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Osteopenia in X-linked hyper-lgM syndrome reveals a
regulatory role for CD40 ligand in osteoclastogenesis

Eduardo Lopez-Granados**, Stephane T. Temmerman*, Lynne Wu*, James C. Reynolds*, Dean Follmann$, Shuying Liu*,

David L. Nelson", Frank Rauch!, and Ashish Jain*-**

*Laboratory of Host Defenses, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD 20892; *Nuclear Medicine
Department, Warren Grant Magnuson Clinical Center, National Institutes of Health, Bethesda, MD 20892; SBiostatistics Research Branch, National Institute
of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, MD 20892; TMetabolism Branch, National Cancer Institute, National Institutes of
Health, Bethesda, MD 20892; and lGenetics Unit, Shriners Hospital, McGill University, Montreal, QC, Canada H3G 1A6

Edited by Richard A. Flavell, Yale University School of Medicine, New Haven, CT, and approved November 28, 2006 (received for review July 11, 2006)

We report that osteopenia is a prominent and previously unap-
preciated clinical feature of patients with X-linked hyper-lgM
syndrome, an inherited immune deficiency disorder caused by
mutations in the gene encoding CD40 ligand (CD40L). We therefore
conducted studies to determine the relationship between CD40L
and osteoclastogenesis. Recognizing that activated T cells express
surface receptor activator of NF-kB ligand (RANKL) and can induce
osteoclast differentiation of myeloid cells expressing RANK, we
assessed the capacity of wild-type T cells and CD40L~/~ T cells to
induce osteoclastogenesis in vitro. Relative to wild-type T cells,
activated CD40L—/~ T cells from both humans and mice promoted
robust osteoclast differentiation of myeloid cells. Whereas acti-
vated CD40L~/~ T cells had normal expression of RANKL, they were
deficient in IFN-y production. In subsequent studies, we cultured
activated CD40L~/~ T cells in the presence of IFN-y, and we found
that the osteoclastic capacity of CD40L~/~ T cells could be greatly
diminished. These results show that CD40L can influence RANKL
signaling through T cell priming, and thus they demonstrate a
regulatory role for CD40L in bone mineralization that is absent in
patients with X-linked hyper-lgM syndrome.

osteoclast | IFN-y | receptor activator of NF-«B ligand (RANKL) |
bone homeostasis | T cells

Bone is subject to continuous remodeling by the coupled
activity of two different cells types: osteoblasts that synthe-
size new bone matrix and osteoclasts that lead to its resorption
(1). The discovery of receptor activator of nuclear factor
(NF)-«B ligand (RANKL; also known as TRANCE), a member
of the TNF superfamily of cytokines, has led to a deeper
understanding of osteoclastogenesis, the process of osteoclast
differentiation and activation. RANKL is synthesized by bone
marrow stromal cells, osteoblasts, and activated T cells (2-5). Its
interaction with RANK on the surface of myeloid precursor cells
induces their differentiation into osteoclasts. In addition, stim-
ulation of mature osteoclasts by RANKL leads to their activation
and bone resorption in vivo (4-7). The majority of skeletal
diseases associated with low BMD are related to excessive
osteoclast activity (8).

The RANK signaling pathway has several levels of regulation.
Osteoprotegerin (OPG) is an osteoclastogenesis-inhibitory fac-
tor that is secreted by osteoblasts and functions as a soluble
decoy receptor for RANKL (9). RANK stimulation leads to the
recruitment of the tumor necrosis factor receptor-associated
factor 6 (TRAF6), which then regulates the downstream acti-
vation of the IkB kinase complex and the c-Jun N-terminal
kinase signaling pathways. IFN-vy signaling leads to the proteo-
somal degradation of TRAF6, and it can therefore have an
inhibitory effect on RANK intracellular signaling and osteoclast
activity (10). In contrast, IL-1, TNF-«, and TGF- can enhance
osteoclastogenesis in vitro (11, 12). IL-1 and TNF-« are members
of the TNF family of proteins, and increased signaling by these
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soluble factors may have a synergistic effect on the expression of
target genes that mediate osteoclast activation.

