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SUMMARY

 

Wiskott–Aldrich syndrome (WAS) is an X-linked platelet/immunodeficiency disease. The affected gene
encodes WASP, a multidomain protein that regulates cytoskeletal assembly in blood cells. Patients have
recurring infections, and their lymphocytes exhibit deficient proliferative responses 

 

in vitro

 

. We report
an evaluation of peripheral blood lymphocytes of 27 WAS patients, aged one month to 55 years.
Whereas NK cells were normal, a significant deficit of T and B lymphocytes was observed. The number
of lymphocytes was already decreased in infant patients, suggesting deficient output. Both CD4 and
CD8 T lymphocytes were affected; the decrease was most pronounced for naïve T cells. Naïve CD4 lym-
phocytes of patients showed normal expression of Bcl-2, and Ki-67, and normal survival 

 

in vitro

 

, sug-
gesting that their 

 

in vivo

 

 survival and proliferation are normal

 

.

 

 The collective data suggest that the
patients’ lymphocyte deficit results from deficient output, likely due to abnormal lymphocyte matura-
tion in the thymus and bone marrow. We propose that WASP plays an important role not only in the
function of mature T lymphocytes, but also in the maturation of human T and B lymphocytes and that
impaired lymphocyte maturation is central to the aetiology of WAS immunodeficiency.
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INTRODUCTION

 

The Wiskott–Aldrich syndrome (WAS) is an X-linked immuno-
deficiency and platelet disease caused by mutations of the gene

 

WASP

 

 (WAS protein). The disease, which was initially described
by Wiskott in 1937 [1] and identified as X-linked by Aldrich 

 

et al.

 

in 1954 [2], is characterized by thrombocytopenia with reduced
platelet volume, eczema, susceptibility to bacterial and viral infec-
tions, autoimmunity, and malignancies especially B cell lym-
phoma. When examined 

 

in vitro

 

, patient T cells show a reduced
ability to produce IL-2 and to proliferate in response to TCR
engagement [3].

The affected gene 

 

WASP

 

 encodes a multidomain protein spe-
cific to haematopoietic cells. WASP interacts with signalling and
adaptor molecules (reviewed in [4]) and plays a critical role in
cytoskeletal reorganization by integrating signalling events dur-
ing T lymphocyte activation. Cytoskeletal defects in patient
lymphocyte include a paucity of surface microvilli [5], defective

actin polymerization in T cells and T cell lines [6,7], defective
internalization of CD3 upon crosslinking of the T-cell receptor
(TCR) [8], and a disarrayed F-actin cytoarchitecture documented
in B cells [9].

Despite the well-known immunopathology of the disease, the
composition of the patients’ lymphocyte compartment has not
been well characterized. Studies of small numbers of patients
found reduced T cell number [10] (reviewed in [11,12]), decreased
percent CD4 cells [13], and increased percent of activated and
memory T cells [14]. The current view, based on a longitudinal
study of four patients is that lymphocyte number is normal in
infancy and declines progressively after age 6 due to decrease of
T cells [15].

The present study examined lymphocytes of 27 WAS patients,
aged one month to 55 years in comparison to normal control indi-
viduals of the same age range. By including an age component in
the analysis, the resulting data approximate the changes over time
to the patients’ lymphocyte compartment. The findings demon-
strate reduced numbers of T lymphocytes, especially naïve T cells,
and also B lymphocytes with significant cell deficits present from
infancy, suggesting that abnormal lymphocyte maturation is inte-
gral to the immunopathology of the WAS.
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MATERIALS AND METHODS

 

WAS patient and control subjects

 

Blood samples were collected from diagnosed WAS patients and
control individuals under protocols approved by the Institutional
Review Board of the Center for Blood Research (Boston, MA,
USA) and the Institutional Review Board of the Research Insti-
tute for Paediatric Haematology (Moscow, Russia). Preliminary
studies showed that comparable results were obtained for blood
samples of the same donors analysed at both locations. The diag-
nosis of WAS was based on male sex, thrombocytopenia with
small platelets, eczema, and immunodeficiency of variable sever-
ity; diagnosis was verified by identified WASP mutation [16] (M.I.
Lutskiy 

