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INTRODUCTION 

CD40 refers to a 50-kD glycoprotein which has been 
reported to be expressed on the surface of a variety 
of cell types including B lymphocytes, follicular 
dendritic cells, thymic epithelium, and some epithe- 
lial carcinomas (1). It is a member of the tumor 
necrosis factor (TNF) receptor family of molecules, 
which includes both forms of TNFR, the nerve 
growth factor receptor, CD30, and the recently 
described Fas antigen (1-4). Studies using mono- 
clonal antibodies (mAb) to CD40 have indicated a 
diverse array of biological activities occurs as a 
result of signaling through CD40. These include 
proliferation of anti-IgM cross-linked B cells (5, 6), 
secretion of IgE, IgG, or IgM in the presence of 
various cytokines (7-12), and the rescue of germinal 
center centrocytes from apoptosis (13-15). In addi- 
tion, Galy and Spits have shown that triggering 
CD40 on thymic epithelial cells in the presence of 
gamma-interferon (~/IFN) and interleukin-1 (IL-1) 
results in GM-CSF release (16), while other groups 
have shown that both homotypic and heterotypic 
cell adhesion can be induced by mAb to CD40 (17, 
18). Functional data such as these led to the search 
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for, and the identification of, a naturally occurring 
ligand for CD40. 

The human ligand for CD40 (CD40L) is a 33-kD 
type II membrane glycoprotein expressed primar- 
ily, but not exclusively, on the surface of activated 
T helper cells (19-22). Not surprisingly, it exhibits 
significant amino acid homology to TNF, particu- 
larly in the TNF binding domain (23). Recombinant 
CD40L has been shown to stimulate the prolifera- 
tion of B cells in the absence of a costimulus and, to 
induce immunoglobulin secretion in the presence of 
an appropriate cytokine (19). 

Unexpectedly, restriction fragment length poly- 
morphism (RFLP) analysis in the mouse demon- 
strated X-chromosomal inheritance. In situ hybrid- 
ization and hamster /human hybrid mapping 
localized the gene for the CD40L to the q26 region 
of the human X chromosome (20, 24, 25). Subse- 
quent studies performed by a number of groups 
identified CD40L gene defects as the causative 
factor in a severe immune deficiency known as 
X-linked hyper-IgM (HIGM), a syndrome typified 
by elevated levels of serum IgM and low or nonex- 
istent levels of IgG, IgA, and IgE (24-28). To date, 
12 CD40L mutations have been identified from 
HIGM patients, 11 of which occur in the extracel- 
lular portion of the molecule. Correlation of the 
CD40L mutations in HIGM patients with their 
distinctive clinical phenotype has provided new 
insight into the biology of the CD40L. The obser- 
vation that CD40L acts in the stimulation of mono- 
cytes, and costimulation of T cells, suggests an 
explanation for the common complication of neu- 
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tropenia and other severe immune defects associ- 
ated with X-linked HIGM. 

IDENTIFICATION OF THE CD40L 

Antigen-specific activation of B cells is considered 
a two-step process. In the initial inductive phase, 
resting T cells come in contact with B cells which 
display antigen in the context of class II MHC on 
their celt surface. In the second or effector phase, the 
T cells involved in this cognate interaction also 
become activated and, through the secretion of cy- 
tokines and expression of activation induced cell 
surface molecules, drive the differentiation of B cells 
into immunoglobulin secreting plasma cells. Strong 
evidence for an activated T helper cell surface mol- 
ecule which could provide B cell help came from 
studies using fixed, activated T cells (29) or T cell 
membrane preparations (30-34). Because of these 
data, a murine thymoma cell line, EL-4, was selected 
as a potential source for the CD40L. Using a CD40- 
human IgG1 chimeric fusion protein (35) and an 
unusually sensitive method of expression cloning 
(36) a cDNA encoding a murine CD40L was identi- 
fied (22). Nucleic acid cross-hybridization tech- 
niques allowed the identification of a human homo- 
logue, and shortly after publication of the murine 
CD40L sequence, several groups described the hu- 
man CD40L, which is 78% identical to murine 
CD40L at the amino acid level (Genbank accession 
number X67878) (19-21). The human CD40L is a 
261-amino acid, 33-kD, type II integral membrane 
protein comprised of a 22-amino acid cytoplasmic 
domain, a 24-amino acid transmembrane domain, 
and a 215-amino acid extracellular domain. It con- 
tains a single N-linked glycosylation site, which is 
likely utilized. Northern blot analysis indicates two 
forms of CD40L mRNA are expressed in activated T 
cell lines, a larger, ~2000-bp species and a slightly 
smaller species (19, 20). Hybridization with oligonu- 
cleotides derived from different portions of the 
CD40L coding region indicate that the smaller 
mRNA does not encode a soluble form of CD40L 
(19). Thus far, there is no evidence at either the 
protein or the RNA level that this CD40L protein 
exists in a naturally occurring Soluble form. 

