
locomotor activity and muscular tone. Or- 
uhanin FQ was also administered IT (2.5 to - 
10 nmol per 4 ~1 per mouse), but again no 
analgesic effect was observed (13). W e  
therefore conclude that. In the hot-vlate 
test, orphanin FQ does not induce analgesia. 
However, when tested in the tail-flick assay, 
orphanin FQ induced hyperalgesia (0.3 to 
10 nmol per 5 ~l per mouse, ICV). A t  a dose 
of 1 nmol, the reaction time was reduced by 
-75% relative to that of vehicle-injected 
mice (Fig. 4C). The  hyperalgesic effect of 
oruhanin FQ was not observed in the hot- - 
plate test, possibly because this test is more 
dependent on  muscular tone and locomo- 
tion than is the tail-flick assav (14). , ~ ,  

Our results demonstrate that despite its 
structural similarity to the opioid peptides, 
orphanin FQ appears to be pharmacologi- 
cally and physiologically distinct from 
them. Like other neuropeptides, orphanin 
FQ is presumably synthesized as part of a 
larger precursor protein (15). In view of the 
increasing number of orphan receptors be- 
ing identified, it is likely that strategies 
similar to that used for the identification of 
orphanin FQ will lead to the description of 
numerous neurotransmitters or neuropep- 
tides that are unknown today. 
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Defects in B Lymphocyte Maturation and T 
Lymphocyte Activation in Mice Lacking Jak3 

Daniel C. Thomis, Christine B. Gurniak, Elizabeth Tivol, 
Arlene H. Sharpe, Leslie J. Berg* 

Biochemical studies of signaling mediated by many cytokine and growth factor receptors 
have implicated members of the Jak family of tyrosine kinases in these pathways. Spe- 
cifically, Jak3 has been shown to be associated with the interleukin-2 (IL-2) receptor y 
chain, a component of the receptors for IL-2, IL-4, IL-7, IL-9, and IL-15. Mice lacking Jak3 
showed a severe block in B cell development at the pre-B stage in the bone marrow. In 
contrast, although the thymuses of these mice were small, T cell maturation progressed 
relatively normally. In response to mitogenic signals, peripheral T cells in Jak3-deficient 
mice did not proliferate and secreted small amounts of IL-2. These data demonstrate that 
Jak3 is critical for the progression of B cell development in the bone marrow and for the 
functional competence of mature T cells. 

B lymphocyte development in the bone 
marrow and T lymphocyte development in  
the thymus are dependent on  signaling 
pathways mediated by a complex array of 
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cell surface receptors. These signals include 
responses to lymphocyte-stromal cell inter- 
actions, as well as responses to soluble 
growth and differentiation factors. The  
Janus kinase (Jak) family tyrosine kinases, 
Jakl  and Jak3, have been implicated in 
signaling through receptors for IL-2, IL-4, 
IL-7, IL-9, and IL-15, all of which use the 
IL-2 receptor common y (y,) chain (1, 2). 
Unlike Jak l ,  expression of Jak3 is restricted 
to lymphoid and myeloid cell lines and to 
hematopoietic tissues such as thymus, bone 
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marrow, fetal liver, and spleen (1 , 3). Be- 
cause IL-7, in particular, is involved in lym- 
phocyte development ( 4 , 5 ) ,  it seemed like- 
ly that Jak3 might play a nonredundant role 
in B and T lymphocyte maturation. There- 
fore, we generated mice deficient in Jak3 
expression by gene targeting in embryonic$ 
stem (ES) cells (6). 

Insertion of the neomycin-resistance 
gene replaces sequences encoding subdo- 
mains I to IV of the Jak3 kinase domain, 
inactivating Jak3 enzymatic activity (Fig. 
1A). Germline-transmittine chimeric mice 

from the targetGI ES cells were 
bred to C57BL16 mice, and progeny het- 
erozygous for the Jak3 mutation were inter- 
crossed. A Southern (DNA) blot showing 
the genotypes of the progeny from an inter- 
cross of two heterozygotes indicates the ex- 

pected three types of progeny (Fig. 1B). 
Homozygous Jak3-1- mice were healthy and 
showed no gross differences in size or weight 
compared with their wild-type littermates. 
Analysis of protein lysates from bone mar- 
row, thymus, and spleen of heterozygous 
(+I-) and homozygous (-I-) mutant mice 
demonstrated the absence of any Jak3 pro- 
tein in mutant mice (Fig. 1C). Longer ex- 
posure of the protein immunoblot failed to 
show any partial fragments encoding the 
NH,-terminal portion of Jak3 (7). 