 

et al

 

. unpublished observation), and all patients met
definitive international diagnostic criteria [17]. Based on the pres-
ence or absence of eczema, recurrent infections, autoimmune and
malignant diseases in addition to thrombocytopenia, the patients’
disease was graded as mild, moderate or severe. If only thromb-
ocytopenia and mild eczema were present the patient was consid-
ered mild. Patients with thrombocytopenia, severe eczema or
frequent infections were graded as moderate. Patients with
thrombocytopenia, severe eczema and severe frequent infections
and/or autoimmune or malignant disease were classified as
severe.

The normal control population included healthy adult donors,
primarily males in their third, or less frequently, fourth or fifth
decade. Pediatric control blood samples consisted of ‘discarded
materials’, i.e. portions of blood samples from normal boys
remaining on completion of clinical phenotyping studies at the
Institute for Paediatric Haematology, Moscow or diagnostic test-
ing at the Center for Blood Research. Criteria for normal samples
included absence of known or suspected immune disease; criteria
for all samples included absence of obvious current infection.

 

Antibodies

 

Mouse monoclonal antibodies (MoAb), fluorescein isothiocyan-
ate- (FITC-) conjugated anti-CD3 (UCHT1), CD45RA (ALB11)
and CD62L (DREG56); phycoerythrin (PE)-conjugated anti-
CD4 (13B8·2), CD16 (3G8), CD19 (J4·119), CD27 (M-T271),
CD28 (CD28·2) and CD56 (N901), and phycocyanin (PC5)-con-
jugated anti CD4 (13B8·2), CD8 (B9·11), CD19 (J4·119), CD45
(J33) and isotype controls were from Beckman Coulter (Brea,
CA). Unconjugated 2H4 MoAb to CCR7 from BD Biosciences
(San Diego, CA, USA) was used in conjunction with PE-
conjugated goat F(ab

 

¢

 

)

 

2

 

 antimouse IgM (Caltag). PE-conjugated
MoAb to Ki-67 and Bcl-2 and isotype controls were from BD Bio-
sciences. CD45RO (UCHL-1) for negative selection of naïve CD4
cells was from DAKO (Carpinteria, CA, USA).

 

Sample preparation and flow cytometric analysis

 

Whole blood for patient and normal individuals was collected in
acid-citrate-dextrose (NIH formula A) and processed immedi-
ately or after overnight shipment at ambient temperature. Blood
cell subpopulations were quantified by differential analysis of
anticoagulated whole blood using the Max-M (Coulter Corp,
Hialeah, FL, USA). Leucocytes were stained with three-colour
antibody combinations by incubating 100 

 

m

 

l of whole blood for
15 min with saturating concentrations (determined in preliminary
experiments) of FITC-, PE- and PC5-MoAb. All steps were done
at room temperature. To lyse erythrocytes, 900 

 

m

 

l of FACS

 

TM

 

Lysing Solution (BD Pharmingen) was added, and the mixture

was vortexed gently and incubated for 15 min in the dark. The
cells were diluted to 4 ml with phosphate-buffered saline with 1%
fetal calf serum (PBS-FCS), pelleted, and washed once. The
stained cells were suspended in 1·2% formaldehyde in PBS,
stored at 4

 

∞

 

C and analysed within 24 h. Following incubation of
blood samples with CCR7 (unconjugated) MoAb, the samples
were diluted to 4 ml with PBS-FCS, pelleted, resuspended in
100 

 

m

 

l PBS-FCS and incubated for 15 min with goat F(ab

 

¢

 

)

 

2

 

 anti-
mouse IgM. FACS

 

TM

 

 Lysing Solution was added and the cells
were further processed as described above. For intracellular Ki-67
and Bcl-2 staining, the cells were surface stained, treated with
FACS

 

TM

 

 Lysing Solution, washed and then permeabilized with
FACS

 

TM

 

 Cytofix/Cytoperm solution

 

TM

 

 (BD Pharmingen) as per
manufacturer’s instructions prior to intracellular staining.

