
ic differences in the regulation of BLNK or 
other regulators of B cell development may 
account for the differences observed between 
human and murine BLNK deficiencies. How- 
ever, the present studies in a human and in mice 
demonstrate a central role for BLNK in relay- 
ing signals in the pre-BCR and BCR signaling 
pathways. 
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An Essential Role for BLNK in 
Human B Cell Development 

Yoshiyuki Minegishi,' Jurg Rohrer,' Elaine  ousta an-Smith,2 
Howard M. Lederman,3 Rajita ~ a p p u , ~  Dario Campana,285 

Andrew C. Chan,4 Mary Ellen C ~ n l e y ' , ~ *  

The signal transduction events that control the progenitor B cell (pro-B cell) to 
precursor B cell (pre-B cell) transition have not been well delineated. In eval- 
uating patients with absent B cells, a male with a homozygous splice defect in 
the cytoplasmic adapter protein BLNK (B cell linker protein) was identified. 
Although this patient had normal numbers of pro-B cells, he had no pre-B cells 
or mature B cells, indicating that BLNK plays a critical role in orchestrating the 
pro-B cell to pre-B cell transition. The immune system and overall growth and 
development were otherwise normal in this patient, suggesting that BLNK 
function is highly specific. 

Cross-lidung of the B cell antigen receptor mology to SLP-76 (1, 2). Once BLNK is phos- 
(BCR) results in rapid phosphorylation of the phorylated by Syk, it serves as a scaffold to 
adapter protein BLNK [also called SLP-65 (Src assemble the downstream targets of antigen 
homology 2 domain~ontaining leukocyte pro- activation, including Grb2, Vav, Nck, and 
tein of 65 kD) and BASH (B cell adapter phospholipase C-y (PLCy). Hence, BLNK is 
containing Src homology 2 domain)], a hema- positioned to coordinate a number of signaling 
topoietic-specific cytoplasmic protein with ho- pathways activated by the BCR. Studies in a 
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BLNK-deficient DT40 chicken B cell line in- 
dicate that this adapter is required for the re- 
lease of intracellular calcium and the activation 
of the extracellular signal-regulated protein ki- 
nase, c-Jun NH,-terminal kinase, and p38 path- 

The A to T substitution at the + 3 position of 
the splice donor site occurs at a highly con- 
served site in the splice consensus sequence; 
alterations at this site would be expected to 
result in faulty processing of the BLNK mes- 
sage (11). To evaluate this possibility, we de- 
rived cDNA from the patient's bone marrow 
and used reverse transcriptasePCR (RT-PCR) 
to examine the abundance of BLNK transcripts 
(12). The results were compared with those 
obtained from bone marrow of healthy subjects 
or patients with mutations in Btk or p, heavy 
chain (Fig. 2). No BLNK transcripts could be 
amplified from the patient's bone marrow, al- 
though BLNK transcripts were easily identified 
in the bone marrow of the other patients with 
defects in early B cell development. Other 
genes expressed in pro-B cells, including Btk, 
terminal deoxynucleotidyl transferase (TdT), 
and 15, were expressed in approximately equal 
amounts in all of the patients. These results 
indicate that the base-pair substitutions in 
BLNK resulted in a marked reduction or ab- 
sence in BLNK transcripts and therefore in 
BLNK protein. 

The patient with BLNK deficiency demon- 
strated n o d  growth and development. At 8 
months of age, he had the onset of recurrent 
otitis. After two episodes of pneumonia, he was 
evaluated for immunodeficiency at 16 months 
of age. At that time, he had no detectable serum 
IgG, IgM, or IgA, and he had <1% B cells in 
the peripheral circulation. He was started on 
gammaglobulin replacement, and between 2 
and 20 years of age, he did well except for 
chronic otitis and sinusitis, hepatitis C acquired 
from intravenous gammaglobulin, and an epi- 
sode of protein-losing enteropathy in adoles- 
cence. Immunologic studies performed when 
the BLNK-deficient patient was 20 years of age 
demonstrated serum concentrations of IgM and 
IgA of <7 mgldl, normal numbers and percent- 
ages of CD4 and CD8+ T cells and natural 
killer cells, and normal numbers of platelets and 
myeloid cells. The patient's mother and father, 
who were heterozygous for both base-pair sub- 
stitutions in BLNK, were healthy and had nor- 
mal concentrations of serum immunoglobulins 
and normal numba of B cells (13). An older 
brother developed recurrent otitis at 6 months 
of age and died at 16 months of age of pseudo- 
moms sepsis and neutropenia. 