CD40 ligand (CD40L or CD154) is expressed on the surface
of activated CD4™" T cells. The gene encoding CD40L lies on the
X chromosome, and alterations in CD40L cause X-linked hyper-
IgM syndrome (XHIM), which is a rare immune deficiency
disorder that is inherited as an X-linked inherited trait and is
usually only found in males (13-15). As a consequence of
deficiency in CD40L, patient CD4* T cells are unable to
stimulate CD40-expressing B cells to switch Ig production from
IgM to IgG, or IgA. Thus, XHIM patients have skewed IgM
antibody responses and a markedly diminished or absent IgG
response to protein antigens (16).

CD40L stimulation of antigen-presenting cells (APCs) in-
duces up-regulation of CD80/86 and IL-12 secretion. IL-12
secretion by APCs leads to the differentiation of naive T cells
into Tyl effector cells capable of producing IFN-vy. The impor-
tance of this interaction has been shown in both humans and
mice with CD40L deficiency, where the population of antigen-
primed memory T cells is markedly diminished, and activated T
cells fail to secrete IFN-v or induce IL-12 secretion in APCs (17,
18). Clinically, such impairments in T cell immunity predispose
XHIM patients to opportunistic infections with Preumocystis
carinii and Cryptosporidium (19-21). In addition, reports of
hepatobiliary cancer, carcinoid tumor, and other neoplasms in
patients with XHIM suggest defective immune surveillance (22).
The immune defects in patients with XHIM have consequences
early in life. In the only large retrospective study of 56 patients,
the Kaplan—Meier survival rate was 20% by the age of 25 years
despite i.v. Ig therapy and antibiotic prophylaxis (19).

We noted that clinic patients with XHIM had spontaneous rib
fractures without antecedent trauma. This clinical observation
prompted us to investigate whether CD40L deficiency may
contribute to an imbalance in bone mineral homeostasis. In this
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work we show that, compared with age- and sex-matched normal
controls, XHIM patients have significantly lower bone mineral
density (BMD) and have elevated levels of N-terminal telopep-
tides of type I collagen (NTX), a urinary marker indicative of
osteoclast activity (23-25). We further demonstrate that acti-
vated CD4+ CD40L~/~ T cells from either humans or mice have
normal expression of RANKL and promote marked osteoclas-
togenesis of myeloid cells because of their defect in T cell
priming and IFN-vy production. Taken together, these findings
suggest an important regulatory role for CD40L in osteoclasto-
genesis, which is impaired in patients with XHIM.

Results

Patient Characteristics. Fourteen patients from 13 unrelated fam-
ilies (ages 6-33 years) were enrolled into the study. The diagnosis
of XHIM was established in each patient by medical and family
history, Ig profile, and the presence of the CD40L mutation
and/or activated T cells that do not express CD40L. All patients
presented in childhood with recurrent bacterial sinorespiratory
infections and some experienced opportunistic infections. All
patients after diagnosis received i.v. gamma globulin replace-
ment therapy. During routine clinic visits, two of the patients
were noted to have spontaneous rib fractures without a history
of antecedent trauma. No significant abnormality was found in
biochemical indices of calcium homeostasis. Specifically, serum
calcium, serum phosphorus, 1,25-dihydroxyvitamin Ds, 25-
dihydroxyvitamin D3, and intact parathyroid hormone remained
within the normal range.

Bone Density, Histomorphometry, and NTX Measurements. BMD was
analyzed by dual-energy x-ray absorptiometry (DXA) (26) at
several skeletal locations in all 14 XHIM patients. The L1-L4
location in the posterior—anterior position was chosen for sta-
tistical evaluation because pediatric reference values are avail-
able at this location and it allows the patients’ results to be
compared with age-matched male controls. Our group of XHIM
patients exhibited a Z score (number of SD away from the mean)
distribution that was markedly shifted to the negative values
compared with the distribution expected in a normal population
(Fig. 14). The mean Z score was —1.92 instead of the 0 value that
would be expected in the distribution of a normal group. This
difference is statistically significant (P < 0.001; Wilcoxon test on
Z scores). Eleven of 14 patients were noted to have BMD (Z
score) = —1 SD below normal controls, and four of the patients
had Z scores = —2.5, which is below the first percentile in
age-matched male controls. Low BMD was apparent at 6 years
of age, and it was evident at all ages. Taken together, these
findings indicate that low BMD is common in patients with
XHIM.