Stained cells were analysed using FACSCalibur and
CellQuest software (Becton Dickinson, San Jose, CA, USA). The
acquired data were analysed by gating on lymphocytes on a for-
ward 

 

versus

 

 side scatter dot plot. To quantify T cells, B cells and
NK cells, the lymphocyte gate was combined with a second gate
around the CD45

 

+

 

 population based on FL3 

 

versus

 

 forward scat-
ter. For the determination of subsets within T and B cells, the lym-
phocyte gate was combined with a second gate around the CD4

 

+

 

or CD8

 

bright

 

 or CD19

 

+

 

 population. A minimum of 10 000 lympho-
cyte events was acquired. Differential values were used to calcu-
late absolute cell concentrations. Results are expressed either as
absolute cell concentration (cell number) or percent of lympho-
cytes positive for each marker. Data are reported as mean 

 

±

 

 SEM.
For Bcl-2 expression, mean fluorescence intensity (MFI) values
are shown after subtraction of isotype control values.

Preliminary experiments verified that comparable results
were obtained when aliquots of stained cells were analysed on dif-
ferent FACS-Calibur instruments. Comparable results were also
obtained for blood samples processed after overnight storage
compared to parallel aliquots processed immediately after blood
drawing. Blood samples were drawn on more than one occasion
for the same normal blood donors (

 

n

 

 = 4) and patients (

 

n

 

 = 3),
and no significant differences were noted for the replicate
analyses.

 

Culture of naïve CD4 cells

 

Peripheral blood mononuclear cells (PBMC) were isolated by
centrifugation on Histopaque 1077 (Sigma, St Louis, MO, USA)
as described [16] and depleted of CD8

 

+

 

, CD19

 

+

 

, CD45RO

 

+

 

,
CD16

 

+

 

, CD56

 

+

 

, CD14

 

+

 

 by negative selection (Dynal, Lake
Success, NY). The isolated CD4 naïve cells (0·5 

 

¥

 

 10

 

6

 

/ml) were
cultured in RPMI 1640 (with 10% FCS, penicillin, and
streptomycin). After 3 days, a fixed number of polystyrene micro-
beads (Spherotech, Libertyville, IL, USA) was added and the
cells were harvested and analysed by flow cytometry. Beads and
cell events were distinguished based on side and forward light
scatter, and the number of cells was calculated from the ratio of
cells to beads [18].

 

Statistical analyses

 

Results are plotted as a function of age. Different linear scales of
increasing compression are used in presenting data for the
sequential age ranges: infants (0–2 years), children (2–16 years)
and adults (16–55 years). Regression lines were plotted using
SigmaPlot® (SPSS Inc, Chicago, IL, USA) with four  para-
meter logistic curve fitting in most cases, 

 

y

 

 = min + (max-min)/
(1 + 10 (logEC50 – 

 

x

 

) hillslope). In some cases, linear curves were
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used. Statistical comparisons were made within the age categories
where the dependence of cell number on age is not so strong, i.e.
within the infant category and within the adult category using
unpaired two-tailed student 

 

t

 

-test. Data are reported as mean 

 

±

 

SEM. 

 

P

 

-values 

 

<

 

 0·05 were considered significantly different. Sta-
tistical comparisons were not made for the age range 2–16 years
where the number of cells is highly age-dependent.

