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HE X-linked hyper-IgM syndrome is a rare immu-

nodeficiency disease in which the ability of B cells
to switch immunoglobulin production from IgM to IgG,
IgA, and IgE is defective." A variety of mutations of the
gene encoding the CD40 ligand cause the immunodefi-
ciency.?® The functional effect of the mutation is that
the CD40 ligand on T cells cannot interact with the
CDA40 glycoprotein on the surface of B cells. This inter-
action normally mediates immunoglobulin class switch-
ing by B cells. The deficiency of IgG and IgA leads to
recurrent infections of the respiratory tract that can be
prevented by intravenous immune globulin.! Patients
with the X-linked hyper-IgM syndrome are also prone
to neutropenia, autoimmune disorders, and lympho-
mas."” Some are susceptible to infection with oppor-
tunistic microorganisms such as Pneumocystis carinii,
Histoplasma capsulatum, and cryptosporidium.'*'* Cryp-
tosporidium causes unremitting diarrhea and is associ-
ated with cholangitis and cirrhosis. Although cellular
immunity is normal in the X-linked hyper-IgM syn-
drome, the occurrence of these kinds of infections
suggests a T-cell defect, possibly related to impaired in-
teractions between T cells and macrophages'* and epi-
thelial cells mediated by the CD40 glycoprotein and
the CD40 ligand.”

Allogeneic bone marrow transplantation has the
potential to cure genetic disorders affecting marrow-
derived cells, such as B-thalassemia,!® severe combined
immunodeficiency,'” the Wiskott—Aldrich syndrome,'®
the X-linked lymphoproliferative syndrome," and leu-
kocyte-adhesion deficiency.?? We performed allogeneic
bone marrow transplantation in a child with the
X-linked hyper-IgM syndrome who was at risk for life-
threatening opportunistic infections.

CASE REPORT

A five-month-old boy (Subject III-3 in Fig. 1) was given a diagnosis
of X-linked hyper-IgM syndrome on the basis of low serum concen-
trations of IgG and IgA (Table 1) and the family history. Two mater-
nal uncles (Subjects II-6 and II-7 in Fig. 1) had died of protracted
diarrhea at the respective ages of six months and two years; both had
had hypogammaglobulinemia. A first cousin (Subject III-1) was also
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given a diagnosis of X-linked hyper-IgM syndrome on the basis of
low serum IgG and IgA concentrations. He has persistent diarrhea
caused by cryptosporidium and cholangitis associated with liver cir-
rhosis. He receives parenteral nutrition and is under consideration for
liver transplantation.

The diagnosis of X-linked hyper-IgM syndrome was confirmed by
the finding that the expression of the CD40 ligand on the patient’s
activated T lymphocytes was defective (Fig. 2). A mutation in the
gene that encodes the CD40 ligand was found in Subject III-1% the
CD40 ligand transcripts in that patient’s T cells had a deletion of 10
base pairs (bp) in the extracellular domain of the CD40 ligand (nu-
cleotides 447 to 456). The intragenic CD40 ligand microsatellite
probe revealed a polymorphism in the family. A 164-bp allele (allele
2) was identified in affected Subjects III-1 and I1I-3 (Fig. 3).2!

Subject ITI-3 was treated with intravenous immune globulin every
three weeks beginning at the age of five months. At the age of seven
months P, carinii pneumonitis developed; the infection was cured by
treatment with trimethoprim—sulfamethoxazole (Bactrim). His growth
and general status remained satisfactory. The HLA haplotype of his
healthy sister, born in October 1992, was HLA-A, B, DR, DQ, DP —
identical to that of the patient. Her blood group was A-positive; the
patient’s blood group was O-negative.

Because of the family history of two fatal cases of X-linked hyper-
IgM syndrome and the occurrence of an opportunistic infection in
the patient, the parents gave informed consent for the patient to un-
dergo bone marrow transplantation, with his sister as the donor. The
conditioning regimen consisted of busulfan (5 mg per kilogram of
body weight per day for four days beginning nine days before trans-
plantation) and cyclophosphamide (Endoxan) (50 mg per kilogram
per day for four days beginning five days before transplantation). Pro-
phylaxis against graft-versus-host disease consisted of cyclosporine
(initial dose, 3 mg per kilogram per day as a continuous infusion, fol-
lowed by a dose of 6 mg per kilogram per day orally beginning 1 day
before transplantation and continuing for 180 days afterward) and
methotrexate (10 mg per square meter of body-surface area on days
1, 3, 6, and 11 after transplantation). Because of the incompatibility
between red-cell groups (the donor was A-positive and the recipient
O-negative), the donor’s marrow inoculum was depleted of erythro-
cytes on Plasmagel (gelatin in glucose). On December 8, 1993, the
patient received 3.2X10? nucleated marrow cells per kilogram from
his sister, who was negative for cytomegalovirus and Epstein—Barr vi-
rus. Prophylaxis against infection included hospitalization in a Trex-
ler’s isolation unit, oral administration of nonabsorbable antibiotics,
and weekly treatment with intravenous immune globulin (200 mg per
kilogram) for four months.