THE BIOLOGY OF THE CD40L 

Expression of the CD40L at the level of RNA 
appears restricted to activated T cells (19-2i) and 
some stromal cell lines (unpublished observations), 

although an exhaustive analysis has not yet been 
performed. Two-color flow cytometry studies indi- 
cate that CD40L expression is confined largely to 
the CD4 ÷ subpopulation, although some CD8 + cells 
also appear positive (19). The role of CD40L on 
these CD8 + cells is not clear. 

Initial studies in our lab on the biological activi- 
ties of recombinant CD40L were performed using 
transfected CV- I~BNA cells (a monkey kidney 
cell line), which express high levels of CD40L (19). 
This membrane-bound CD40L is directly mitogenic 
for B cells derived from blood or tonsils in the 
absence of any costimuli. Inhibition assays using 
CD40.Fc or blocking antibody to CD40 suggest that 
the mitogenic activity appeared due to CD40L ex- 
pression alone, and not CD40L in the context of an 
endogenous cell surface molecule. The CD40L- 
induced proliferation of tonsil B cells was signifi- 
cantly enhanced in the presence of IL-2, IL-4, or 
IL-10 (37) and could be inhibited by the addition of 
tumor growth factor-beta (TGFI3). IL-5, TNFa, and 
~/IFN do not appear to augment CD40L-induced 
proliferation when added independently to cultures. 
However, the addition of any of these three cyto- 
kines in the presence of IL-4 results in some en- 
hancement of proliferation. The IL-4 and IL-10 
augmentation of CD40L-induced proliferation is 
similar to results which were described previously 
by Banchereau and his colleagues using a culture 
system containing immobilized CD40 mAb (6, 8, 
11). Interestingly, the costimulatory effects of IL-2 
and IL-5 appear evident only when signaling 
through CD40 occurs as a result of CD40L interac- 
tion (37). 

The CD40L induces immunoglobulin secretion 
only in the presence of appropriate cytokines. The 
choice of cytokine is critical to the production of a 
particular isotype. In the human system, the addi- 
tion of IL-4 results in IgE and IgG4 secretion. 
Either IL-2 or IL-10 functions as a potent costimu- 
lus for the production of IgM, IgG1, IgG2, IgG3, or 
IgA (38). Other experiments have shown thai the 
secretion of all isotypes derived from our CD40L 
containing in vitro culture system is inhibited by 
TGFt3 (37). 

Recent work in our lab and others has involved 
the use of soluble forms of the CD40L. Based on 
amino acid homology between CD40L and other 
members of the TNF family (Table I) (23), the 
native form of CD40L likely exists in a trimeric or 
oligomeric state (39). Consistent with this, simple 
monomeric forms of recombinant CD40L bind 
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Table I. Percentage AminoAcid Identity Between the TNF Binding Domains of Various TNF Family Members 