T o  examine the requirement for Jak3 in 
B cell development, we surface stained cells 
from the bone marrow of heterozygous and 
homozygous mutant mice with antibody to 
CD45R [anti-CD45R (B220)], anti-CD43, 
and antibody to immunoglobulin M (IgM) 
(8) (Fig. 2). Normal B cell development 

6.6 kb 
* ;  * B -1- +I- +I+ -1- +I- +I- -1- +I- -1- +I- 

- 0 6 k b -  8 - 
8 ,O-2 , 4 ;: ; : :; ;; ..,:: II_]=;; 
Pseudok~nase domain Kinase domain - - V 

Probe Bone marrow Thymus Spleen 
I+/-  +/- -1- -12' +I- +I- -1- -I-"+/- -1- -1- 

.L. - d - -  !4 
t 1 6 k b  

3 1 kb * -  8 5 k b  * 
Fig. 1. Targeted inactivation of the gene Jak3. (A) Partial map of the Jak3 locus, inditing the exons 
encoding the pseudokinase and the kinase domains. A 0.6-kb Xho I fragment, containing sequences 
encoding subdomains I to IV of the kinase domain, was replaced with the 1.641 neoR cassette (78) 
shown in the targeting construct. The indicated probe used to screen for targeted insertions by Southem 
(DNA) blot analysis lies outside the region encompassed by the targeting vector. (B) Southem blot of Eco 
RI-digested tail DNA from a litter derived by heterozygous intercrossing, probed with a 0.35-kb Eco 
RI-Hind I l l  fragment of the Jak3 cDNA clone. Wild-type (+/+) individuals are homozygous for the 6.6-kb 
fragment, and -/- mutants are homozygous for the 7.6-kb fragment. (C) Protein immunoblot of total 
lysate derived from bone marrow, thymus, or spleen of +/- or -/- mice. The membrane was probed 
with a rabbit antiserum raised against a bacterial fusion protein containing residues 136 to 305 of the 
NH,-terminus of Jak3. 

Fig. 2 Loss of IgM+ B cells and 
low thymocyte cellularity in Jak3- 
deficient mice. The bone marrow, 
thymus, and spleen cells from 
+/- and -/- mutant mice were 
stained with the indicated anti- 
bodies and analyzed by flow cy- 
tometry. Numbers in the quad- 
rants indicate the subpopulation 
percentages. The dot plots are 
representative of average staining 
profiles, although some individu- 
als had greatly increased CD4+/ 
CD8+ ratios in thymus and 
spleen. At the far right are shown 
the total cellularities for bone mar- 
row, thymus, and spleen of each 
individual mouse analyzed (+, 
+/+ and +/- individuals; -, -/- 
individuals), with the numbers of 
indivuals anaiyzed indicated be- 
low. Note the large variation in 
thymocyte (> 1 0-fold) and spleno- 
cyte (>loo-fold) cellularity in -/- 
mice. 

Bone 3 
marrow 

CD43 

proceeds from CD43+CD45R+ (pro-B), to 
CD43-CD45R+ (pre-B), and then to the 
CD45R+IgM+ (immature and mature B) 
stage (9). The bone marrow from -1- mice 
contained similar total numbers of cells in 
comparison with bone marrow from wild- 
type mice and showed no significant de- 
crease in CD43+CD45R+ cells, indicating 
normal development of pro-B cells. Howev- 
er, -1- bone marrow had decreased numbers 
of CD43-CD45R+ cells, and virtually no 
CD45R+IgM+ cells, reflecting an absence 
of immature and mature B cells (Fig. 2). 
Taken together, these findings indicate a 
block at the pre-B stage of maturation in 
-1- bone marrow. In contrast, no decrease 
in the numbers of Macl+ cells was seen, 
indicating that the myeloid progenitors as- 
sessed were normal (Fig. 2). 