The majority of skeletal diseases result from increased bone
resorption. However, abnormalities in the morphogenesis of
bone are also known to affect bone mass. We therefore per-
formed histomorphometric analyses on decalcified iliac bone
samples from two XHIM patients. The bone volume/tissue
volume ratio in a 15-year-old patient was 20.9%, and in a
19-year-old it was 22.3%. Both values were within the 95%
confidence interval for age-matched controls (mean value = SD
for controls between 14 and 17 years old, 25.7 * 5.3; between 17
and 23 years old, 27.8 * 4.5). These patients were noted to have
BMD Z scores of —3.5 and —2.3, respectively. It should be noted
that the bone densitometry measurement in the 15-year-old was
concurrent with the bone biopsy, but the DXA scan in the
19-year-old patient was performed 10 years after the bone
biopsy. Osteoblast quantification was possible in the sample
from the 19-year-old patient. The result of 12.9% was also within
the 95% confidence interval for osteoblast surface/bone surface
ratio_in_age-matched controls (mean value + SD for controls
between 17 and 23 years old, 7.9 £ 4.1). These limited histo-
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Fig. 1. BMD and biochemical measurements of bone metabolism. (4) Re-

duced BMD in XHIM patients. The BMD (g/cm?) at the spinal L1-L4 position in
the posterior-anterior projection for each patient was compared with an age-
and sex-matched control group. In each patient, the number of standard
deviations of the BMD value compared with the mean value for the control
group (Zscore; filled squares) is represented over the Gaussian distribution of
the normal population. (B) Measurements of NTXs in 24-h urine samples of
eight XHIM patients. The filled squares represent the values after adjusting to
the creatinine level (nmol of bone collagen equivalents/mmol of creatinine).
The values of an age- and sex-matched control group (27) are represented by
a regression method where the thick line represents the mean value for the
different ages and the dashed lines the mean value + 1 SD.

morphometric results are compatible with the hypothesis that
trabecular bone volume and bone formation are normal in
XHIM.

NTX is a well validated static measure of bone resorption, and
it serves as a relative index of current osteoclastic activity.
Urinary NTX measurements were made in 24-h urine samples in
eight patients. The results were compared with a control pop-
ulation by the generation of a D score calculated as the SD for
each value compared with a control group (27). The NTX values
in the older patients were not significantly different from the
control group (Fig. 1B). For the youngest children, however, all
NTX measurements were >1 SD larger than the mean for
normal controls, suggesting that the reduced BMD in XHIM
could be the result of enhanced osteoclastogenesis.

Analysis of RANKL Expression and IFN-y Production by Activated T
Cells. To address whether the RANKL/R ANK signaling pathway
might be involved in the low mineral density that is observed in
XHIM, we first determined the expression of RANKL on the
surface of activated CD4" T cells. We stimulated the T cells in
PBMC with anti-CD3 in vitro, and we determined the expression
of RANKL by flow cytometry using OPG-Fc fusion protein.
Activated CD4* T cells from XHIM patients up-regulate ex-
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Fig. 2. RANKL and TRAIL expression by T cells. (A) (Upper) Resting CD4+ T
cells do not express RANKL. (Lower) CD4" T cells from the XHIM patient
up-regulate RANKL expression with an intensity similar to that of a normal
control 24 h after anti-CD3e stimulation. The result of one experiment repre-
sentative of three is shown. (B) TRAIL expression was minimally detected at
24 h after stimulation (thin line). The staining by an isotype-matched control
antibody (thick line) is overlaid for each condition.

pression of RANKL at levels comparable with those seen in
normal controls (Fig. 24). In certain experimental conditions,
OPG can also bind to TNF-related apoptosis-inducing ligand
(TRAIL) and thus lead to a false-positive assessment of RANKL
expression (28). However, only minimal TRAIL expression was
detected at 24 h after stimulation with a TR AIL-specific anti-
body in both patient and control T cells (Fig. 2B), indicating that
the surface protein recognized by OPG-Fc was indeed RANKL.
These findings demonstrate that under physiologic stimulation
conditions, activated T cells from XHIM patients express
RANKL, and the level of RANKL expression is comparable
with that seen in normal controls.