HuTNFa MuTNFa HuTNFB MuTNFB HuCD40L MuCD40L HuCD27L HuCD30L MuCD30L 

100 80 36 39 27 25 18 16 18 
100 37 41 25 24 21 15 18 

100 79 24 22 18 14 18 
100 25 25 18 17 18 

100 75 22 12 17 
100 18 15 16 

100 12 13 
100 78 

100 

HuTNFa 
MuTNFa 
HuTNF[3 
MuTNFI3 
HuCD40L 
MuCD40L 
HuCD27L 
HuCD30L 
MuCD30L 

CD40 but do not signal effectively (unpublished 
observations). Alternative chimeric proteins have 
been created using the extracellular portion of the 
murine CD8 protein fused to the extracellular do- 
main of the CD40L. The CD8 protein portion drives 
the formation of dimers and oligomers when this 
fusion protein is expressed in vitro. This protein 
functions to drive B cell proliferation but requires a 
costimulus such as PMA or CD20 mAb (21). We 
have created two forms of chimeric CD40L: a 
human (hu) IgG1-CD40L protein which dimerizes 
as a result of the disulfide bonds in the hinge region 
of the Ig constant domain and a trimeric form, 
which is composed of a 30-amino acid leucine 
zipper motif upstream of the extracellular domain of 
the CD40L (40). The CD40L.Fc is directly mitoge- 
nic on resting B cells. In contrast, B cells cultured 
with the trimeric CD40L exhibit low-level prolifer- 
ation in the absence of costimulus but perform at a 
level comparable to the membrane-bound CD40L in 
the presence of anti-IgM. In culture with the appro- 
priate cytokine, both forms are capable of inducing 
immunoglobulin secretion. These data strongly sug- 
gest that cross-linking of CD40 is important for 
signaling through the molecule. 

Flow cytometric analysis of CD40L activated B 
cells has shown that several antigens are induced as 
a result of CD40 signaling. These molecules are 
induced in the absence of costimuli and include 
CD23 and B7 (unpublished observations). 

DEFECTS IN THE CD40L GENE ARE 
RESPONSIBLE FOR X-LINKED HYPER-IgM 
IMMUNODEFICIENCY SYNDROME 

The mouse chromosomal location of the CD401 
locus was determined by interspecific backcross 
analysis. Southern blotting was used to identify 
informative restriction fragment length polymor- 
phisms (24, 41). The CD40I locus mapped to the X 

chromosome approximately 1.5 cM distal of the 
hprt gene. This suggested that the human CD40L 
gene might also be linked to the HPRT locus, 
thereby mapping to Xq26. This was confirmed using 
in situ hybridization in our laboratory (24) and that 
of Aruffo and colleagues (25) and by Grafet  al. (20). 

The potency of recombinant CD40L protein in in 
vitro assays, together with its provocative chromo- 
somal location, suggested that defects in the CD40L 
gene might be responsible for a known immunode- 
ficiency. At the time, there were at least five de- 
scribed X-linked immunodeficiencies for which the 
underlying defect was unknown. These included 
severe combined immunodeficiency (XSCID), ag- 
ammaglobulinemia, Wiskott-Aldrich syndrome, 
X-linked lymphoproliferative syndrome (XLP), and 
X-linked hyper-IgM (HIGM). Of these, XLP, 
X-linked HIGM, Wiskott-Aldrich, and XSCID 
were syndromes which seemed likely to involve a 
defect in T cell function. Also, X-linked HIGM was 
reported to map to the region of Xq24-Xq27 (42, 
43). These data made the X-linked HIGM syndrome 
a strong candidate for a disorder associated with 
defects in the CD40L gene. PCR analysis of cDNA 
derived from patient PBL mRNA quickly showed 
that the X-linked HIGM patients, but not other 
X-linked immunodeficiency patients, exhibited 
point mutations in the extracellular domain of the 
CD40L. 

X-linked HIGM syndrome is a rare disorder char- 
acterized by normal to elevated levels of IgM and 
decreased or absent serum levels of IgG, IgA, and 
IgE (44, 45). Diagnosis is frequently made following 
recurrent bacterial infections in the first few years 
of life (44). Intravenous administration of v-globulin 
and aggressive use of antibiotics are used, but there 
is a general consensus that the functional immune 
deficiency is relatively severe. Interestingly, af- 
fected males exhibit an unusually high incidence of 
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Fig. 1. Summary of amino acid changes found to date in the CD40L of X-linked HIGM patients. 