Immunofluorescence analysis of peripheral 
blood lymphocytes from the patient with 
BLNK deficiency and an age-matched patient 
with an amino acid substitution in the pleckstrin 
homology domain of Btk demonstrated that 
both patients had <0.01% CD19' cells in the 
blood (14). To determine the point in B cell 
differentiation at which the block in develop 

ways in response to anti-immunog16bu& hi 
(IgM) stimulation (3). If BLNK plays a nonre- 
dundant role in mammalian B cell develop- 
ment, mutations in BLNK might result in im- 
munodeficiency. 

About 85% of patients with early onset hy- 
pogammaglobulinemia and absent B cells are 
males with X-linked agammaglobulinemia 
(XLA) (4). These patients have mutations in the 
cytoplasmic tyrosine kinase Btk (5). Some of 
the remaining patients have defects in compo- 
nents of the pre-B cell receptor @re-BCR) or 
BCR (6, 7); however, the nature of the defect in 
many patients remains unknown. To determine 
if mutations in BLNK could give rise to human 
immunodeficiency, we isolated and character- 
ized a bacterial artificial chromosome clone 
containing the human genomic BLNK se- 
quence. Fluorescence in situ hybridization dem- 
onstrated that BLNK is located on chromosome 
10q23.22. The gene consists of 17 exons spread 
over -65 kb of DNA. Primers were designed to 
amplify individual exons by polymerase chain 
reaction (PCR) for analysis by single-strand 
conformation polymorphism (SSCP) (8). 
Genomic DNA samples were analyzed from 25 
patients with a Btkdeficient phenotype, in 
whom we had not identified mutations in Btk, p, 
heavy chain, Iga (mb-1), Igp (B29), or the 
surrogate light chain. DNA from one patient, a 

B Control Patient -- 
A C G T  A C G T  - = - a lntronl & - - - * A-T 

20-year-old male with early onset hypogamma- 
globulinemia and absent B cells, demonstrated a 
homozygous alteration in the first exon of 
BLNK and its flanking intronic sequence (Fig. 
1). This portion of the gene was cloned and 
sequenced, and two noncontiguous base-pair 
substitutions were identified (9). The first alter- 

BLNK 

ation, a C to A substitution, occurred at the third 
base-pair position in codon 10, which encodes a 
proline. This base-pair substitution does not 
change the amino acid sequence of BLNK. The 

C 
position -3 -2 -1 1 2 3 4 5 B 
mnsensus AIC , 
sequence g t 

%conserved 70 6 BO 45 

second alteration, an A to T substitution, was 
found at the +3 position of the splice donor site 
for intron 1,20 base pairs downstream from the 
alteration in codon 10. SSCP analysis of DNA 
from 100 unrelated individuals did not reveal 
any fragments with a migration pattern identical 
to that seen in the patient (10). 

BLNK emm%% . - .  Fig. 2. RT-PCR analysis of B cell-specific tran- 
scripts in patients with defects in B cell devel- 
opment. RNA from the following sources was 
reverse transcribed: the bone marrow of a nor- 
mal control (lane I), a patient with an amino 
acid substitution in codon 113 of Btk (lane 2), a 
patient with a 4-bp deletion in the coding 
sequence of Btk (lane 3), the patient with mu- 
tations in BLNK (lane 4), and a patient with an 
amino acid substitution at an invariant cysteine 
in CH4 of p heavy chain (lane 5). The cDNA 
was used as a template for RT-PCR with prim- 
ers specific for the coding regions of BLNK, Btk, 
TdT, AS, and the control transcript, GAPDH. 
Molecular weight markers are shown on the left 
(lane M), and a cDNA negative control is shown 
on the right (lane 6). 

wild type G h u g r a a g a 

patien! G A G g f t a g a 

Fig. 1. Characterization of the BLNK mutation 
in an immunodeficient patient. (A) Genomic 'Department of Immunology, ZDepartment of Hema- 

tology-Oncology, St. Jude Children's Research Hospi- 
tal, Memphis, TN 38105, USA. 3Division of Pediatric 
Allergy and Immunology, Department of Pediatrics, 
Johns Hopkins Hospital, Baltimore, MD 21287, USA. 
4Center for Immunology, Division of Rheumatology, 
Departments of Medicine and Pathology, Howard 
Hughes Medical Institute, Washington University 
School of Medicine, St. Louis, MO 63110, USA. 5De- 
partment of Pediatrics, University of Tennessee, Col- 
lege of Medicine, Memphis, TN 38105, USA. 

DNA samples from 14 with defects in 
B cell development and a control (lane C) were 
analyzed by SSCP for defects in the first exon of 
BLNK and its flanking sequences. DNA from the 
patient is shown in lane 2. (B) Sequence anal- 
ysis at the exon-intron border demonstrated 
two base-pair substitutions, as indicated. (C) 
The consensus seauence for a mammalian 5' 
splice donor site i; shown with the wild-type 
and mutant BLNK exon ll intron 1 sequence. 
The coding sequence is shown in capital Letters; 
the intronic sequence is in lowercase letters. 