Humans and mice with CD40L deficiency have a diminished
capacity to prime T cells and induce the memory T cell pheno-
type (17, 18). Antigen priming of T cells is associated with a
change in the T cell CD45 isoform: human naive T cells express
the CD45R A isoform, whereas antigen-primed human memory
T cells express the CD45RO isoform (29). We evaluated the
expressions of CD45 isoforms by the CD4" T cells of 13 patients
with XHIM and compared them with age-matched controls by
flow cytometry. In keeping with previously published results, the
average value of CD4™" T cells expressing CD45RO in all patients
was significantly reduced (P < 0.0001) compared with normal
volunteers [supporting information (SI) Fig. 5a]. One conse-
quence of reduced T cell priming is decreased T cell cytokine
production. To verify this possibility in the present context, we
cultured peripheral blood mononuclear cells (PBMCs) with
anti-CD3 for 36 h and then measured IFN-vy secretion into the
culture fluid by specific ELISA. In_agreement with previous
published results, patients with XHIM produce markedly re-

5058 | www.pnas.org/cgi/doi/10.1073/pnas.0605715104

duced levels of IFN-y compared with controls (SI Fig. 5). These
findings demonstrate that XHIM patients have a diminished
capacity to prime T cells and thus manifest impaired production
of IFN-vy.

CD4+ CD40L—/~ T Cells Strongly Promote Osteoclastogenesis in Vitro.
We next determined the capacity of activated T cells from XHIM
patients to mediate osteoclast formation in vitro. Peripheral
blood monocytes from XHIM patients or normal controls were
cultured with recombinant macrophage colony-stimulating fac-
tor (M-CSF) and recombinant RANKL. Then, after 7 days,
nonadherent cells were removed, and osteoclasts, identified as
giant multinucleated tartrate-resistant acid phosphatase
(TRAP)-positive cells, were counted. Recombinant RANKL
induced osteoclast formation in M-CSF-treated monocytes from
both normal control and XHIM patients (Fig. 34), which
indicates that XHIM monocytes are normal with respect to
RANKL-induced osteoclastogenesis. However, when M-CSF-
treated monocytes were stimulated with activated CD4" T cells
from XHIM patients or normal controls, the monocytes from
XHIM patients exhibited robust differentiation into osteoclasts,
whereas treated monocytes from normal controls exhibited
reduced differentiation into osteoclasts. These data indicate that
CD4* T cells from XHIM patients differ from controls in their
capacity to induce osteoclastogenesis.

Further insight into the role of CD40L in the induction of
osteoclastogenesis was obtained by using a murine coculture
system of osteoclastogenesis. In this system, bone marrow mono-
cyte/macrophage precursors (BMMs) from wild-type mice were
cultured with recombinant M-CSF for 48 h and then cocultured
with syngenic purified CD4+ CD40L*/* or CD4* CD40L~/~ T
cells activated with anti-CD3e-specific antibody. Then, after
72 h, nonadherent cells were removed, and osteoclasts, identified
as TRAP-positive cells, were counted. In contrast to CD4*
CD40L*/* cells, CD4* CD40L~/~ cells strongly induce the
appearance of giant, highly complex multinucleated TRAP*
cells (Fig. 3B). Furthermore, the number of osteoclasts depends
directly on the number of activated T cells added to the
coculture. We also measured the IFN-vy concentration in culture
fluids at 36 h after the addition and stimulation of T cells by
specific ELISA. In accordance with our finding with human T
cells, the concentration of IFN-y was significantly lower in the
CD40L '~ cocultures than in the CD40L wild-type cultures (Fig.
3C). These findings suggested to us that the reduced production
of IFN-y by CD40L~/~ T cells may account for their increased
capacity to induce osteoclast formation.