The thymuses of the -1- mice were much 
smaller than those of wild-type mice and 
ranged widely in total cell numbers, from 
-0.5 to 10% of normal (Fig. 2). This wide 
range of thymocyte numbers did not correlate 
with age; all mice analyzed were 4 to 6 weeks 
of age, and -1- littermates analyzed in parallel 
often differed widely in thymocyte cellularity. 
However, in general, the CW versus CD8 
staining profile of thymocytes from -/- mice 
appeared largely normal (Fig. 2). Similar to 
the ?,deficient mice (lo), an increase in the 
percentage of CW+CD8- cells was often 
seen, particularly in the smallest thymuses. 
Anti-CD3 staining of -1- thymocytes was 
normal, with a slight increase in CD3hi cells 
reflecting the increase in CD4+ cells (Fig. 2). 
No differences in staining with antibodies to 
heat-stable antigen, CD44, or CD25 were de- 
tected (7). Overall, thymuses of homozygous 
mutant mice were small but normal in cell 
composition. 

l o e  + - 

107 

n =  11 8 
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We observed a wide range in total cellu- 
larity of -/- spleens, ranging from 10 to 
500% of wild-type numbers (Fig. 2). As in 
bone marrow, the fraction of Maclt  cells in 
-1- spleens appeared normal (Fig. 2). Anal- 
ysis of the spleens of -/- mice also confirmed 
the block in B cell maturation observed in 
the bone marrow, as extremely few 

CD45RfIgM+ cells were detected (Fig. 2). 
Corroborating this B cell defect, lipopolysac- 
charide (LPS) responses of spleen cells were 
substantially reduced (Table 1). In addition, 
peritoneal lavage cells from -1- mice con- 
tained significantly fewer CD45RtIgM+ 
cells than controls (7). In spite of this B cell 
deficiency, serum Ig concentrations in the 

0 :w f 
- - 
2 CD44 CD25 Forward scatter 

Fig. 3. Splenic T cells in Jak3-deficient mice have constitutively up-regulated activation marker expres- 
sion. T cells from a +/-and a-/- spleen were stained with the indicated antibodies. For antibody surface 
staining, histograms show a logarithmic scale of fluorescence intensity; forward scatter profiles are 
shown on a linear scale. All profiles show gated CD4+ cells, with the exception of the CD44 profile, which 
shows gated Thyl + cells. 

Table 1. Reduced functional responses of Jak3-deficient thymocytes and spleen cells to mitogenic 
stimuli. Thymocytes or splenocytes (1 X 1 05) were cultured with the indicated mitogens. For proliferation 
assays, triplicate cultures were incubated for 48 hours, then pulsed overnight with [3H]thymidine and 
counted. For IL-2 assays, supernatants from duplicate cultures stimulated with anti-CD28 plus anti-CD3 
were harvested at 24 hours. IL-2 was quantitated by titration on HT-2 indicator cells and compared with 
a standard curve generated with recombinant IL-2 where 1 uniVml corresponds to 1/10 maximal 
proliferation of the indicator cells. Both splenocyte (spl) and thymocyte (thy) populations of -/- mice 
contained equal or greater numbers of mature T cells as those from wild-type (+/+) populations. A 
reduced proliferative response of -/- T cells was observed in five independent experiments; IL-2 data 
(listed as the last line) in experiment 1 are derived from stimulation of 1 x 1 O6 cells, and in experiment 2, 
from 1 x lo5 cells. All values are means 2 SD. LPS, lipopolysaccharide; PMA, phorbol 12-myristate 
13-acetate; iono., ionomycin; Con A, concanavalin A; ND, not determined. 

Incorporation of [3H]thymidine (cpm) 
Mitogen 

+/+ thy -/- thy +/+ spl -/- spl 

Medium 
LPS 
PMA + iono. 
Con A 
Con A + IL-2 
Anti-CD3 

IL-2 secreted 
(units/ml) 

Medium 
LPS 
PMA + iono. 
Con A 
Con A + IL-2 
Anti-CD3 
Anti-CD3 + IL-2 
Anti-CD3 + anti-CD28 

IL-2 secreted 
(units/ml) 

Experiment 1 
84 2 13 7 0 ?  16 

N D ND 
13,581 2 555 2,414 2 31 1 
5,387 i 724 3,620 2 275 

97,949 2 7,012 3,693 -C 427 
5,184 i 1,928 1,209 i 84 

71,978 2 3,604 1,362 i 181 
62,629 i 898 28,792 2 8,954 

4.1 2 1.1 1.6 ? 0.5 

Experiment 2 
92 ? 47 111 i 4 3  

N D ND 
N D N D 

11,162 i 1,527 997 i 264 
97,249 i 9,876 937 2 50 
24,812 2 3,519 614 2 80 
51,738 2 2,091 634 -C 78 
78,515 i 2,157 24,613 i 2,847 