 

RESULTS

 

Early lymphocyte reduction in WAS patients

 

Because WAS is primarily a paediatric disease [10,11,15,19,20]
and lymphocyte numbers change substantially during normal
childhood [21,22], data for patients (described in Table 1) and
normal individuals were compared within the context of donor
age. In the normal group, lymphocyte number was high in infants,
declined during childhood and adolescence (2–16 years) and
became approximately level in adults (Fig. 1a, open symbols). For
the WAS patients, lymphocyte number was decreased relative to
normal individuals (Fig. 1A, closed symbols). Contrary to the cur-
rent view of this disease, the deficit of lymphocytes was most pro-
nounced for the youngest patients, 3·66 

 

±

 

 0·32 

 

¥

 

 10

 

6

 

 lymphocytes/

ml (mean 

 

±

 

 S.E.M) for 9 WAS infants (0–2 years) compared to
5·68 

 

±

 

 0·38 

 

¥

 

 10

 

6

 

/ml for 14 normal infants (

 

P

 

 

 

<

 

 0·01).

 

Selective decrease of T and B lymphocytes

 

Analysis of subpopulations revealed a selective reduction in
patients of both T and B lymphocytes. The pattern for T lympho-
cytes (CD45

 

+

 

CD3

 

+

 

) largely mirrored that of total lymphocytes
except that the differences between patient and normal were
more pronounced (Fig. 1b). The T lymphocyte number for WAS
infants, 2·28 

 

±

 

 0·22 

 

¥

 

 10

 

6

 

/ml, represents a 39% decrease relative to
normal infants, 3·73 

 

±

 

 0·21 

 

¥

 

 10

 

6

 

/ml (

 

P

 

 

 

<

 

 0·01). T lymphocyte num-
ber was also decreased for adult patients, 0·80 

 

±

 

 0·12 

 

¥

 

 10

 

6

 

/ml
compared to 1·28 

 

±

 

 0·14 

 

¥

 

 10

 

6

 

/ml for normal adults (

 

P

 

 

 

<

 

 0·05).

 

Table 1.

 

Clinical characteristics of patients

Patient
no.

Age
(years†)

Disease
severity Splenectomy IVG*

Infants
1 1 m Severe No No
2 2 m Severe No No
3 3 m Severe Yes Yes
4 5 m Mild No No
5 6 m Severe No No
6 12 m Severe No No
7 18 m Severe No No
8 22 m Mild No No
9 24 m Mild No Yes

Children
10 25 m Severe No Yes
11 4 Severe No No
12 6 Mild No No
13 7 Mild Yes No
14 8 Mild No No
15 12 Moderate No Yes
16 12 Severe Yes Yes
17 13 Severe Yes n/d
18 13 Moderate No Yes
19 14 Mild Yes Yes
20 15 Moderate Yes No

Adults
21 16 Moderate Yes Yes
22 22 Moderate Yes Yes
23 24 Moderate Yes Yes
24 42 Mild Yes No
25 50 Severe Yes Yes
26 51 Mild Yes No
27 54 Mild Yes No

†years except where other units shown; m, months. *IVG, intravenous
gammaglobulin therapy. n/d, not determined.

 

Fig. 1.

 

Quantification of total lymphocytes and lymphocyte subpopula-
tions in peripheral blood of normal individuals and WAS patients. Shown
are absolute cell numbers (

 

¥

 

10

 

6

 

/ml) for normal individuals ( ) and WAS
patients ( ). Patient age is shown on the abscissa. Note that different
linear scales of increasing compression were used for infants (0–2 years),
children (2–16 years) and adults (16–55 years). (a) total lymphocytes (b)
T lymphocytes (CD45

 

+

 

CD3

 

+

 

) (c) B lymphocytes (CD45

 

+

 

CD19

 

+

 

) (d) NK
cells (CD45

 

+

 

CD3

 

–

 

CD16

 

+

 

CD56

 

+

 

).
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The B lymphocyte (CD45

 

+

 

CD19

 

+

 

) number for infant patients,
0·83 

 

±

 

 0·14 

 

¥

 

 10

 

6

 

/ml represents a 38% decrease relative to normal
infants, 1·34 

 

±

 

 0·15 

 

¥

 

 10

 

6

 

/ml (

 

P

 