Pneumocystis carinii infection, suggesting defective 
helper T cells. In addition, many patients exhibit a 
severe recurrent neutropenia (45, 46). 

slgM and CD19 ÷ or CD20 + cells are present in 
HIGM patients, but B cells bearing mature isotypes 
are absent (47). In vitro T cell function tests are 
generally normal. T cell subpoputations are also 
considered normal. In the peripheral lymphoid tis- 
sue germinal centers may be diminished or absent. 

The following paragraphs provide a summary of 
the findings of several laboratories which reported 
the association of defects in the CD40L gene and 
X-linked HIGM. 

To date, nucleotide sequence results of the CD40L 
mRNA derived from 13 patients have been reported 
(24-27). Eight of these patients exhibit point muta- 
tions within the extracellular domain, three contain 
deletions, one contains a point mutation within the 
transmembrane domain, and one patient does not 
appear to have any changes in the coding region, 
suggesting a defect at the translational regulation 
level. The described point mutations are summarized 
in Fig. 1. Interestingly, many of these changes are 
relatively minor and might easily be considered 
naturally occurring polymorphisms. Subsequent ex- 
periments presented below have proven that the 
mutations are in fact deleterious and result in CD40L 
proteins which are blocked during intracellular trans- 

port or are expressed but do not bind to CD40. This 
suggests that the secondary and/or tertiary structure 
of the ligand is critical to its biological activity and 
very sensitive to alteration. 

Flow cytometr ic  analysis using a soluble 
CD40.Fc fusion protein on activated peripheral 
blood T cells (PB T) indicated that 12 of the 13 
patients studied showed no CD40-Fc binding (24- 
27). One patient did show very weak, but reproduc- 
ible, binding (24). In contrast, normal donor- 
activated PBL bound CD40-Fc well, indicating that 
any of the mutations listed in Fig. 1 are sufficient to 
interfere with biological activity. 

The literature describing HIGM syndrome and its 
possible causes prior to the discovery of the CD40L 
defect was inconclusive in resolving whether HIGM 
patients carried a defect in their T cells or in their B 
cells (48, 49). To determine whether patient B cells 
could respond normally to wild-type CD40L, pro- 
liferative assays on four of the HIGM patients were 
performed. Cultures containing T-depleted periph- 
eral blood mononuclear cells (PBMC) and CV-1/ 
EBNA cells transfected with CD40L or with vector 
alone were analyzed for 3H-TdR uptake. All four 
patients' B cell cultures showed levels of prolifera- 
tion comparable to those of normal donor controls 
(24). Consistent with this, Aruffo et aL noted similar 
levels of patient and control proliferation in culture 
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systems containing PBMC, CD40 mAb, and IL-4 
(25). 

The diminished IgG, IgA, and IgE phenotype of 
X-linked HIGM patients suggested that their B cells 
should respond to wild-type CD40L and cytokines 
by producing mature forms of immunoglobulin. In 
vitro culture of normal PBMC in the presence of 
IL-4 results in detectable IgE secretion after 10 
days (35). Cultures of HIGM PBMC with IL-4 or 
with IL-4 and CV-1/EBNA cells transfected with 
vector alone result in no detectable IgE secretion. 
However,  coculture of patient PBMC with CV-1/ 
EBNA cells expressing the CD40L does result in 
IgE secretion. Similar results are obtained from 
culture systems using CD40 mAb and IL-4 (7, 9, 10, 
24). In addition, Korthauer et aL have demon- 
strated that HIGM patient B cells cultured in the 
presence of CD40L plus IL-10 can be induced to 
secrete IgG and IgA (26). 

The combination of in vitro data with the known 
phenotype of X-linked HIGM patients clearly indi- 
cates that although CD40L functions in vitro as a 
potent mitogen for B cells, other mechanisms can 
and will function in vivo to allow proliferation and 
IgM secretion from B cells. 

Additional PB T activation antigens were exam- 
ined by flow cytometry to ensure that HIGM patient 
T cells could respond to polyclonal activation. In 
one instance, the p55 chain of the IL-2R was tested 
(24); in another, CD69 (25). In both cases, compa- 
rable surface expression was seen on HIGM- 
activated PB T as was evident on normal donor 
tissue. These data support the idea that the defect in 
the T cell population of HIGM patients is restricted 
to CD40L expression; it does not, however, prove 
it. In fact, recent unpublished findings (40, 50) 
which are described in the following section indi- 
cate that the CD40L can act as a costimulus for the 
proliferation of T cells. Thus, additional detailed 
studies are necessary before the full extent of 
defective CD40L expression is understood. 

