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background

 

Impaired Fas-induced apoptosis of lymphocytes in vitro is a principal feature of the au-
toimmune lymphoproliferative syndrome (ALPS). We studied six children with ALPS
whose lymphocytes had normal sensitivity to Fas-induced apoptosis in vitro.

 

methods

 

Susceptibility to Fas-mediated apoptosis and the 

 

Fas

 

 gene were analyzed in purified
subgroups of T cells and other mononuclear cells from six patients with ALPS type III.

 

results

 

Heterozygous dominant 

 

Fas

 

 mutations were detected in the polyclonal double-negative
T cells from all six patients. In two patients, these mutations were found in a fraction of
CD4+ and CD8+ T cells, monocytes, and CD34+ hematopoietic precursors, but not in
hair or mucosal epithelial cells.

 

conclusions

 

Somatic heterozygous mutations of 

 

Fas

 

 can cause a sporadic form of ALPS by allowing
lymphoid precursors to resist the normal process of cell death.

abstract
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as

 

 (also called a

 

po

 

-1 and cd95) is a

 

cell

 

-

 

surface receptor belonging to the tu-
mor necrosis factor receptor (TNFR) super-

family

 

1

 

 (Fas is the sixth member, TNFRSF6). Once
triggered by its cognate ligand (Fas ligand), Fas ini-
tiates a cascade of events within the cell that culmi-
nates in the death of the cell (apoptosis). This pro-
cess involves the formation of the death-inducing
signaling complex,

 

2

 

 consisting mainly of the Fas-
associated death domain and the caspase 8 and
caspase 10 proteins. The essential role of Fas in lym-
phocyte homeostasis was initially recognized in
MRL 

 

lpr/lpr

 

 mice, which have a germ-line autoso-
mal recessive mutation of  

 

Fas

 

.

 

3

 

 Subsequently, het-
erozygous dominant mutations of 

 

Fas

 

 were found
in children with the autoimmune lymphoprolifera-
tive syndrome (ALPS),

 

4-6

 

 which is also known as the
Canale–Smith syndrome.

 

7

 

 The main features of this
disease are splenomegaly, lymphadenopathy, hyper-
gammaglobulinemia (IgG and IgA), and autoim-
munity.

 

8,9

 

 ALPS is characterized by the accumula-
tion of a polyclonal population of T cells called
double-negative T cells. These lymphocytes display
the marker common to mature T cells, CD3, and 

 

a

 

/

 

b

 

T-cell–antigen receptors, but neither the CD4 nor
the CD8 coreceptors (CD3+ T-cell receptor 

 

a

 

/

 

b

 

+
CD4¡CD8¡). They normally account for less than
2 percent of peripheral 

 

a

 

/

 

b

 

+ T cells

 

8

 

 and are dis-
tinct from the double-negative thymocytes in the
cortex of the thymus, which lack CD3 and T-cell re-
ceptors for antigen. The double-negative T cells in
patients with ALPS are poorly responsive to mito-
gens and antigens and fail to produce growth and
survival factors such as interleukin-2.

 

10

 

 In Fas-defi-
cient MRL

 

 lpr/lpr

 

 mice, the large population of dou-
ble-negative T cells appears to originate from chron-
ically activated CD8+ T cells that down-regulate the
expression of CD8 and fail to undergo apoptosis.

 

3

 

In humans, double-negative T cells also seem to be
antigen-exposed T cells that have escaped apoptosis.

ALPS is classified according to the underlying ge-
netic defect.

 

11

 

 In type 0 disease, homozygous 

 

Fas

 

mutations usually cause a complete deficiency of the
Fas protein and a severe form of the disease.

 

4,12,13

 

In ALPS type I, heterozygous 

 

Fas

 

 mutations (ALPS
type Ia)

 

14-16

 

 or, more rarely, heterozygous muta-
tions in the gene for Fas ligand (ALPS type Ib)

 

17

 

 are
usually associated with a partial defect in apoptosis
mediated by Fas and its ligand. ALPS type II, which
is characterized by resistance to Fas-mediated apo-
ptosis despite the presence of normal Fas ligand
and Fas, has been found in two patients with cas-

pase 10 mutations.