METHODS

Polymorphonuclear cells and mononuclear cells were isolated from
heparin-treated blood by exposure to dextran followed by Ficoll-
Hypaque centrifugation. An E-rosette assay was performed by incu-
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Figure 1. Pedigree of a Family with the X-Linked Hyper-IgM
Syndrome.
Squares denote male family members, circles female members,
solid squares members with the X-linked hyper-IgM syndrome,
circles with a dot female carriers, and the arrow the propositus.
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Table 1. Serum Immunoglobulin Concentrations and in Vivo Antibody Responses in the Patient before and after Bone
Marrow Transplantation.*

VALUES FOR
v AGE-MATCHED
ARIABLE DATE CONTROLST
1/91 11/93 1/94 3/94 5/94 9/94 12/94 2/95
IgG (mg/dl) 0.53 11.7 11.8 10.3 5.7 10 11.5 6.20 9.29+2.28
IgA (mg/dl) 0.07 0.08 0.11 <0.08 <0.08 0.32 0.54 0.35 0.56%0.18
IgM (mg/dl) 0.58 1.39 0.55 0.57 0.62 2.17 1.85 0.60 0.71%+0.37
IgE (IU/ml)% <2 3 3
Isohemagglutinin titer (X1071) 18§ 48 4-16
Tetanus toxoid (IU/ml) ND 0.25 >0.1
Poliovirus-vaccine titer (X107") ND
Type 1 20 >40
Type 2 80 >40
Type 3 10 >40

*Intravenous immune globulin (200 mg per kilogram per week) was given from December 8, 1993, to March 21, 1994. Bone marrow transplantation was performed on

December 8, 1993. ND denotes not done.
{Plus—minus values are means *£SD.
4To convert values for serum IgE to micrograms per liter, multiply by 2.4.
§Anti-B isohemagglutinins.

bating mononuclear cells with neuraminidase-treated red cells from
sheep.

Monocytes and B lymphocytes were isolated by sorting with a
CD14-specific LeuM3 antibody (Becton Dickinson, San Diego, Cal-
if.) and a CD19-specific antibody (Becton Dickinson), respectively, in
a FACStar Plus cell sorter (Becton Dickinson).

The expression of the CD40 ligand was evaluated with a CD40—-
immunoglobulin fusion protein (CD40-Fc)?? as described previous-
ly,? after a five-hour incubation of E-rosette—forming cells with phor-
bol myristate acetate and ionomycin. A polymorphism of the CD40
ligand microsatellite CA repeat? was studied after amplification
with the polymerase chain reaction with two primers flanking the
CA repeat located in the 3’ untranslated region of the CD40 ligand
gene. Products were analyzed on 5 percent denaturing polyacryla-
mide gels.

Fluorescence in situ hybridization was performed with an X-chro-
mosome a-satellite probe (DX21) and a Y-chromosome—cocktail
probe (DY23 and DY21) labeled with biotin and digoxigenin, respec-
tively (Oncor, Gaithersburg, Md.). Hybridization was carried out ac-
cording to the manufacturer’s recommendations. After overnight hy-
bridization and post-hybridization washes, the slides were incubated
in blocking solution (0.1 percent phosphate-buffered saline, 20.5 per-
cent Tween, and nonfat dry milk). The X-chromosome probe was
detected with avidin—Texas red (Vector Laboratories, Burlingame,
Calif.), and the Y-chromosome probe with mouse antidigoxigenin
fluorescein-labeled antibody (Boehringer—Mannheim, Mannheim,
Germany). The slides were mounted with an antifade solution con-
taining 1 ug of 4',6-diamidino-2-phenylindole per milliliter, exam-
ined with a Leitz microscope (model DM, Leitz, Rockleigh, N.].), and
analyzed with a Cytovision computer (Imaging International, Sun-
derland, United Kingdom).