 

 

<

 

 0·05) (Fig. 1c). B cell number for
adult patients, 0·13 

 

±

 

 0·05 

 

¥

 

 10

 

6

 

/ml was not significantly different
from normal adults, 0·22 

 

±

 

 0·02 

 

¥

 

 10

 

6

 

/ml.
The number of natural killer lymphocytes (NK cells)

(CD3

 

–

 

CD56

 

+

 

CD16

 

+

 

) was variable in both normal individuals and
WAS patients. In contrast to the findings for T and B lymphocytes,
the number of NK cells was not statistically different for the
two groups (0·59 

 

±

 

 0·07 

 

¥

 

 10

 

6

 

/ml 

 

versus

 

 0·42 

 

±

 

 0·07 

 

¥

 

 10

 

6

 

/ml for
patients and normals, respectively, NS)(Fig. 1d).

 

Reduced naïve but normal memory CD4 lymphocytes

 

For CD4 cells, modest but significant reductions were found
for both infant and adult patients (Fig. 2a). The number
was 1·81 

 

±

 

 0·16 

 

¥ 106/ml for WAS infants compared to
2·50 ± 0·20 ¥ 106/ml for normal infants (P < 0·05) (28% decrease)
and 0·51 ± 0·08 ¥ 106/ml for adult patients compared to
0·84 ± 0·08 ¥ 106/ml for normal adults (P < 0·05).

CD4 cells were further characterized for CD45RA and CCR7
to distinguish naïve, central memory, and effector memory cells
[23] (example in Fig. 2b). The subset analysis showed that
decrease of patient CD4 cells largely reflects a decrease of the
naïve subset (CD45RA+). Infant patients had 1·42 ± 0·15 ¥ 106/ml
compared to 2·02 ± 0·20 ¥ 106/ml for normal infants (P < 0·05).
The decrease of naïve CD4 cells was very large for adult patients;
the number, 0·17 ± 0·05 ¥ 106/ml, represents a 61% decrease rela-
tive to normal adults (0·44 ± 0·05 ¥ 106/ml)(P < 0·01) (Fig. 2c).
Memory CD4 cells CD45RA– (CCR7+ and CCR7–) were mod-
estly reduced in infant patients (0·39 ± 0·03 ¥ 106/ml versus
0·53 ± 0·04 ¥ 106/ml for normals P < 0·05) and, in contrast, were
present in normal numbers in adult patients, 0·36 ± 0·06 ¥ 106/ml
for patients versus 0·40 ± 0·04 ¥ 106/ml for normal adults (NS)
(Fig. 2d).

For adult patients, the decreased naïve cell number and
normal memory cell number is reflected as increased percent
of memory CD4 cells. We noted also a skewed distribution,
specifically a relative increase of CD4 effector memory cells
(CD45RA–CCR7–) over central memory (CD45RA–CCR7+)
(Fig. 2b and supplemental Fig. A (please see the section Supple-
mentary material below). The percent of CD4 cells with additional
markers of effector memory phenotype, CD62L–, CD27– and
CD28– was also increased in adult patients (data not shown).

Severe depletion of CD8 lymphocytes
The size of the patient CD8 compartment was reduced in infants
and children, 0·41 ± 0·09 ¥ 106/ml for WAS infants versus
1·12 ± 0·09 ¥ 106/ml for normal infants (P < 0·01)(Fig. 3a). Subset
analysis showed that the reduced number was due entirely to a
decrease of naïve CD8 cells (CD45RA+CCR7+) (Fig. 3b). The
number of naïve CD8 cells was 0·16 ± 0·03 ¥ 106/ml for infant
patients and 0·80 ± 0·10 ¥ 106/ml for normal infants (P < 0·01)
(80% decrease). Adult naïve CD8 cell number was
0·02 ± 0·01 ¥ 106/ml for patients and 0·26 ± 0·04 ¥ 106/ml for nor-
mal individuals (P < 0·01) (92% decrease). The number of mem-
ory CD8 cells was not different for patients and normals (Fig. 3c).