 

18

 

 In ALPS type III, Fas-mediated
apoptosis is also normal in vitro,

 

19

 

 and the genetic
defect is unclear. Patients with ALPS type III may not
have all four classic features of the syndrome —
lymphoproliferation, excessive numbers of double-
negative T cells, hypergammaglobulinemia, and au-
toimmune manifestations. Many cases of ALPS type
III are sporadic, precluding the use of a genetic ap-
proach to identify the molecular defect. In the pres-
ent study, we obtained lymphocytes from six chil-
dren with ALPS type III for an in-depth analysis.

 

patients

 

Blood samples were obtained from the six patients,
their parents, and five healthy controls. All subjects
or their parents or guardians provided written in-
formed consent, validated by the Comité Consulta-
tif pour la Protection des Personnes en Recherche
Biomédicale. Table 1 summarizes the clinical fea-
tures of the six patients.

 

cell culture, apoptosis assay, and analysis 
of the t-cell–receptor repertoire 

 

Peripheral-blood mononuclear cells were isolated
from freshly drawn heparin-treated blood by means
of Ficoll–Hypaque density gradient centrifugation.
Apoptosis assays and repertoire analysis were per-
formed on activated T cells and whole blood, re-
spectively, as previously described.

 

16,20

 

nucleic acid preparation, amplification, 
and detection of 

 

f

 

as

 

 mutations

 

Total RNA was isolated from freshly isolated pe-
ripheral-blood mononuclear cells and T cells that
had been activated by nine days of in vitro exposure
to phytohemagglutinin. The reverse-transcriptase–
polymerase-chain-reaction (RT-PCR) assay was per-
formed as previously described.

 

4,16

 

 DNA extracted
from phytohemagglutinin-activated lymphocytes or
purified double-negative T cells was amplified with
oligonucleotides spanning the nine 

 

Fas

 

 exons with
the use of PCR conditions described elsewhere,

 

16

 

except that the annealing temperatures for exons 4
and 7 were 58°C and 60°C, respectively. Leukocyte
subgroups were purified by cell sorting (purification
always exceeded 95 percent) with a fluorescence-
activated cell sorter (FACS) (FACStar

 

PLUS

 

, Becton
Dickinson) from the peripheral-blood mononucle-
ar cells as described previously.

 

21

 

 DNA from these
subgroups was amplified by nested PCR. Sequenc-

f

methods

Copyright © 2004 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org on November 27, 2009 . For personal use only. No other uses without permission. 



 

n engl j med 

 

351;14

 

www.nejm.org september 

 

30, 2004

 

somatic 

 

f

 

as

 

 mutations in autoimmune lymphoproliferative syndrome

 

1411

 

*
A

 d
en

ot
es

 a
ut

oi
m

m
un

e 
he

m
ol

yt
ic

 a
ne

m
ia

, T
 th

ro
m

bo
cy

to
pe

ni
a,

 U
R

 u
rt

ic
ar

ia
l r

as
h,

 N
 n

or
m

al
 s

er
um

 le
ve

l, 
an

d 
N

A
 n

ot
 a

pp
lic

ab
le

.
†

W
ith

 re
sp

ec
t t

o 
ly

m
ph

ad
en

op
at

hy
 (

LA
),

 o
ne

 p
lu

s 
si

gn
 in

di
ca

te
s 

th
e 

pr
es

en
ce

 o
f m

ul
tip

le
 n

od
es

 le
ss

 th
an

 2
 c

m
 in

 d
ia

m
et

er
, t

w
o 

pl
us

 s
ig

ns
 m

ul
tip

le
 n

od
es

 ra
ng

in
g 

fr
om

 2
 to

 le
ss

 th
an

 5
 c

m
 

in
 d

ia
m

et
er

, a
nd

 th
re

e 
pl

us
 s

ig
ns

 m
ul

tip
le

 n
od

es
 m

or
e 

th
an

 5
 c

m
 in

 d
ia

m
et

er
.