RANK-Fc or IFN-y Inhibit in Vitro Osteoclastogenesis Mediated by
CD40L~'~ T Cells. To assess the relative contribution of RANKL
expressed by activated CD40L~/~ T cells on in vitro osteoclas-
togenesis, we added RANK-Fc, a molecule that binds to
RANKL thus prevents signaling via RANK. The number and
complexity of osteoclasts were greatly decreased in the presence
of RANK-Fc, but they were not completely absent (Fig. 44).
Several factors could account for this finding, including the
possibility that recombinant RANK-Fc may not completely
block RANK-RANKL interaction in vitro or the presence of
osteoclastogenesis-promoting cytokines in the culture superna-
tant such as IL-1 or TNF-a. To provide further support to our
hypothesis that the impairment of IFN-+y secretion by activated
CD40L /'~ T cells is responsible for enhanced osteoclastogenesis
in vitro, we added recombinant mouse IFN-vy to the CD40L~/~
cocultures and a neutralizing anti-IFN-vy antibody to the wild-
type cocultures. In cocultures containing CD40L~/~ T cells and
recombinant IFN-vy, osteoclastogenesis was completely absent
(Fig. 4A4), whereas in cocultures containing wild-type T cells and
anti-IFN-vy, osteoclastogenesis was strongly enhanced (Fig. 4B).
Taken together, these IFN-y and RANKL blockade data indi-
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Fig. 3. CD4" T cell-induced osteoclastogenesis. (A) T cells from XHIM patients
induce robust osteoclastogenesis. Purified monocytes (5 X 10°) were cultured
alone, with recombinant RANKL (100 ng/ml), or with positively selected autolo-
gous CD4* T cells (1 X 105 activated by plate-bound anti-CD3 and soluble
anti-CD28. The total number of osteoclasts (as defined by TRAP-staining giant
cells with more than three nuclei) was counted in each well after 7 days of culture.
These values are expressed as the number of cells per mm?2 = SEM, and they are
represented in the top right of each image. One representative example of two
independent experiments is shown. (B) CD4* CD40L~/~ mouse T cells induce
marked osteoclast differentiation of BMMs. Nonadherent mouse BMM cells were
cocultured with CD4* CD40"/* (Left) or CD4* CDA0OL /- (Right) T cells. T cells were
activated with anti-CD3e antibody (10 ug/ml), and the number of cells added to
the cocultures is specified on the left side of the figure. The total number of
osteoclasts in each well was counted after 72 h of culture, and it is expressed as
the number of cells per mm2. These values are expressed in top right of each
image. One representative example of three independent experiments is shown.
*, P = statistically significant. (C) IFN-y levels in mouse coculture supernatants
were analyzed 36 h after the addition and activation of T cells (the columns
represent the median + SEM for three independent assays measured by specific
ELISA). *, P = statistically significant.
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Fig.4. RANKL and IFN-y mediate in vitro osteoclastogenesis. (A) Nonadher-
ent BMM cells were cocultured with activated CD4* CD40~/~ T cells in the
presence a RANK-Fc (10 ug/ml) fusion protein or recombinant IFN-y (100
units/ml). The total number of osteoclasts per mm? is on the top right of each
image. One representative of three independent experiments is shown. (B)
Nonadherent BMM cells were cocultured with activated CD4+ CD40*/* T cells.
Blocking anti-IFN-y antibody (2 pg/ml) was added to the activated CD4*
CD40*/* T cell coculture. The total number of osteoclasts/mm? is on the top
right of each image. One representative of three independent experiments is
shown.

Discussion

In this work, we show that osteopenia is a common clinical
feature of XHIM in the absence of definable metabolic and
endocrine abnormalities. We demonstrate that activated
CD40L~/~ CD4" T cells are poor producers of INF-y because
of defective T cell-APC interaction, but they express RANKL
normally. As a consequence, activated CD40L~/~ T cells from
both humans and mice induce marked osteoclast differentiation
of myeloid cells through RANKL signaling in vitro, and this
differentiation can be reversed by the addition of INF-vy. Taken
together, these findings offer support for the hypothesis that in
the face of continual exposure to environmental antigens, acti-
vated T cells expressing RANKL but deficient in INF-y con-
tribute to the profound generalized osteopenia found in patients
with XHIM.