The reduced naïve cell number and normal memory cell num-
ber was reflected in an increased percent of patient memory CD8
cells (supplemental Fig. B (please see the section Supplementary
material below)). The breakdown of the patient memory CD8 cell
population differed from normal because the relative increase

was due to effector memory (CD45RA–CCR7–) and terminally
differentiated (CD45RA+CCR7–) cells rather than central mem-
ory (supplemental Fig. B).

Characterization of patient naïve CD4 cells
To characterize possible mechanisms leading to reduction of
patient naïve T cells, we examined the expression of Bcl-2, an
antiapoptotic factor important in lymphocyte survival [24]. When
CD4 cells of patient and normal blood samples were stained intra-
cellularly, the expression level of Bcl-2 was indeed decreased in
patient CD4 cells (Fig. 4a,b, left), which confirms a previous
report [25]. However, no difference was found in Bcl-2 levels of

Fig. 2. Quantification of CD4 lymphocytes in blood of normal individuals
and WAS patients. (a) Number (¥106/ml) of CD4 cells (CD3+CD4+) of
normal individuals ( ) and WAS patients ( ). (b) Dot plot of CD45RA
and CCR7 expression for a normal adult and an adult patient. Shown are
naïve (CD45RA+), central memory (CD45RA–CCR7+) and effector
memory (CD45RA–CCR7–) CD4 cells (c) Number of naïve CD4 cells
(CD45RA+). (d) Number of CD4 memory cells (CD45RA–).
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patient naïve CD4 cells compared to normal naïve CD4 cells.
Mean fluorescence intensity (MFI) was 173 ± 32 and 174 ± 42 for
patient and normal, respectively (Fig. 4a,b, middle), indicating
that Bcl-2 levels are not decreased in patient naïve CD4 cells. The
overall Bcl-2 attenuation was found to reflect decreased Bcl-2 lev-
els in patient memory CD4 cells compared to normal memory
CD4 cells (Fig. 4a,b, right). We also directly examined survival
capacity of naïve CD4 T cells. These cells (CD4+CD45RA+) were
isolated by negative selection and cultured in the absence of exog-
enous agents. The number of surviving cells quantified after
3 days was not different for patients, 155 ± 34 cells/ml compared to
161 ± 25 cells/ml for normal individuals (n = 4 paired experiments)
(Fig. 4c).

Next, we examined whether the reduction of CD4 naïve cells
might result from an altered proliferation rate. Patient cells were
stained for Ki-67, a nuclear antigen expressed throughout all
phases of the cell cycle except G0 [26]. Among patient naïve CD4
cells, the percent positive for Ki-67, 0·39 ± 0·09%, was not signif-
icantly different from normal, 0·23 ± 0·05% (NS) (Fig. 4d, left),
suggesting that the deficit of CD4 naive cells did not result from
an altered proliferation rate. Among patient memory CD4 cells,
Ki-67 expressing cells were at increased frequency, 3·13 ± 0·44%,
compared to normal memory CD4 cells, 1·22 ± 0·12% (P < 0·01)
(Fig. 4d, right), possibly due to the patients’ higher percent of
effector memory cells (Discussion). Taken together, normal

survival capacity and normal proliferation of patient CD4 naïve
cells strongly suggest that defective output of CD4 cells is the
cause of the observed reduction of patient CD4 naïve cells.