‡
O

ne
 p

lu
s 

si
gn

 in
di

ca
te

s 
th

at
 s

pl
en

om
eg

al
y 

(S
pl

) w
as

 p
al

pa
bl

e 
ab

ov
e 

th
e 

um
bi

lic
us

, t
w

o 
pl

us
 s

ig
ns

 th
at

 it
 w

as
 p

al
pa

bl
e 

be
lo

w
 th

e 
um

bi
lic

us
, a

nd
 th

re
e 

pl
us

 s
ig

ns
 th

at
 it

 w
as

 p
al

pa
bl

e 
in

 th
e 

ili
ac

 fo
ss

a.
 

§
O

ne
 a

rr
ow

 in
di

ca
te

s 
th

at
 s

er
um

 le
ve

ls
 w

er
e 

2 
to

 4
 S

D
 a

bo
ve

 th
e 

no
rm

al
 r

an
ge

, a
nd

 tw
o 

ar
ro

w
s 

in
di

ca
te

 th
at

 s
er

um
 le

ve
ls

 w
er

e 
m

or
e 

th
an

 4
 S

D
 a

bo
ve

 th
e 

no
rm

al
 r

an
ge

.
¶

Ly
m

ph
oc

yt
e 

co
un

ts
 a

m
on

g 
co

nt
ro

ls
 w

er
e 

as
 fo

llo
w

s:
 2

00
0 

to
 4

00
0 

pe
r 

cu
bi

c 
m

ill
im

et
er

, w
ith

 7
0 

to
 8

0 
pe

rc
en

t C
D

3+
 c

el
ls

, 4
0 

to
 5

0 
pe

rc
en

t C
D

4+
 c

el
ls

, 2
0 

to
 3

0 
pe

rc
en

t C
D

8+
 c

el
ls

, 1
0 

to
 

20
 p

er
ce

nt
 C

D
19

+ 
ce

lls
, a

nd
 1

0 
to

 2
0 

pe
rc

en
t C

D
16

+C
D

56
+ 

ce
lls

.

 

¿
Th

e 
no

rm
al

 p
er

ce
nt

ag
e 

of
 C

D
4¡

C
D

8¡
 c

el
ls

 in
 T

-c
el

l r
ec

ep
to

r 

 

a

 

/

 

b

 

 c
el

ls
 is

 le
ss

 th
an

 2
 p

er
ce

nt
.

 

Ta
bl

e 
1.

 C
lin

ic
al

 a
nd

 Im
m

un
ol

og
ic

 C
ha

ra
ct

er
is

tic
s 

of
 S

ix
 P

at
ie

nt
s 

w
ith

 A
ut

oi
m

m
un

e 
Ly

m
ph

op
ro

lif
er

at
iv

e 
Sy

nd
ro

m
e 

Ty
pe

 II
I.*

Pa
tie

nt
N

o.
Se

x/
A

ge
 

(y
r)

A
ge

 a
t 

Pr
es

en
ta

tio
n

LA
†

Sp
l‡

A
ge

 a
t 

Sp
le

ne
ct

om
y

A
ut

o-
im

m
un

ity
Se

ru
m

 
Ig

G
§

Se
ru

m
 

Ig
A

§
Se

ru
m

 
Ig

M
§

Ly
m

ph
o-

cy
te

s¶
Ly

m
ph

oc
yt

e 
Su

bg
ro

up

 

C
D

3+
C

D
4+

C
D

8+
C

D
4¡

C
D

8¡
¿

C
D

19
+

C
D

16
+C

D
56

+

 

m
o

yr
m

m

 

3

 

pe
rc

en
t

 

1
F/

13
5

++
+

++
6

A
bs

en
t

~
~

~
~

N
68

10
72

25
23

30
9

2

2
F/

9
4

++
+

++
1

A
, T

, U
R

~
~

~
~

~
~

57
90

94
35

47
9

3
1

3
M

/1
8

10
++

++
+

13
U

R
~

~
~

~
~

49
20

74
16

29
30

21
4

4
M

/8
4

+
++

+
—

A
bs

en
t

~
~

N
N

34
00

90
24

41
20

7
2

5
M

/6
24

+
++

—
A

~
~

~
N

19
00

81
29

26
22

12
N

A

6
M

/1
3

6
+

++
—

A
~

~
~

~
N

15
60

78
34

37
9

17
3

 

ing was performed directly on PCR products with
the use of the Big Dye DNA Sequencing Kit (Perkin–
Elmer) and an ABI PRISM 377 automated sequenc-
er (Applied Biosystems). For quantification, PCR
products corresponding to 