0.3 i 0.1 <0.1 

mutant mice appeared roughly normal (7), 
although these results are difficult to inter- 
pret because of the contribution of maternal 
antibodies. Analyses of a small number of 
3-month-old -1- mice showed decreased 
concentrations of serum IgG (7). The frac- 
tion of T cells in the spleen was generally 
normal (Fig. 2), although some 11- mice 
had substantially more CD4+, and fewer 
CD8+, cells (7). The -/- spleens also con- 
tained an increased percentage of Thyl- 
CD45R-Macl- cells of unknown origin (Fig. 
2). Most notable, however, was the increased 
expression of activation markers on the ma- 
jority of T cells in -/- spleens (Fig. 3). CD44, 
CD69, and CD25 were all up-regulated, 
whereas CD28 expression remained un- 
changed; in addition, forward scatter analysis 
indicated that -/- T cells were larger than 
control splenic T cells (Fig. 3). In contrast to 
the spleens, peripheral lymph nodes (such as 
inguinal, brachial, and axillary) and Peyer's 
patches in -1- mice were nearly undetect- 
able. For example, in two homozygous mu- 
tant individuals analyzed, peripheral lymph 
nodes contained only 2% the normal num- 
ber of cells and showed abnormal CD4+/ 
CD8+ ratios, with >60% CD4+ and 4 %  
CD8+ T cells (7). 

Because thymocyte development and the 
numbers of splenic T cells in -1- mice ap- 
peared roughly normal, we were particularly 
interested in the functional capabilities of -/- 
T cells. When thymocytes and spleen cells 
from wild-type and -1- mice were cultured 
under a variety of mitogenic conditions, re- 
sponses of -1- cells were generally reduced to 
less than '/lo those of wild-type mice (Table 
1). For splenic T cells, stimulation with phor- 
bol 12-myristate 13-acetate (PMA) plus iono- 
mycin, concanavalin A (Con A) ,  anti-CD3, 
or anti-CD3 plus anti-CD28 failed to induce a 
proliferative response from -1- cells (Table 1). 
In comparison with wild-type cells, thymo- 
cytes from -/- mice generally proliferated only 
1/2 to l / j  as efficiently with anti-CD3 plus 
anti-CD28 stimulation (Table I ) ,  although in 
one experiment -1- thymocyte responses were 
significantly more reduced (7). Neither the 
defective responses to anti-CD3 nor to Con A 
could be restored by the addition of exoge- 
nous IL-2 (Table 1). We also measured the 
IL-2 secreted by stimulated thymocytes and 
splenic T cells. Stimulation of splenic T cells 
with anti-CD3 plus anti-CD28 resulted in 
substantially less IL-2 secretion from mutant 
compared with wild-type cells (Table 1). 

In summary, -/- mice have a profound 
block in B cell maturation at the pre-B stage, 
resulting in a significant reduction in the 
numbers of peripheral IgMt, B cells. Thymus- 
es of -/- mice are small, but relatively normal 
in subset distribution. Both thymocytes and 
splenic T cells from -/- mice show greatly 
reduced proliferative responses and secrete 
less IL-2 in response to mitogenic stimulation. 
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The B cell defect in -/-mice closely resembles 
that seen in IL-7 receptor-deficient mice (4) 
andi thus, is most likely due to a lack of IL-7 
receptor signaling. Comparisons of y, defi- 
ciencies in mice and humans have suggested 
that IL-7 plays a greater role for mouse as 
compared with human B cell development, as 
X-linked severe combined immunodeficiency 
(XSCID) patients (7,-deficient) have normal 
numbers of B cells (1 1 ). This differential re- 
quirement for ?,-dependent cytokine signal- 
ing during B cell development is further sup- 
ported by the normal numbers of B cells found 
in a SCID Jak3-defi~ient '~atient (1 2). 

The phenotype of -1- thymuses is com- 
parable with that observed for thymuses in 
IL-7 receptor-deficient (4) and y,-defi- 
cient (10, 13) mice. However, both the 
thymuses and the spleens of -1- mice show 
an increase in the ratio of CD4+ cells to 
CD8+ cells. This observation suggests that 
cytokine signaling may be more critical for 
the maturation or survival of CD8 lineage T 
cells than CD4 lineage T cells. 