*To whom correspondence should be addressed. E- 
mail: maryellen.conley@stjude.org 
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ment occurred, we examined bone marrow 
from both patients using markers that distin- 
guish pro-B cells from pre-B cells and mature B 
cells. The percentage of CD19+ B lineage cells 
was less in the patients in comparison to that of 
the control (0.3% in the BLNK-deficient patient 
and 1.0% in the Btk-deficient patient versus 
15.7% in the control). There were no membrane 
immunoglobulin-positive (mIg+) mature B 
cells in either patient (Fig. 3). In both patients, 
the block in B cell differentiation occurred at 
the pro-B cell to pre-B cell transition; >SO% of 
the CD19+ cells from these patients coex- 
pressed the pro-B cell marker, CD34. In con- 
trast, only 22.0% of the CD19+ cells from the 
control were positive for CD34; the remaining 

Fig. 3. Immunofluores- 
cence analysis of B lin- 
eage cells. Bone mar- 
row mononudear cells 
from a normal individ- 
ual (left column), from 
a patient with Btk-defi- 
cient XLA (middle col- 
umn), and from the 
BLNK-deficient patient 

Normal 

(right column) were la- 
beled with antibody to  
CD19 PE, antibody to 
CD34 PeKP, and anti- w 
body to Ig K and A light 
chains FlTC Flow cyto- 2 
metric dot plots in the 0 

top row illustrate CD19 
staining versus side 
scatter (SSC); both pa- 
tients had reduced pro- 
portions of CD19+ 
cells. Gated CD19+ 
lymphoid cells were a 
then analyzed for ex- ? 
pression of mlg light 8 
chains (middle row) 
and CD34 (bottom 
row). Percentages of 
mlg+ and CD34+ 
among CD19+ cells are indicated. 

cells from the control were either pre-B cells 
(CD34-, CD19+, and mIg-) or B cells 
(CD34-, CD19+, and mIg+). 

To document that BLNK is expressed in 
pro-B cells, we indirectly stained permeabilized 
bone marrow cells from the Btk- and BLNK- 
deficient patients with a monoclonal antibody 
to BLNK (14). All of the CD19+ pro-B cells 
from the Btk-deficient patient were positive for 
BLNK (Fig. 4). By contrast, there was little or 
no staining for BLNK in the bone marrow of 
the patient with mutations in BLNK Because 
BLNK is expressed in pro-B cells, the possibil- 
ity that BLNK is required before the expression 
of the pre-BCR was examined. In previous 
studies, we have shown that patients with de- 

Btk deficient BLNK deficient 

Fig. 4. (A) BLNK protein expression in pro-B A , 
cells. Bone marrow mononuclear cells from age- 
matched patients with BLNK (left) or Btk (right) w 
deficiency were labeled with antibody to  CD19 a ' a 
(IgM), permeabilized, and labeled with monoclo- % , ?-' o 
nal ant~body to BLNK (IgGZa). Goat antibody to  o 
mouse IgM PE and IgG FlTC was then added. Dot . 
plots illustrate immunofluorescence staining of . . . .  . , . ~ ,  

lymphoid cells. Quadrants were set at the upper BLNK FlTC BLNK FlTC 

limits of the isotype-matched nonreactive anti- 
body fluorescence. The BLNKf C D l 9  cells seen 
in the Btk-deficient patient were CD34- and B 1 2 3 4 5 6 7 8  
were similar t o  monocytes in  forward and side 
light scatter. (B) Semiquantitative RT-PCR anal- 
ysis t o  evaluate the amount of VDJ-rearranged p, 
heavy-chain transcripts. Bone marrow cDNA ,, 7 
from-an age-matched control (lane I), a patient '" 
with XLA (lane 2), the patient with BLNK defi- 
ciency (lane 3), a patient with ~r. heavy chain deficiency (lane 4), and a cDNA negative control (lane 
5) and three 10-fold dilutions of control cDNA ( l x ,  0.1X, and 0.01 X) (lanes 6 through 8, 
respectively) were amplified with primers specific for VDJ-rearranged p, heavy chain and TdT, which 
was used as a control t o  demonstrate equal concentrations of pro-B cell transcripts. 

fects in the constant region of the p heavy chain 
or the Iga signal transduction component of the 
BCR have small amounts of transcripts for 
rearranged p, heavy chain genes in the bone 
marrow as detected by RT-PCR (7). Rear- 
rangement of the p, heavy chain occurs imme- 
diately before the pro-B cell to pre-B cell tran- 
sition. A primer that hybridizes to a conserved 
sequence within framework region 3 of vari- 
able-region genes and a primer within the CHI 
domain of p heavy chain were used to examine 
cDNA from a control and patients with defects 
in B cell development (7). A small number of 
rearranged p, heavy chain transcripts could be 
detected in the bone marrow of the patient with 
mutations in BLNK as well as in patients that 
were Btk and p, heavy chain deficient. Thus, 
BLNK does not play a role in B cell develop- 
ment before the expression of the pre-BCR 
This corresponds with earlier studies showing 
that phosphorylation of BLNK is dependent on 
cell surface expression of a BCR (15). 