ACTIVITY OF THE CD40L ON MONOCYTES AND 
T CELLS 

CD40 is known to be expressed on B cells, 
follicular dendritic cells, thymic epithelium, and 
some carcinoma cells. There is a single report of 
CD40 expression on monocytes (5); however, func- 
tional data or molecular studies have not been 
published. Recently, work in our lab has shown that 
elutriated primary peripheral blood monocytes can 

bind CD40 mAb (51). This binding is increased by 
culturing monocytes with GM-CSF, IL-3, or vlFN. 
Monocyte CD40 mRNA levels are also increased in 
response to these cytokines, suggesting that CD40L 
expression is regulated at the transcriptional level. 
Signaling through CD40 was shown to occur in 
studies where IL-6 and IL-8 production by  mono- 
cytes was measured following culture with CV-1/ 
EBNA cells transfected with CD40L or with vector 
alone. Reproducible secretion of these cytokines 
was detectable in response to CD40L in the absence 
of any costimulus. When cocultures containing 
CD40L and GM-CSF, IL-3, or -ylFN were assayed, 
CD40L was shown to act as a costimulus for 
monocyte TNFa  production and to enhance IL-6 
secretion. IL-8 production was similarly enhanced 
using CD40L in conjunction with GM-CSF or IL-3 
(51). 

CD40L-stimulated monocytes were also tested 
for their tumoricidal activity. Culture of primary 
monocytes  with CV-1/EBNA cells expressing 
CD40L in the absence of additional stimuli resulted 
in the induction of potent tumoricidal activity when 
assayed against the A375 melanoma line (51). 

The stimulation of monocytes by CD40L suggests 
another level of complexity in the events surround- 
ing antigen presentation. Activated CD4 ÷ T cells 
expressing CD40L may secrete cytokines which 
enhance CD40 expression on antigen presenting 
monocytes, which in turn produce monokines and 
exhibit tumoricidal activity or heterotypic cellular 
adherence characteristics, which then function di- 
rectly or act as costimuli to T cells, perhaps in a 
type of feedback loop. Such studies suggest that the 
CD40-CD40L interaction between monocytes or 
macrophages and T cells is likely to play an impor- 
tant role in the effector function of these cell types. 
PB T cells have also been examined for their ability 
to respond to the CD40L (40). Enhanced expression 
of CD25 and the CD40L itself was seen in PB T cell 
cultures containing CV-1/EBNA cells expressing 
CD40L or recombinant soluble trimeric CD40L 
compared to control cultures. In addition, CD69 
expression is increased in PB T cultures containing 
CD40L and CD3 mAb. 

The CD40L also serves as a costimulus for PB T 
cell proliferation in cultures containing CD3 mAb or 
lectin. This proliferation occurs in both the CD4 + 
and the CD8 ÷ populations and appears to be largely 
IL-2 independent. In other studies, the activity of 
the CD40L was comparable to that of IL-2 in the 
induction of cytotoxic T lymphocyte generation. 
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These studies, like those described for monocytes, 
suggest that the CD40L may play a more compli- 
cated, if subtle, role in the immune response than is 
currently appreciated. 

DISCUSSION 

Since the identification of a cDNA for the murine 
(mu) CD40L in late 1991, an impressive amount of 
information about both the biology of this molecule 
and B cells in general has been generated. The 
discovery that the CD40L is encoded on the X 
chromosome allowed an unexpected opportunity 
for investigators from a variety of disciplines to 
study the role of CD40-CD40L in T and B cell 
function, B cell maturation, and antibody produc- 
tion. In addition, a potential path for exploring the 
unknown biological activities resulting from this 
ligand-receptor interaction is possible through care- 
ful analysis of the clinical phenotype of HIGM 
patients. 