Previous biochemical studies of Jak3 in- 
dicated an association with IL-2 receptor 
signaling (1, 2). Furthermore, inhibitors of 
IL-2 receptor signaling block T cell prolif- 
erative responses (14). Our results suggest 
that Jak3 is essential for IL-2 receptor sig- 
naling in primary T cells. However, Jak3 
may not be ,the only tyrosine kinase re- 
quired for IL-2 receptor signaling, because 
both Jakl  and p56"k associate with the 
IL-2R P chain (2, 15). 

Splenic T cells from -1- mice, when stim- 
ulated, produce much less IL-2 than wild-type 
splenic T cells. This reduction in IL-2 secre- 
tion may result from a nonresponsiveness, or 
anergy, induced in the -1- T cells as a result of 
prior T cell receptor stimulation in the ab- 
sence of Jak3. This possibility is compatible 
with previous studies showing that activation 
of JaW is associated with the prevention of 
anergy (16). Consistent with this, we also 
observed increased expression of activation 
markers on the vast majority of -1- splenic T 
cells, suggesting a prior T cell receptor activa- 
tion event. One possibility is that most T cells 
routinely encounter a T cell receptor stimula- 
tion signal, perhaps as a component of the 
mechanism inducing thymic emigration (1 7), 
and that -/- T cells are deficient in returning 
to the normal resting state. These unusual 
aspects of T cell development and differenti- 
ation in -1- mice indicate previously unde- 
scribed functions of cytokine receptor signal- 
ing pathways. 
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Mutation of Jak3 in a Patient with SCID: 
Essential Role of Jak3 in Lymphoid Development 

Sarah M. Russell, Nahid Tayebi,* Hiroshi Nakajima,* 
Mary C. Riedy,? Joseph L. Roberts,? M. Javad Aman,? 
Thi-Sau Migone, Masayuki Noguchi, M. Louise Markert, 

Rebecca H. Buckley, John J. O'Shea, Warren J. Leonard$ 

Males with X-linked severe combined immunodeficiency (XSCID) have defects in the com- 
mon cytokine receptor y chain (yJ gene that encodes a shared, essential component of the 
receptors for interleukin-2 (IL-2), IL-4, IL-7, IL-9, and IL-15. The Janusfamily tyrosine kinase 
Jak3 is the only signaling molecule known to be associated with y,, so it was hypqthesized 
that defects in Jak3 might cause an XSCID-like phenotype. A girl with immunological 
features indistinguishable from those of XSCID was therefore selected for analysis. An 
Epstein-Barr virus (EBV)-transformed cell line derived from her lymphocytes had normal y, 
expression but lacked Jak3 protein and had greatly diminished Jak3 messenger RNA. 
Sequencing revealed a different mutation on each allele: a single nucleotide insertion 
resulting in a frame shift and premature termination in the Jak3 JH4 domain and a nonsense 
mutation in the Jak3 JH2 domain. The lack of Jak3 expression correlated with impaired B 
cell signaling, as demonstrated by the inability of IL-4 to activate Stat6 in the EBV-trans- 
formed cell line from the patient. These observations indicate that the functions of y, are 
dependent on dak3 and that Jak3 is essential for lymphoid development and signaling. 

T h e  yc chain is an essential signaling com- 
ponent of receptors for IL-2 ( I ) ,  IL-4 (2, 3), 
IL-7 (4,5) ,  IL-9 (6, 7), and IL-15 (8). Defects 
in this chain cause XSCID (9, lo),  a disease 
characterized by impaired function of B cells 
and a complete or almost complete deficiency 
of T cells (10). Thus, XSCID occurs as a result 
of inactivation of numerous cytokine signal- 
ing pathways, an observation compatible with 
the severe phenotype of XSCID (9, 10) and of 
yc-deficient mice (1 1). IL-2, IL-4, JL-7, IL-9, 
and IL-15 all activate the same Janus family 
kinases, Jakl and JaW (6, 12). In each case, 
Jakl associates with the receptor chain that 

plays the major role in determining both the 
cytokine binding specificity (6, 13) and the 
STAT (signal transducers and activators of 

> cz 

transduction) proteins that are activated (1 4,  
15). Jak3 is primarily associated with y,, and 
as no other signaling molecules have been 
identified that associate with y,, we hypoth- 
esized that the phenotype resulting from de- 
fects in Jak3 might be indistinguishable from 
that resulting from defects in y,, and that the 
key role of y, may be to bring Jak3 into 
proximity with the primary binding chaifi and 
its associated signaling molecules (6). 

Although true XSCID (?;I-) females 
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