 

Fas

 

 exon 8 were ligated
into the TOPO vector with the use of the TOPO-TA
Cloning Instruction Manual (Invitrogen), and at
least 60 clones were individually sequenced. Allele-
specific PCR was performed with the successive
use of two sets of primers. The first step amplified

 

Fas

 

 exon 8 on both alleles; the second step ampli-
fied either the mutant or the wild-type allele. PCR
products were separated on 1.5 percent agarose
gel and transferred to a Hybridization Transfer
Membrane (NEN Life Science Products). Oligonu-
cleotide hybridization was performed as described
previously

 

8

 

 at 3°C below the melting temperature
of the oligonucleotide. Descriptions of all oligonu-
cleotide sequences and PCR conditions are avail-
able on request.

 

identification of 

 

f

 

as

 

 mutations

 

We studied six patients with phenotypic features of
ALPS (Table 1) but with normal levels of Fas-medi-
ated apoptosis of phytohemagglutinin-activated
T-cell blasts (Table 2) and no family history of ALPS.
However, because of the strong association between
an excess of double-negative T cells and a defect in
Fas-mediated apoptosis,

 

11

 

 we looked for 

 

Fas

 

 gene
mutations in FACS-sorted double-negative T cells
from these patients and found heterozygous 

 

Fas

 

 mu-
tations in all six (Table 2). Donor and acceptor
splice-site mutations of exon 8 were identified in
Patient 1 and Patient 6, respectively, and a donor
splice-site mutation of exon 7 was identified in Pa-
tient 5 (Table 2). These mutations are predicted to
lead to the splicing out of the corresponding exon
on RNA. Patient 2 had a nonsense mutation in exon
8, and Patient 3 had a missense mutation in exon 9
(D244V); Patient 4 had a deletion of 8 bp in exon 9
leading to a premature stop codon at position 227
(Table 2). Identical 

 

Fas

 

 mutations or mutations lead-
ing to identical changes in the structure of Fas have
been described in patients with ALPS type Ia (Table
2) and have been shown to be dominant.

 

14,15

 

 We
also looked for 

 

Fas

 

 mutations in sorted double-neg-
ative T cells from five healthy, age-matched controls
and found none.

In contrast to the results with purified double-
negative T cells, mutant 

 

Fas

 

 products could not be

results
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Figure 1 (facing page). Analysis of the Expression 
of 

 

Fas

 

 Mutations in Activated T Cells and Purified 
Double-Negative T Cells from Patient 1 and Patient 2.

 

Panel A shows the results of RT-PCR amplification of 

 

Fas

 

 
in double-negative T cells in resting peripheral-blood 
mononuclear cells and phytohemagglutinin-activated 
T cells. Panel B shows the sequences of exon 8 of geno-
mic 

 

Fas

 

 obtained from purified double-negative T cells 
and phytohemagglutinin-activated T cells. Panel C shows 
the FACS analysis of the percentages of double-negative 
T cells (CD3+ T-cell receptor [TCR] 

 

a

 

/

 

b

 

+CD4¡CD8¡) 
in resting peripheral-blood mononuclear cells and phyto-
hemagglutinin-activated T cells. 

 

* The mean (±SD) value among 80 controls was 83±11 percent. Values are the 
percentages of phytohemagglutinin-activated T-cell blasts that underwent ap-
optosis in vitro.

† Data on Patients 1 and 2 are from Rieux-Laucat et al.

 

16

 

 Data on Patient 3 are 

 

from Vaishnaw et al.

 

15

 

Table 2. Levels of Fas-Mediated Apoptosis and Heterozygous 

 

Fa

 

s Mutations 
in Six Patients with Autoimmune Lymphoproliferative Syndrome (ALPS) 
Type III and Three Patients with ALPS Type Ia.