DISCUSSION

The evaluation of blood samples of 27 patients provided detailed
and in some cases surprising data that quantify and characterize
the peripheral blood lymphocyte compartment of WAS patients

Fig. 3. Quantification of CD8 lymphocytes in blood of normal individuals
and WAS patients. Shown are cell numbers (¥106/ml) of (a) CD8 cells
(CD3+CD8+) (b) naïve CD8 cells (CD8brightCD45RA+CCR7+) and (c)
memory CD8 cells (CD45RA–, and CD45RA+CCR7–) of normal individ-
uals ( ) and WAS patients ( ).
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Fig. 4. Bcl-2 expression, Ki-67 expression, and survival of subsets of nor-
mal and patient T cells. (a,b) Bcl-2 expression of naïve and memory CD4
cells. Cells labelled with marker antibodies were stained intracellularly
for Bcl-2. (a) Histograms of total, naïve (CD45RA+) and memory
(CD45RA–) CD4 cells of a normal individual ( ) and a WAS patient
( ). (b) Mean fluorescence intensity of Bcl-2 staining ± SEM for 4 nor-
mal individuals and 3 WAS patients. (c) Survival in vitro of isolated naïve
CD4 cells. CD4 cells (CD4+CD45RA+) isolated by negative selection
were cultured for 3 days without exogenous agent, and the number of
surviving cells was determined by flow cytometry. Shown are mean data
for cells of normal individuals ( ) and WAS patients ( ). (n = 4). (d)
Ki-67 expression of naïve and memory CD4 cells. Cells labelled with
marker antibodies were stained intracellularly for Ki-67, and the percent
positive cells for normal individuals ( ) and WAS patients ( ) was quan-
tified by flow cytometry. The bars represent mean values.
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of various ages. The data are highly informative in revealing a sig-
nificant decrease of T and B lymphocytes. This decrease is selec-
tive since NK cells are present in normal number. The cell deficit
was most pronounced for infant patients. The decreased number
of T cells largely reflects a decrease of naïve cells. For patient
naïve CD4 cells, expression of Bcl-2, survival in vitro, and Ki-67
expression were all found to be normal, suggesting that enhanced
cell death and altered proliferation are not significant contribu-
tors to the cell deficit.

The present study provides substantial documentation that T
and B lymphocyte number is low in WAS patients from early age,
likely from birth. This decrease, although it is consistent with the
early onset of recurrent infections in many patients [27], was ini-
tially surprising since an earlier study had concluded that lympho-
cyte loss begins after age six [15]. In the earlier study, longitudinal
data from 4 patients were compared to literature values for the
normal range. The present cross-sectional findings are based on
comparing data for 9 WAS infants to data for 11 normal infants
studied under the same conditions. Importantly, the high variance
of lymphocyte number in the normal infants can make quantita-
tive differences unapparent at the level of an individual patient.
In such a setting, the detection of differences that are of substan-
tial but not overwhelming magnitude requires that populations be
compared. Documentation of such quantitative differences,
although not of a diagnostic value, can, as in the present case, be
of a primary significance for understanding the aetiology of the
disease.

The findings that the T and B lymphocyte deficit is most pro-
nounced in the youngest patient group and that the deficit of T
lymphocytes preferentially affects naïve cells strongly suggest that
the underlying mechanism is deficient output. Deficient output is
consistent with histomorphological findings of decreased lympho-
cyte cellularity in the thymus of two WAS infants [10] and thymic
involution in two additional patients [11]. WASP, which is absent
or defective in the patients’ cells, plays a key role in antigen recep-
tor mediated activation of mature lymphocytes [3] and may be
needed also at an earlier stage of lymphocyte development. For
example, the absence of WASP in thymocytes may reduce the
overall strength of signals delivered via the antigen receptor com-
plex during positive or negative selection, leading to reduced out-
put of mature T lymphocytes. The postulated involvement of
WASP in antigen receptor mediated maturation events is consis-
tent with the selective deficit of T and B lymphocytes and normal
number of NK cells. Indeed, defective maturation of thymocytes
and decreased numbers of peripheral lymphocytes have been
found in a murine model of WASP deletion [28]. Also, mice defi-
cient in other TCR signalling molecules, Lck [29], ZAP-70 [30]
and Vav [31], exhibit severely perturbed thymocyte maturation
and a deficit of peripheral T lymphocytes.

