibody-mediated immunity. A mono-
clonal antibody (mAb) specific to murine
gp39, MR1, blocks the binding of gp39 to
CD40 and also blocks T helper (Ty) cell-
dependent B cell activation in vitro (10).
Experiments were designed to test whether a
mADb specific to gp39 could be used thera-
peutically to control the course of humoral
immune responses in normal and disease
states. The administration of anti-gp39 in-
terferes with the development of primary
and secondary humoral immune responses
(11), apparently by blocking the binding of
gp39 to CD40.

The effects of anti-gp39 administration on
a murine model of human autoimmune dis-
ease, theumatoid arthritis, are presented here-
in to determine the role of interactions be-
tween gp39 and CD40 in the development of
autoimmune disease. Collagen type II-in-
duced arthritis (CIA) is induced in susceptible
strains of mice by intradermal injections of
heterologous native type II collagen (CII)
(12, 13). Because the transfer to naive ani-
mals of antibodies to CII leads to a condition
histopathologically different from CIA and
results in only transient synovitis (14), the
role of humoral immunity in the development
of CIA is not completely understood. In
contrast, the transfer of both antibodies to CII
and CD4™" T cells from mice immunized with
denatured CII completely reconstitutes the
symptoms of classical arthritis (I15). There-
fore, synergy between the cellular and hu-
moral arms of the immune response appears to
be essential in the development of arthritis.

The kinetics of disease progression that
result from the immunization of DBA/1]
(H-29) mice with CII are depicted in Fig. 1.
Mice were immunized with chick CII in
complete Freund’s adjuvant (CFA) and
then challenged 3 weeks later with soluble
CII. After this challenge, a dramatic rise in
the rate of disease progression was observed.
To quantitate the course of disease progres-
sion, we assigned scores to mige depending
on the severity of inflammation of the fore-
and hindlimbs. Three groups of mice (eight
per group) were immunized with CII in
CFA, and 1 week later each group received
either no mAb, anti-gp39, or irrelevant
hamster Ig (HIg) (Fig. 1). Mice were sub-
sequently administered antibody (250 ng
per mouse) every 4 days until the end of the
experiment. This antibody treatment re-
gime was used because previous titrations
showed that this regime of mAb adminis-
tration inhibited more than 90% of the
primary (IgM) anti-sheep red blood cell
response (I1). Antibody half-life is estimat-
ed to be 12 days, so that injections every 4



days maintain adequate concentrations to
block gp39 function. Because the secondary
boost of CII is involved primarily in the
induction of arthritogenic antibody, anti-
gp39 was administered before the secondary
boost to interfere with the development of
clinical disease. The HIg-treated mice de-
veloped CIA at a more aggressive rate than
the control animals, but by 40 days after
primary immunization 75 to 80% of the Hlg
and control animals had developed CIA (Fig.
1A). Anti-gp39 therapy prevented all mice in
this group from exhibiting any signs of clinical
disease. The mean arthritis index was used as
a means of measuring disease severity. This
index reflects the extent of clinical disease per
animal and the percentage of diseased animals
in each group (Fig. 1B). A high percentage of
the untreated and HIg-treated mice showed
extensive distal joint inflammation; none of
the anti-gp39-treated mice exhibited any
signs of such inflammation.

Another consequence of immunization
with CII is a precipitous rise in serum IgG

titers to CII. In Cll-immunized mice treat-
ed with anti-gp39, the serum IgG anti-CII
titers were inhibited compared to the anti-
ClII titers found in mice untreated or treated
with Hlg (Fig. 2). In fact, titers of anti-CII
in mice treated with anti-gp39 were similar
to titers found in nonimmune control sera
(16). Furthermore, during the course of the
experiments (40 to 60 days), the adminis-
tration of anti-gp39 did not alter the con-
centrations of total serum IgM or IgGl, as
might have been anticipated from the HIM
studies (17). In addition, we have not
detected antibodies to the anti-gp39 re-
agent in treated mice (11). Finally, CII-
immunized mice treated with anti-gp39 for
40 days and not given additional anti-gp39
had not developed clinical signs of CIA at
70 days after initial immunization. There-
fore, anti-gp39 does not have to be given
continuously to prevent disease onset (18).