Subgroup
Fas-Mediated 
Apoptosis*

 

Fas 

 

Mutation

 

Type Location Predicted Protein

 

%

 

ALPS type III

Patient 1 70 Somatic Exon 8 P201fs(stop 204)

Patient 2 85 Somatic Exon 8 P201fs(stop 204)

Patient 3 93 Somatic Exon 9 D244V

Patient 4 73 Somatic Exon 9 S214fs(stop 227)

Patient 5 86 Somatic Exon 7 W173fs(stop 209)

Patient 6 83 Somatic Exon 8 P201fs(stop 204)

ALPS type Ia†

Patient 1 8 Germ line Exon 8 P201fs(stop 204)

Patient 2 4 Germ line Exon 9 S214fs(stop 224)

Patient 3 10 Germ line Exon 7 K181fs(stop 199)

 

detected by PCR performed on DNA from T-cell
blasts that had been activated in vitro for nine days
by exposure to phytohemagglutinin.

 

expression of mutant alleles

 

The expression of the mutant alleles in T cells from
Patient 1 and Patient 2 was analyzed. An aberrant
product of RT-PCR amplification of 

 

Fas

 

 DNA, as
well as the expected normal-sized product, was de-
tected in cDNA prepared from resting peripheral-
blood mononuclear cells (Fig. 1A). Sequencing of
these RT-PCR products revealed a wild-type se-
quence and an abnormal product in which exon 8
was missing (data not shown). The omission of
exon 8 in Fas messenger RNA could be the conse-
quence of the nonsense and splice-site mutations
in DNA of double-negative T cells from Patient 1 and
Patient 2, respectively (Table 2). Indeed, such mu-
tations were detected in genomic DNA from puri-
fied double-negative T cells (Fig. 1B) but not in that
from phytohemagglutinin-stimulated T cells.

Moreover, the double-negative T cells of these
patients, which were readily detectable among rest-
ing T cells (Fig. 1C), were undetectable after being
incubated with phytohemagglutinin for nine days

(Fig. 1C) or after stimulation of T cells with anti-
bodies against T-cell receptors (data not shown).
Thus, the absence of mutant cells after in vitro stim-
ulation by phytohemagglutinin accounts for the
normal Fas-mediated apoptosis in unfractionated
lymphocytes from patients with ALPS type III.

 

distribution of 

 

f

 

as

 

 mutations

 

To determine the cellular distribution of the 

 

Fas

 

 mu-
tations in Patient 1 and Patient 2, we performed
PCR analysis of genomic DNA from FACS-sorted
peripheral-blood CD4+ or CD8+ T cells (hereafter
called single-positive T cells), T-cell receptor 

 

g

 

/

 

d

 

+
T cells, natural killer cells, B cells, monocytes, splen-
ic CD34+ hematopoietic progenitors, hair cells, and
buccal epithelial cells. To rule out cellular chimer-
ism, the migration profiles of nine polymorphic
markers on double-negative T cells and single-pos-
itive T cells were determined (data not shown) and
were found to be identical.

We first used a mutation-specific PCR meth-
od

 

22,23

 

 to determine which type of cell or tissue
bears the 

 

Fas

 

 mutation, and we quantified the level
of mutant cells in these populations. By means of di-
lution experiments, we found that heterozygous 

 

Fas

 

mutations could be detected by direct sequencing
of PCR products only when more than 20 percent of
cells carried the mutation (data not shown). With a
more sensitive analysis, which entailed cloning and
sequencing PCR products, we could detect cells
with mutations when more than 1 percent of cells
carried the mutation, a percentage compatible with
the level of purity of FACS separation techniques.
The mutation in exon 8 was detected in all leuko-
cyte subgroups from Patient 1, whichever method
was used (Fig. 2). Thus, in this patient, a mutant

 

Fas

 

 was present in more than 20 percent of lympho-
cytes and myeloid cells. The quantitative analysis
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A B C
Resting T Cells