Preservation of bone mass is achieved by the concerted action
of osteoblasts that synthesize bone matrix and osteoclasts that
lead to its resorption. The model of bone loss that we are
proposing predicts that reduced BMD in XHIM is the result of
increased osteoclastic activity. NTX is a validated measure of
bone resorption, and it serves as relative index of current
osteoclastic activity (26). Five of eight XHIM patients had
urinary NTX values 1 SD or higher than the mean value for
age-matched controls, thus confirming an increase in bone
degradation in XHIM. It is interesting to note that the elevated
NTX levels were primarily observed in younger patients with
XHIM. We found no difference in the expression of RANKL on
the surface of activated T cells between children (age <8) or
young adults (age >16) with XHIM (E.L.-G. and A.J., unpub-
lished observation), which suggests that the enhanced osteoclas-
tic activity observed in the younger XHIM patients is not a result
of increased RANKL expression by activated T cells. During
childhood, bones undergo rapid transformation because of pro-
cesses leading to both bone formation and resorption. Osteo-
blasts and bone marrow stromal cells express RANKL and
coordinate bone remodeling by stimulating local osteoclasts,
which in turn stimulate bone synthesis by nearby osteoblasts.
Reflective of age-related bone remodeling, urinary NTX peaks
in adolescence and declines with age (27). We propose that in
healthy individuals, INF-vy secretion by T cells that are under
continual stimulation from environmental antigens may limit the
extent of osteoclast activity during childhood. The absence of
this regulatory mechanism may make younger XHIM patients
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susceptible to marked bone loss. Osteoporosis, long-bone frac-
tures, and defects in Tyl T cell differentiation have been
observed in patients with Job’s syndrome (30, 31). Although the
precise mechanism for reduced BMD in these patients awaits
further investigation, it may relate to the selective deficiency of
IFN-v secretion by activated T cells.

Prospective studies in the elderly have shown that a 1 SD
reduction in BMD can be associated with an increase of
50-100% in the incidence of fractures (32). In children and
young adults, the diagnosis of osteoporosis cannot be made on
the basis of bone density alone because body size and normal
variation of bone density must be taken into consideration.
However, the fact that four of our XHIM patients had bone
density values >2.5 SD below the average for their age and two
patients experienced spontaneous rib fractures without a
history of trauma suggests that their low bone density was
clinically important.

The decision on whether and how to treat bone loss in XHIM
is difficult. Although IFN-y can have an inhibitory effect on
osteoclastogenesis in vitro, IFN-vy therapy is expensive, and it is
not free of side effects. However, IFN-vy treatment should not be
dismissed out of hand because it has the potential to improve
other manifestations of the disease such the frequency of
opportunistic and bacterial infections. Blocking RANKL inter-
actions with an anti-RANK antibody has entered into early
clinical development. In the absence of CD40L stimulation,
RANKL interaction with RANK on the surface of dendritic cells
has been shown to mediate immunity to certain viral infections
in the CD40L~/~ mice. Thus, the use of RANKL antagonist in
XHIM patients may lead to an increased predisposition to
infection. Oral bisphosphonates target osteoclast-mediated bone
loss, and they have been shown to enhance bone mineralization
in adults (33, 34). Although the majority of XHIM patients are
children, and well controlled studies using bisphosphonates in
younger patients are lacking, this class of drugs could be of value
for some XHIM patients with marked bone loss.

In summary, our results identify a mechanism for CD40L in
regulating bone mass that is absent in patients with XHIM.
Several CD40 agonists are currently in preclinical development.
Whether such biological agents can reverse bone loss in XHIM
patients through immunological reconstitution awaits further
investigation.

Materials and Methods

Study Subjects. Fourteen patients with XHIM were studied at the
Clinical Center, National Institute of Allergy and Infectious
Diseases, National Institutes of Health (NIAID/NIH; protocol
89-1-006). Unaffected family members, other normal volunteers,
and immunologically normal individuals enrolled on other NIH
protocols served as controls. The Institutional Review Board of
the NIAID approved the open protocol, and informed consent
was obtained from all of the patients or parents before the
enrollment in the study.

Endocrine and Bone Metabolism Evaluation. Serum levels of cal-
cium, phosphorus, magnesium, albumin, alkaline phosphatase,
intact parathyroid hormone, osteocalcitonin, 25-dihydroxyvita-
min D3, and 1,25-vitamin D were measured in all study patients.
When possible, 24-h urine samples were collected, and the levels
of calcium, creatinine clearance, and NTX (Ostex, Seattle, WA)
were determined according to the manufacturer’s instructions.
BMD was measured by DXA with a Delphi-A densitometer
(Hologic, Inc., Bedford, MA) at different skeletal locations using
Hologic, Inc. software.