RESULTS

The patient’s clinical course after bone marrow
transplantation was uneventful. The absolute granulo-
cyte count exceeded 500 per cubic millimeter by day 26,
and the last platelet transfusion was given on day 20.
Manifestations of neither acute nor chronic graft-ver-
sus-host disease occurred. No infectious complications
were seen. The patient was sent home on day 35. Sev-
enteen months after bone marrow transplantation, he is
doing well, with normal blood counts and no need for
therapy.

Bone marrow engraftment was demonstrated by sev-
eral means. The patient’s red-cell group changed from
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O-negative to A-positive. In this boy, fluorescence in
situ hybridization with probes specific for the X and
Y chromosomes showed that on day 360, 100 polymor-
phonuclear neutrophils and 100 peripheral-blood mono-
nuclear cells were all positive for the X-chromosome
probe and negative for the Y-chromosome probe. The
same result was found on 50 separated E-rosette—form-
ing cells and 50 cells that did not form E rosettes (data
not shown).

Twelve months after bone marrow transplantation,
examination of the CA-repeat polymorphism associ-
ated with the CD40 ligand showed a shift from allele
2 (associated with a mutation of the CD40 ligand gene)
before bone marrow transplantation to alleles 2 and 3,
which were present in the carrier donor (Fig. 3). The
same change was detected in E-rosette—forming cells,
cells that did not form E rosettes, and granulocytes. Ex-
pression of the CD40 ligand by activated T cells from
the recipient one year after bone marrow transplanta-
tion was equivalent to the expression of the ligand by
the donor’s T cells (Fig. 2). In both children, expression
of the ligand was lower than in control subjects, be-
cause of the donor’s carrier status (Fig. 2).

The patient had a full recovery of immune function
six months after bone marrow transplantation. By then
he had normal T-cell and B-cell counts; antigen-
induced T-cell proliferation in vitro; normal serum con-
centrations of IgG, IgA, and IgE after the cessation of
intravenous immune globulin therapy; and normal an-
tibody responses to immunization with poliovirus and
tetanus toxoid (Table 1).

DISCUSSION

We report successful allogeneic bone marrow trans-
plantation in a child with the X-linked hyper-IgM syn-
drome. To reduce the risks of long-term sequelae, the
conditioning regimen consisted only of chemotherapy,
in accordance with a regimen used in other patients
with various immunodeficiencies.?? Full engraftment
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Figure 2. Expression of the CD40 Ligand by Activated T Cells from the Patient before and after Bone Marrow Transplantation, the
Donor, and an Age-Matched Control Subject.
Binding of CD40—-immunoglobulin fusion molecules to activated T cells was measured in the patient before (Panel A) and one year
after (Panel B) bone marrow transplantation, in a normal subject (Panel C), and in the donor (Panel D). Binding was measured by
fluorescence in situ hybridization on electronically gated CD3+ cells. Fluorescence was measured in arbitrary units. Dashed lines
denote unstained cells, and solid lines activated T cells. The values above the bars are the percentages of positive cells.

was shown by several means, including changes in red-
cell antigens, the results of fluorescence in situ hybrid-
ization for X and Y chromosomes, polymorphism of the
CD40 ligand gene, and expression of the CD40 ligand
by activated T cells. After transplantation, expression
of the ligand by the recipient’s T cells was equivalent
to that by the donor’s T cells, which had reduced ex-
pression because of her carrier status. In female carri-
ers of the mutant CD40 ligand gene, a variable fraction
of T cells expresses the CD40 ligand because of ran-
dom inactivation of the X chromosome.** As expected
on the basis of the normal immunologic and clinical
status of carriers of the X-linked hyper-IgM syndrome,

the reduced number of T cells expressing the CD40 lig-
and in the donor was nevertheless sufficient to provide
signals for switching to the production of IgG, IgA, and
IgE? and normalizing immune functions.

Not all patients with X-linked hyper-IgM syndrome
have life-threatening opportunistic infections like the
family of the propositus.! It has not been possible to
correlate a severe clinical outcome with given geno-
types.>®? The frequency of opportunistic infections in
X-linked hyper-IgM syndrome is not known. In a re-
cent summary, P, carinii pneumonitis developed in 8 of
67 patients.! Infections caused by H. capsulatum, aspergil-
lus, cryptococcus, and toxoplasma have also been re-
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