Resting T Cells

Fas RNA

Activated T Cells

Activated T Cells

Patient 2

Patient 1

Control

Purified Double-Negative T Cells

Patient 2

Patient 1

Control

Activated T Cells

Contro
l

Pati
en

t 1

Pati
en

t 2

Wild-type
Mutant

Contro
l

Pati
en

t 1

Pati
en

t 2

Wild-type

Glu Thr Val Ala Ile Asn Leu Ser
t t t t tT T T T T TTa a ag g g gG G G GGAAA AA A AA AAc cC C C

Glu Thr Val Ala Ile Asn Leu Ser
t t t t tT T T T T TTa a

a
ag g g gG G G GGAAA AA A AA AAc cC C C

Glu Thr Val Ala Ile Asn Leu Ser
t t t t tT T T T T TTa a ag g g gG G G GGAA

T AA
A AA A AA AAc cC C C

Glu Thr Val Ala Ile Asn Leu Ser
t t t t tT T T T T TTa a ag g g gG G G GGAAA AA A AA AAc cC C C

Glu Thr Val Ala Ile Asn Leu Ser
t t t t tT T T T T TTa a ag g g gG G G GGAAA AA A AA AAc cC C C

Glu Thr Val Ala Ile Asn Leu Ser
t t t t tT T T T T TTa a ag g g gG G G GGAAA AA A AA AAc cC C C

Stop

0.4%

30%

9%

0.9%

0.6%

0.9%

104

102

103

101

100

100 101 102 103 104

Control

Patient 1

Patient 2

104

102

103

101

100

100 101 102 103 104

104

102

103

101

100

100 101 102 103 104

104

102

103

101

100

100 101 102 103 104

104

102

103

101

100

100 101 102 103 104

104

102

103

101

100

100 101 102 103 104

TCR a/b

TCR a/b

CD4+CD8+

CD4+CD8+

Control

Patient 1

Patient 2
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showed that 100 percent of double-negative T cells
but only 20 percent of single-positive T cells and 14
percent of monocytes carried the mutation, indi-
cating that, with the exception of double-negative
T cells, these different leukocyte subgroups con-
tained a similar proportion of mutant cells. The mu-
tation was undetectable in hair cells and buccal ep-
ithelial cells from Patient 1 on direct sequencing.

In Patient 2, the 

 

Fas

 

 mutation was found in all leu-
kocyte subgroups by means of the mutation-specific
PCR method. In contrast, the mutation was detect-
ed in double-negative T cells by direct sequencing
(Fig. 2) but not in other leukocyte subgroups, sug-
gesting that it was carried by less than 20 percent of
cells in the other leukocyte populations. The muta-
tion-specific quantitative method indicated that 100

percent of double-negative T cells from the blood
and spleen of Patient 2 were mutant cells, whereas
only 10 percent of single-positive T cells carried the
mutation.

A purified CD34+CD19¡CD7¡ population,
which was known to be enriched for hematopoietic
progenitors, was obtained from a spleen sample
from Patient 2. Mutation-specific PCR revealed
mutant cells in this population (Fig. 2). We esti-
mate, taking into account the purification efficiency
of FACS, that less than 2 percent of these cells car-
ried the mutation (Fig. 2). The 

 

Fas

 

 mutation was un-
detectable in nonhematopoietic cells, even when
the mutation-specific PCR was used (Fig. 2). All
these results suggest that in both Patient 1 and Pa-
tient 2, 

 

Fas

 

 mutations originated in hematopoietic
stem cells or possibly earlier, in mesenchymal pre-
cursors. The specific accumulation of 

 

Fas

 

 mutants
in the double-negative T-cell compartment under-
lines the essential role of Fas in the control of lym-
phocyte homeostasis in the periphery.

 

t-cell–receptor repertoire and the origin 
of double-negative t cells

 

Somatic 

 

Fas

 

 mutations have been described in rare
cases of a syndrome involving monoclonal or oligo-
clonal double-negative T cells.

 

24

 

 We therefore ana-
lyzed the population of T-cell–receptor 

 

b

 

 chains in
double-negative T cells from both patients using an-
tibodies against the 

 

b

 

 chains and found polyclonal
T-cell populations of double-negative and single-
positive T cells in both patients (Fig. 3).