Histologically, joints from all of the
untreated and Hlg-treated mice were se-
verely damaged by the rapidly expanding

Fig. 1. (A) The prevention of CIA by anti-gp39 treatment.
Male DBA/1J mice 6 weeks old were anesthetized and
immunized with chick CIlI emulsified in a complete adjuvant,
prepared by the combination of Freund's incomplete adju-
vant (Difco, Detroit, Michigan) and mycobacterium tubercu-
losis (2 mg/ml; Ministry of Agriculture and Fisheries, Wey-
bridge, Surrey, England). Type Il collagen (200 wng) was
injected in a single intradermal site at the base of the tail and
then challenged with soluble CIl (100 ng) 21 days later. The
mAb to gp39 (MR1) is a hamster mAb to mouse gp39 and
was prepared as described in (70). Antibody treatment
(DEAE-purified MR1 and HIg) was initiated 7 days after the
primary immunization and maintained throughout the study
(250 ng per mouse every 4 days). Mice (eight per group)
were then routinely monitored for the development of clinical
symptoms of CIA by inspection of distal joint inflammation.
(B) Anti-gp39 treatment inhibits the severity of CIA. The
arthritic index (O to 4) was determined by monitoring of hind-
and forepaws and scored on a subjective scale, with 4 as
intense swelling and erythema (27-23). The mean arthritis
index was then determined by summation of the total score of
each joint in each group of mice and dividing by the total
number of animals in each group: control (circles), Hig-
treated (triangles), and anti-gp39-treated mice (squares).
These results are representative of two such experiments.

Fig. 2. Inhibition by anti-gp39 of the secondary humoral
immune response to Cll. Serum samples were analyzed for
the presence of mouse Cll-reactive IgG by a modification of
the previously described method (78). Each well of a poly-
vinyl microtiter plate was coated overnight at 4°C with 100 p.l
of chick CIl (56 pg/ml) and then blocked by incubation with
phosphate-buffered saline containing 1% fetal calf serum
and 0.02% azide. After the plates were washed, a 100-pl
aliquot of each serum diluted in phosphate-buffered saline
was added and the plates were incubated for 2 hours at
37°C, washed again, and incubated for two more hours with
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100 pl of alkaline phosphatase—conjugated goat anti-mouse IgG1 (Southern Biotechnology,
Birmingham, Alabama). The plates were thoroughly washed and phosphatase substrate (Sigma)
was added, resulting in the appropriate color change. Readings were determined by an enzyme-
linked immunosorbent assay reader (Dynatech Labs) at an absorbance of 410 nm. We quantitated
IgG1 anti-Cll on the basis of a standard curve that was generated using a hyperimmune antisera to
Cll. The values are represented in arbitrary units; titers of antibody were determined for control
mice, Hig-treated mice, and anti-gp39-treated mice (symbols as in Fig. 1).
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synovial pannus. Mononuclear cell infiltra-
tion, thickening of the synovial membrane,
and bone erosion by osteoclasts were appar-
ent as well as exudate and polymorphonu-
clear cell accumulation in the synovial
space (Fig. 3A). In contrast, there were no
signs of inflammatory processes in four of
the five joints examined from mice treated
with anti-gp39 (Fig. 3B). In one joint from
such a mouse, only rare polymorphonuclear
leukocytes were present. Thus, the lack of
clinical arthritis in these mice was not
simply the result of a low level of inflam-
mation but of a complete lack of initiation
of synovial inflammation.

The data in this study establish gp39 as a
potential target for therapeutic interven-
tion. In vitro studies have shown that