The initial discovery that recombinant, mem- 
brane-bound CD40L is a potent inducer of B cell 
proliferation immediately suggested that CD40L 
likely played a role in B cell proliferation in vivo. It 
is fascinating, however, that in HIGM patients, 
relatively normal numbers of circulating B cells are 
seen in peripheral blood. This indicates that another 
as yet unidentified molecular interaction occurs in 
vivo which allows for B cell proliferation. The in 
vitro proliferative function of the CD40L will likely 
find use in systems which are currently being devel- 
oped and are aimed at the production of human 
mAbs. Of interest also is the role of germinal 
centers in B cell proliferation and maturation. Ger- 
minal centers are virtually absent in HIGM pa- 
tients, suggesting that the CD40-CD40L interaction 
is critical for their formation or maintenance. 
Clearly, however, functional B cells capable of 
producing antigen-specific antibody of the IgM iso- 
type are found in normal levels in these patients 
(Ref. 28 and unpublished observations). 

The finding that thymic epithelium produces GM- 
CSF in response to stimulation through surface 
CD40 raises the possibility that this interaction is at 
least partially responsible for the recurrent neutro- 
penia seen in many HIGM patients. Another com- 
plexity is that the CD40L can function as a costim- 
ulus for cytokine secretion from monocytes and 
that T cells respond to CD40L by increasing its own 
surface expression. Thus, it is possible that a more 
subtle immune dysfunction occurs in these patients 

as a result of the absence of CD40 signaling on 
myeloid or lymphoid cells. 

The variation in clinical phenotype provides a 
rich source of questions regarding CD40L interac- 
tions. For example, compensatory mechanisms, 
which may not be utilized in normal individuals, 
might play an important role in modulating this 
disease. The existence of HIGM patients who have 
reduced, but not absent, CD40L expression arising 
from such mechanisms as diminished CD40 binding 
and abnormal transcriptional regulation may also 
exhibit intermediate symptoms. These patients will 
no doubt provide valuable insight into this arm of 
the in vivo immune response. 

Diagnosis and genetic counseling for HIGM are 
greatly improved by direct analysis of CD40L. 
Patients suspected of having HIGM may now be 
tested for expression of CD40L on activated T cells. 
Women who carry the defect may have reduced 
CD40L expression, but because of Lyonization, 
they may appear normal. A more reliable approach 
is direct mutation detection. The CD40L coding 
sequence is sufficiently short that direct sequencing 
from mRNA could be routinely applied. Once a 
mutation is detected, either allele-specific oligonu- 
cleotide hybridization or a mutation scanning tech- 
nique (e.g., single-strand conformational polymor- 
phism or he teroduplex  formation) could be 
employed to genotype other family members. Fi- 
nally, we have found that the CA repeat in the 3' 
untranslated region of the CD40L mRNA is very 
polymorphic (estimated heterozygosity 70%) (52). 
This can be used in conventional linkage analysis 
for carrier testing and prenatal diagnosis. Until the 
CD40L gene structure is elucidated, the CA repeat, 
which can be amplified from genomic DNA, pro- 
vides the best approach to genotyping of a fetus in 
early pregnancy. 

At present, both in vitro and in vivo data clearly 
indicate that the CD40L, in conjunction with cyto- 
kines, is absolutely required for B celt isotype 
"switching." Although many details are still un- 
known, it is reasonable to assume that T cells 
become activated in response to antigen; secreting 
cytokines and upregulating a variety of cell surface 
molecules. One of these, CD40L, interacts with its 
cognate expressed on the surface of B cells, mono- 
cytes, T cells, and some epithelial cells. Subsequent 
cytokine production ensues, and resting B cells are 
activated to proliferate and produce the more ma- 
ture immunoglobulin isotypes. 

Journal of  Clinical Immunology, VoL 13, No. 6, 1993 



CD40L AND X-LINKED HYPER-IgM SYNDROME 379 

The next few years will yield unprecedented 
amounts of information on humoral immunity, not 
the least of which will be contributions made by 
experiments using soluble CD40L as an antagonist, 
or possibly as an adjuvant, passive transfer studies 
using neutralizing antibody against the CD40L, 
analysis of CD40L single-gene disruptions in mice, 
and comprehensive examination of the CD40- 
CD40L cognate interactions. 
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