We found that patients with mosaicism carrying het-
erozygous 

 

Fas

 

 mutations in hematopoietic cells have
an ALPS phenotype. In the light of our findings, the
classification of ALPS requires revision, with pa-
tients such as ours possibly denoted as belonging
to a subgroup with mosaic ALPS type I, or ALPS type
Im. In support of this reclassification is the fact that
the clinical phenotype associated with these so-
matic mutations is indistinguishable from that of
ALPS type I.

Our study demonstrates that peripheral lympho-
cytes with a dominant somatic 

 

Fas

 

 mutation exhibit
a selective advantage (Fig. 4). Germ-line mutations
of 

 

Fas

 

 have been reported to impair Fas-induced ap-
optosis of lymphocytes in patients with ALPS type
Ia.14,15 By resisting apoptosis, the mutant cells ac-
cumulate and become double-negative T cells. This

discussion

Figure 2. Hybridization of the PCR Products of Fas Exon 8 after Wild-Type–
Specific and Mutation-Specific Amplifications.

Detection of the mutant allele after direct sequencing of PCR products is indi-
cated by a plus sign, and the absence of the mutation by a minus sign. Num-
bers in parentheses are the percentages of mutant cells in a given cell 
population as determined by cloning and sequencing. SP denotes single-
positive (CD4+ or CD8+) T cells, DN double-negative T cells, g/d T-cell recep-
tor g/d+ T cells, NK natural killer cells, Mono monocytes, HP hematopoietic-
progenitor–enriched cells, Buccal buccal epithelial cells, Cwt T cells from a 
wild-type control, C-1 a negative control included in the first amplification, 
and C-2 a negative control included in the second amplification (with the use 
of products of the first PCR).

Wild-Type–Specific PCR, Patient 1

SP DN g/d NK B cells Mono Buccal Cwt C-1 C-2

Mutation–Specific PCR, Patient 1

SP DN g/d NK B cells Mono Buccal Cwt C-1 C-2

Wild-Type–Specific PCR, Patient 2

SP DN g/d NK B cells Mono Buccal Cwt C-1 C-2

Mutation–Specific PCR, Patient 2

SP DN g/d NK B cells Mono

HP

HP Buccal Cwt

¡
(10%)

+
(100%)

¡ ¡ ¡ ¡ ¡
(<2%)

¡ ¡

+
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+
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interpretation is consistent with data from Fas-
deficient chimeric mice25 and can account for the
lymphadenopathy and splenomegaly in all six of
our patients. Indeed, a lymph node from Patient 4
showed paracortical expansion consisting of dou-
ble-negative T cells, a histologic picture indistin-
guishable from that seen in patients with ALPS type
I (data not shown). Similarly, the relatively large
proportion of mutant cells in peripheral lympho-
cytes from Patient 2, as compared with the smaller
proportion of mutant cells among hematopoietic
progenitors, suggests that Fas mutations provide a
selective advantage (by protecting against apopto-
sis) during hematopoiesis, a finding consistent
with observations in MRL lpr/lpr mice.26

We identified Fas mutations in freshly purified
double-negative T cells but not in phytohemagglu-
tinin-activated T cells. The normal in vitro response
to Fas-induced apoptosis by activated T cells is con-
sistent with the absence of Fas mutations in such
cells. This result might be due to the high death rate
of double-negative T cells in vitro. Double-negative
T cells are believed to originate from activated pe-
ripheral single-positive T cells that have received a
death-inducing signal but cannot die, owing to a
defect in Fas signaling.3,27,28 A similar abnormali-
ty of double-negative T cells has been described in
patients with ALPS type I, suggesting that a signal
required for the survival of double-negative T cells
is lacking in tissue-culture medium.10,29,30 In vivo,
this signal could be provided by self-antigens, and
chronic stimulation of apoptosis-resistant cells by
autoantigens could account for the autoimmune
manifestations and lymphoproliferation of ALPS.
However, autoimmune manifestations were ob-
served in only four of our six patients. In addition,
there is no clear correlation between the numbers
of double-negative T cells and autoimmunity, and
whether these cells recognize and respond to self-
antigens is also unknown.