Fig. 3. The prevention by anti-gp39 of histolog-
ical changes associated with CIA. Five mice
from each group were killed 8 weeks after
immunization, and their hindpaws were forma-
lin-fixed, decalcified in formic-hydrochloric acid
with electrolysis, embedded in paraffin and
stained for 2 min in 0.1% Mayer’s hematoxylin,
10 s in saturated lithium carbonate, and 1 min in
0.025% eosin. Tissue sections were examined
and the overall results are illustrated with a
representative example from (A) Hamster Ig—
treated and (B) anti-gp39-treated groups. In
(A), a fibrous and highly cellular pannus (P)
composed of mono- and polynuclear cells was
apparent surrounding most articulations of
hindpaws and was often seen extending into
sites of bone erosion (arrow), where numerous
osteoclasts were also seen. The surface of
articular cartilage was extensively damaged,
and exudate and polymorphs were present
within the synovial space. In (B) the synovial
membrane appeared virtually identical to nor-
mal synovium (S), with no apparent thickening
of the synovial membrane, exudation, or other
signs of inflammation.
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anti-gp39 blocks both the ability of the Ty,
cell to trigger B cell activation (9) and the
binding of CD40 to its ligand (10). This
effect suggests that anti-gp39 binds at or
near the CD40 binding site (10). Unlike
treatments with other mAbs to T cells or
fusion proteins (19, 20), it does not appear
that treatment of mice with anti-gp39 pre-
vents the priming of antigen-specific Ty
cells or causes the cytotoxic or functional
deletion of these cells. The results of exper-
iments showing that unaltered Ty function
can be adoptively transferred from mice
treated with anti-gp39 (I1) suggest that
anti-gp39 administration does not result in
Ty tolerance. The blockade of gp39 func-
tion has potential therapeutic benefits for
affecting the onset of autoimmune disease.
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Synthesis and Degradation of Cyclic ADP-Ribose
by NAD Glycohydrolases

Hyuntae Kim, Elaine L. Jacobson, Myron K. Jacobson*

Cyclic adenosine diphosphoribose (CADPR), a recently discovered metabolite of nico-
tinamide adenine dinucleotide (NAD), is a potent calcium-releasing agent postulated to be
a new second messenger. An enzyme that catalyzes the synthesis of CADPR from NAD
and the hydrolysis of cCADPR to ADP-ribose (ADPR) was purified to homogeneity from
canine spleen microsomes. The net conversion of NAD to ADPR categorizes this enzyme
as an NAD glycohydrolase. NAD glycohydrolases are ubiquitous membrane-bound en-
zymes that have been known for many years but whose function has not been identified.
The results presented here suggest that these enzymes may function in the regulation of
calcium homeostasis by the ability to synthesize and degrade cADPR.

The concentration of cytosolic free Ca?*
is a key factor in cellular regulation (I).
Many extracellular signals stimulate the
synthesis of the second messenger inositol
1,4,5-trisphosphate, which activates mem-
brane Ca’* channels resulting in Ca’*
release from internal stores (2). Reports of
Ca** mobilization that appear to be unre-
lated to inositol polyphosphate metabolism
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Low amounts of cADPR have been
found in all mammalian tissues tested (11);
however, little is known about the enzymes
that synthesize and degrade this nucleotide.
A molluscan enzyme that catalyzes the con-
version of NAD to cADPR has been puri-
fied and cloned (12-14). In mammalian
tissues an activity that generates cADPR
has been detected (7, 15), but no enzyme
has been isolated. Although the presence of
enzymes that degrade cADPR has been
postulated (9), the occurrence of such an
activity has not been demonstrated. We
detected cADPR degradative activity in a
variety of animal tissue homogenates. We
report here the isolation and characteriza-
tion of an enzyme from canine spleen mi-
crosomes that efficiently catalyzes the hy-
drolysis of cADPR to ADPR. This enzyme
also catalyzes the synthesis of cADPR from
NAD. The ability of the enzyme to cata-
lyze the net conversion of NAD to ADPR
identifies it as an NAD glycohydrolase
(NADase). These results suggest the possi-
bility of a new function for these mem-
brane-bound enzymes that have been
known for many years, yet whose function
has remained an enigma.

We developed a rapid assay in which
[3?P]JcADPR serves as substrate (16). The

Table 1. Purification of cADPR hydrolase from canine spleen.
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*One unit of enzyme activity is defined as the amount of enzyme that hydrolyzes 1 wmol of cADPR to ADPR per
min at 37°C under the assay conditions described in (16). tRatios of activities of NADase or ADPR cyclase to
CcADPR hydrolase (cADPRase). One unit of activity is defined as the amount of enzyme that results in the net
formation of 1 wmol of ADPR (NADase) or cADPR (ADPR cyclase) per min at 37°C under the assay conditions
described in (35, 36).

1330 SCIENCE ¢ VOL. 261 ¢ 3 SEPTEMBER 1993