Flow Cytometry. For RANKL expression analysis, PBMCs from

healthy volunteers or XHIM patients were stimulated with
OKT3 antibody (gift of Ortho Biotech, Bridgewater, NJ) at a
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concentration of 5 ug/ml. Cellular expression markers were
determined with the following antibodies: anti-CD3, anti-
CD8, anti-TRAIL, anti-CD40L, and anti-CD69 (BD Bio-
sciences Pharmingen, San Diego, CA). RANKL expression
was determined by incubation with human OPG-IgG Fc fusion
protein (R&D Systems, Inc., Minneapolis, MN).

Cell Preparation and Cell Culture Conditions. For in vitro osteoclas-
togenesis, BMMs were harvested from the femurs of C57BL/6J
wild-type mice and cultured in a-MEM 10% FCS medium with
10 ng/ml recombinant M-CSF (R&D Systems, Inc.) for 48 h at
37°C. CD4" T cells from CD40L "/~ or wild-type animals were
isolated from splenocyte suspensions by high-affinity negative-
selection columns (R&D Systems, Inc.) according to the
manufacturer’s instructions, and they were added to the BMMs
and stimulated with 10 mg/ml anti-CD3e-specific antibody or
an unspecific isotype control (BD Biosciences Pharmingen).
After 3 days in culture, the medium and the nonadherent cells
were removed. The remaining cells were washed, fixed with
10% (vol/vol) glutaraldehyde solution, and then stained by the
TRAP method (Sigma, St. Louis, MO) according to the
manufacturer’s instructions. The nuclei were counterstained
with the hematoxylin/eosin method (Sigma). To evaluate
osteoclast differentiation, the number of giant, multinucleated
(more than three nuclei) TRAP™ cells was counted in each
well over a grid covering the entire surface. The results were
expressed as the total number of cells per mm? of well surface.
The concentration of INF-y in coculture supernatants was
determined at 36 h after stimulation by using a commercially
obtained ELISA kit (BD Biosciences Pharmingen) according
to the manufacturer’s indications. Mouse recombinant IFN-y
(100 units/ml) (R&D Systems, Inc.), mouse RANK-human Fc
fusion protein (5 pg/ml) (Sigma), or anti-IFN-y Ab (2 ug/ml)
(a gift from Carl June, Bethesda Naval Research Institute,
Bethesda, MD) were added to some culture conditions with T
cells. The number of osteoclasts in these conditions was
evaluated at 3 days.

Statistical Analysis. The bone density measured at the L1-L4
vertebral position in the posterior—-anterior projection was
expressed in each patient as the number of standard deviations
(Z score) away from the mean value in a population of age- and
sex-matched healthy controls (software data base from Ho-
logic, Inc.). If the values in these XHIM patients would follow
a normal distribution, the group of Z scores would have a
median 0 and a SD of 1. We performed a Wilcoxon signed-rank
test to determine whether the median Z score of the patients
with XHIM was different from 0. For NTXSs, a similar strategy
was used; however, age-specific means and SD values were
constructed by using regression methods based on previously
published information for pediatric normal controls using the
same ELISA-based commercial assay (Ostex) (27). A D score
for NTX was constructed according with the formula D =
(NTX — M)/S, where NTX was the value for an individual, M
was the age-adjusted mean, and S was the age-adjusted
standard deviation. Analytical quantitative results were com-
pared by a ¢ test with two-tailed P values. Histomorphometric
analyses were performed on decalcified iliac bone samples
from two patients with XHIM. These samples had been
obtained for medically indicated reasons. Measurements were
performed in trabecular bone as described in detail in ref. 35.
Trabecular bone volume/tissue volume corresponds to the
percentage of the trabecular compartment that is taken up by
bone. Osteoblasts were defined as cells directly apposed to
osteoid and exhibiting a definite Golgi apparatus. Measure-
ments were carried out at a magnification of 200 by using a
digitizing table with Osteomeasure software (Osteometrics,
Inc., Atlanta, GA). Nomenclature and abbreviations follow the
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recommendations of the American Society for Bone and
Mineral Research (36).
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