A proportion of all hematopoietic cells from our
patients carried Fas mutations, whereas they were
not found in hair cells or buccal epithelial cells.
Several mechanisms could account for this finding.
One is chimerism, which could be the consequence
of transplacental passage of maternal blood or cell
fusion from an aborted dizygote twin.31,32 This pos-
sibility was excluded, since the population of both
the double-negative T cells (containing mutant cells
alone) and the single-positive T cells (containing
an excess of wild-type cells) had similar patterns
of DNA polymorphic markers (data not shown).

Figure 3. Analysis of the T-Cell–Receptor (TCR) Repertoire on Single-Positive 
(CD4+ or CD8+) T Cells and Double-Negative (CD4¡CD8¡ TCR a/b+) T Cells 
from Patient 1, Patient 2, and 80 Controls.

Values in controls are expressed as the mean (horizontal line in each box), 
with the standard deviation (top and bottom of the box) and 95 percent confi-
dence interval (I bar).
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Therefore, these mutations must have resulted from
a somatic mutation that occurred during embryonic
or fetal development, or after birth. Although Fas
mutations were not detected in cells from the mouth
or hair (originating from ectoderm), their presence
in germ cells (of endodermic origin), which would
indicate a mutation early in embryogenesis, was not
formally ruled out. Analyses of additional tissues
would be required to narrow the timing of the mu-
tational events.

The clinical features of our patients with ALPS
type III resemble those of patients with ALPS type I
who have identical or similar germ-line Fas muta-
tions. In some other conditions, however, mosa-
icism is usually associated with a mild phenotype,
because of somatic reversions to the wild type.33 In
such cases, wild-type revertant cells can have a se-
lective advantage, enabling their expansion and the
partial restoration of the wild-type phenotype.34-36

Our findings in patients with acquired ALPS repre-

Figure 4. Hematopoietic Development and Peripheral Proliferation of Fas-Sensitive and Fas-Deficient Cells.

In the bone marrow, a mutant hematopoietic stem cell (in red), carrying a heterozygous Fas mutation, emerges during the course of the self-
renewal or generation of these cells. It has been estimated that less than 2 percent of hematopoietic stem cells are mutated. The progeny of 
putative common lymphoid precursors, such as T cells, B cells, and natural killer cells, and the progeny of putative common myeloid precur-
sors, such as monocytes and granulocytes, all contain a higher percentage of mutant cells (estimated at 10 to 20 percent). Therefore, the re-
sistance of mutant hematopoietic stem cells to Fas-mediated apoptosis is probably the selective advantage that accounts for the increased 
proportion of mutant cells observed in peripheral leukocytes. In the bloodstream or lymphoid organs of patients with ALPS, some T-cell pro-
liferations (driven by bacterial or viral antigens) are well controlled, probably by Fas-independent pathways. In contrast, other T-cell responses 
(perhaps driven by self-antigens), normally regulated by Fas, lead to uncontrolled proliferation and the accumulation of mutant double-nega-
tive T cells. The resistance to Fas-mediated cell death allows the proliferation or the persistence of cells that should otherwise disappear. TCR 
denotes T-cell receptor. 
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sent an example of dominant somatic mutations’
conferring a selective advantage of mutant cells
over normal cells. Nevertheless, a 10-year follow-
up showed that the proportion of mutant lympho-
cytes was steady over time and that the cells did not
outgrow normal cells.

Healthy relatives of patients with ALPS type I
can carry an inherited dominant Fas mutation,14-16

thereby illustrating the partial clinical penetrance
of some Fas mutations. Mutations affecting the
intracellular domain of Fas are associated with
greater clinical penetrance than mutations affect-
ing the extracellular domain.15,16 Notably, all the
mutations we found affected the intracellular do-
main. They are predicted to generate abnormal
Fas molecules and have been associated with full

penetrance of the disease in patients with ALPS
type I.14-16

In conclusion, we found that some patients with
ALPS type III have somatic Fas mutations in cells of
hematopoietic lineages in the absence of any malig-
nant condition. This situation is an example of a
nonmalignant, genetically acquired disease in which
a selective advantage (resistance to death) is con-
ferred by Fas mutations.
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