Previous studies reported attenuated levels of Bcl-2 and
accelerated apoptosis of WAS patient lymphocytes [25,32]. Our
findings also show attenuated Bcl-2 levels in patient CD4 cells;
however, we do not think that enhanced cell death is a significant
contributor to the lymphocyte deficit reported here. Subset anal-
ysis for patient CD4 cells showed that the deficit was most pro-
nounced for the naïve subpopulation, but the Bcl-2 decrease was
entirely a feature of the memory cells. In addition, when isolated
naïve CD4 cells were cultured without exogenous agent, cell sur-
vival was nearly identical for WAS and normal cells. Since Ki-67
expression of CD4 naïve cells was low and not different between
patients and normal controls, these findings fail to support

enhanced cell death or altered proliferation as significant contrib-
utors to the deficit of patient naive CD4 cells.

The goal of the present study was to characterize cellular phe-
notype for the disease as a whole in relation to normal cellular
phenotype. The comparison of the subcategories, i.e. severe WAS
versus mild WAS, would require a larger number of patients
within each subcategory (age plus clinical phenotype). Disease
severity and cellular phenotype could not be correlated in this
study.  For example, B cell counts were not statistically different
for WAS infants with mild versus severe phenotype (t-test,
P = 0.36), although a difference might be found with sufficient
sample size. Future establishment of longitudinal databases will
allow cohorts of patients to be followed world-wide, providing
data to confirm the current findings and to enable analysis by dis-
ease severity.

In summary, the findings document an early and selective def-
icit of naïve T and B lymphocytes in peripheral blood of WAS
patients including the youngest patients. The composite data
redefine the cell phenotype in the WAS, which can no longer be
considered as the progressive loss of T lymphocytes, but rather as
a ‘from infancy’ decreased number of both T and B lymphocytes.
The data reflect the disease as it presents in a contemporary med-
ical setting; patient selection was random (all patient samples
received over 3 years) and includes diverse mutations and clinical
phenotypes. Although further studies are needed, the composite
data strongly suggest that the patients’ decreased cell numbers
are due to deficient output, possibly resulting from impaired lym-
phocyte maturation. Deficient output of T and B lymphocytes,
although not previously suspected, is consistent with the clinical
phenotype of the disease and is likely important in the aetiology
of the immunodeficiency. The findings suggest ‘enhancement of
lymphocyte output’ as a potential clinical target for future thera-
peutic interventions.
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Fig. A. Subsets of CD4 cells (expressed as percentage of total CD4 cells)
in normal individuals and WAS patients. Shown are naïve (CD45RA+) (top
panels), the central memory (CD45RA–CCR7+) (middle panels) and effec-
tor memory (CD45RA–CCR7–) cells (bottom panels). Comparable results
were obtained when naïve cells were defined as CD45RA+CCR7+ (not
shown). Note that the scale for older children (2–16 years) is compressed
relative to the scale for infants (0–2 year); both are linear. Data for adults
(16–50 years) are shown as cluster dot plots without reference to age. In
adults, the patient CD4 cells showed a significant (P < 0·01) reduction in
the percent of CD45RA+ naïve CD4 cells and a reciprocal increase of the
percent of CD45RA–CCR7– effector memory cells (P < 0·01).
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Fig. B. Subsets of CD8 cells (expressed as percent of total CD8 cells) in
normal individuals and WAS patients. Shown, from the top, are the
naïve (CD45RA+CCR7+), central memory (CD45RA–CCR7+), effector
memory (CD45RA–CCR7–) and terminally differentiated effectors
(CD45RA+CCR7–). The 3-part age scale (abscissa) for infants, children
and adults is the same as in Fig. A. The percentage of patient naïve
(CD45RA+CCR7+) CD8 cells are significantly reduced in infancy
(P < 0·01) and also significantly reduced in adult patients (P < 0·01). As
noted for CD4 cells, in adult patients significant percent increase in effec-
tor memory CD8 cells is observed (P < 0·05).

Table S1. Cell counts of lymphocytes and subsets.
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