Cell surface expression of the pre-BCR 
results in a strong survival signal associated 
with the cessation of p, heavy chain gene 
rearrangements, changes in cell surface phe- 
notype, and marked expansion of the pre-B 
cell population (16). The absence of pre-B 
cells or B cells in the patient with mutations 
in BLNK demonstrates that BLNK plays a 
critical role in orchestrating these signals. 
Like defects in Btk and A5 (5, 6, 17), muta- 
tions in BLNK appear to have more severe 
consequences in the human as compared to 
the mouse (18). This suggests that the re- 
quirements for signaling through the pre- 
BCR and BCR may be more stringent in the 
human than in the mouse. There may be a 
reciprocal reliance on signaling through other 
pathways in murine B cell development. For 
example, the consequences of defective sig- 
naling through interleukin-7 are more severe 
in the mouse as compared to the human (19). 

In T cells, the fimctions performed by 
BLNK appear to be split between LAT 
(linker for activation of T cells), which 
binds to phophatidylinositol 3-kinase, Grb- 
2, and PLCy (20), and SLP-76, which binds 
GrpL, Nck, Vav, and FYB (FYN binding 
protein) (21). Mice lacking LAT (22) or 
SLP-76 (23, 24) have a block in T cell 
development at the pro-T to pre-T cell 
stage of development. In the newborn pe- 
riod, SLP-76-deficient mice also develop a 
hemorrhagic diathesis, which is related to 
the requirements for SLP-76 in collagen- 
mediated platelet activation (24, 25). These 
studies, when coupled with our findings 
showing that BLNK is required for normal 
B cell develo~ment in the human and the 
mouse, indicate that adapter proteins play a 
critical role in highly specific signaling 
pathways, and they suggest that defects in 
adapter proteins like LAT or SLP-76 may 
result in human immunodeficiency. 
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and central nervous system, dominate the pa­
thology (1-3). Defective T and natural killer 
(NK) cell cytotoxicity is consistently reported 
(4, 5). We hypothesized that the primary inher­
ited defect in FHL could be a failure of cytolytic 
lymphocyte function and that this, together with 
childhood infections (6, 7), induces the fatal 
immune deregulation of FHL. 

The gene encoding perforin, an important 
mediator of lymphocyte cytotoxicity, has 
been mapped to 10q22 (#), near one of the 
previously identified FHL-linked loci (9, 10). 
Thus, perforin deficiency may play a role in 
the pathogenesis of FHL. Unlike patients 
with FHL, perforin knockout mice are gener­
ally healthy when maintained in a pathogen-
free, controlled environment. However, when 
infected with lymphocytic choriomeningitis 
virus (LCMV), similar CD8+ T cell- IFN-
7-, TNF-a-dependent immunopathology 
and mortality are seen (11, 12). 

We first confirmed the presence of perforin 
(PRF1) in the candidate region by polymerase 
chain reaction (PCR) screening a partial yeast 
artificial chromosome (YAC) contig covering 
the FHL region on chromosome 10 using prim-

Perforin Gene Defects in 
Familial Hemophagocytic 

Lymphohistiocytosis 
Susan E. Stepp,1 Remi Dufourcq-Lagelouse,2 

Francoise Le Deist,2,3 Sadhna Bhawan,1 Stephanie Certain,2 

Porunelloor A. Mathew,4 Jan-Inge Henter,5 Michael Bennett,1 

Alain Fischer,2,3 Genevieve de Saint Basile,2* | Vinay Kumar1* 

Familial hemophagocytic lymphohistiocytosis (FHL) is a rare, rapidly fatal, auto­
somal recessive immune disorder characterized by uncontrolled activation of T cells 
and macrophages and overproduction of inflammatory cytokines. Linkage analyses 
indicate that FHL is genetically heterogeneous and linked to 9q21.3-22,10q21-22, 
or another as yet undefined locus. Sequencing of the coding regions of the perforin 
gene of eight unrelated 10q21-22-linked FHL patients revealed homozygous non­
sense mutations in four patients and missense mutations in the other four patients. 
Cultured lymphocytes from patients had defective cytotoxic activity, and immu-
nostaining revealed little or no perforin in the granules. Thus, defects in perforin 
are responsible for 10q21-22-linked FHL. Perforin-based effector systems are, 
therefore, involved not only in the lysis of abnormal cells but also in the down-
regulation of cellular immune activation. 
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