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Interleukin-2 (IL-2) signaling requires the dimerization of the IL-2 receptor B (IL-2RB) and
common v (y.) chains. Mutations of vy, can result in X-linked severe combined immuno-
deficiency (XSCID). IL-2, IL-4, IL-7 (whose receptors are known to contain v,), and IL-9
(whose receptor is shown here to contain v_) induced the tyrosine phosphorylation and
activation of the Janus family tyrosine kinases Jak1 and Jak3. Jak1 and Jak3 associated
with IL-2RB and v,, respectively; IL-2 induced Jak3-IL-2RB and increased Jak3-y_ asso-
ciations. Truncations of ., and a vy, point mutation causing moderate X-linked combined
immunodeficiency (XCID), decreased v_-Jak3 association. Thus, y, mutations in at least
some XSCID and XCID patients prevent normal Jak3 activation, suggesting that mutations
of Jak3 may result in an XSCID-like phenotype.

The interaction of IL-2 with high-affinity
IL-2 receptors regulates the magnitude and
duration of the T cell immune response (1).

S. M. Russell, M. Noguchi, M. Friedmann, M. Berg, W. J.
Leonard, Laboratory of Molecular Immunology, National
Heart, Lung, and Blood Institute, Bethesda, MD 20892,
USA.

J. A. Johnston, M. Kawamura, C. M. Bacon, D. W.
McVicar, J. J. O’'Shea, Leukocyte Cell Biology Section,
Laboratory of Experimental Immunology, Biological Re-
sponse Modifiers Program, National Cancer Institute,
Frederick, MD 21702-1201, USA.

B. A. Witthuhn, O. Silvennoinen, J. N. Ihle, Department of
Biochemistry, St. Jude Children’s Research Hospital,
Memphis, TN 38163, USA.

A. S. Goldman and F. C. Schmalstieg, Division of Immu-
nology and Allergy, Department of Pediatrics, University of
Texas Medical Branch, Galveston, TX 77555-0369, USA.

*On leave from the Institute for Cancer Studies, University
of Sheffield Medical School, Sheffield, South Yorkshire
S10 2RX, United Kingdom.

VOL. 266

11 NOVEMBER 1994

High-affinity IL-2 receptors contain the
IL-2 receptor a (2), B (3), and y_ (4) chains.
Intermediate-affinity receptors contain IL-
2RB and <y, and mediate IL-2 signals on
natural killer (NK) and some resting T cells.
Both IL-2RB and <. are members of the
cytokine receptor superfamily (5), whereas
IL-2Ra is not. The heterodimerization of B
and vy, chains is induced by IL-2 binding and
is required for IL-2 signaling (6). Mutations
of the y_ gene can result in XSCID in
humans (7); the severity of XSCID results
from -y_ being a component of multiple cy-
tokine receptors (1, 8—11).

Interleukin-2 induces the tyrosine phos-
phorylation of multiple cellular substrates
(12), including the Janus family kinases

Jakl and Jak3 (13, 14) (Fig. 1, A and B),
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but not Tyk2 (Fig. 1C) or Jak2 (Fig. 1D).
Immunoprecipitation with antibodies to
Jak2 (anti-Jak2) yielded a tyrosine-phos-
phorylated band in response to IL-2 (Fig.
1D); this band migrated faster than Jak2
and is human Jak3, immunoprecipitated
through cross-reactivity with the Jak2 anti-
serum, as shown by its removal by preclear-
ing with a Jak3-specific antiserum (Fig.
1D). We also tested IL-4 and IL-7, two
cytokines whose receptors contain vy, and
IL-9 for their abilities to induce the tyrosine
phosphorylation of Jakl and Jak3. The IL-9
receptor also contains <y, because an anti-
body to <y, inhibited IL-9—induced prolifer-
ation (15) and y_ could be affinity-labeled
by 12°]-1L-9, yielding a band of appropriate
size for IL-9 cross-linked to vy, (Fig. 1E).
Each of these cytokines induced tyrosine
phosphorylation (Fig. 1, A and B) and in
vitro kinase activity (Fig. 1F) of Jakl and
Jak3.

Given the essential roles of IL-2RB and
v, in IL-2 signaling, we investigated their
abilities to associate with Jakl and Jak3
(Fig. 2). We immunoprecipitated lysates
of the NK-like YT cells with MikB1 (anti-
IL-2RB) monoclonal antibody (mAb) or
R878 (anti-y_) antiserum, immunoblotted
with Jak3 and reblotted with Jakl. Jakl
constitutively associated with IL-2RB, and
the association did not increase after IL-2
stimulation (Fig. 2). Jakl did not consti-
tutively associate with y_, but after IL-2
stimulation and consequent IL-2RB—y,
dimerization (16), some Jakl coprecipi-

Fig. 1. Activation and phos- A
phorylation of Jak1 and
Jak3, but not Jak2 or Tyk2,
by interleukins whose re-
ceptors contain .. (A and
B) Peripheral blood lympho-
cytes (PBLs) were induced
for 15 min with IL-2 (1000
U/ml), IL-4 (100 U/ml), IL-7
(100 ng/ml), or IL-9 (100 ng/
ml) after PHA stimulation
(25). Cells were lysed and
immunoprecipitated  with
polyclonal antibodies to
Jak1 (UBI) (A) or Jak3 (74)
(B), and phosphotyrosine-
containing proteins were de-
tected by immuncblotting
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tated with +y_. Jak3 weakly associated with
v, in the absence of IL-2, and its associa-
tion increased after IL-2 treatment (Fig. 2)
(17). After IL-2 stimulation, Jak3 was co-
precipitated with both anti-IL-2RB mAbs
MikB1 (Fig. 2) and TUI11 (15). This was
expected for TU11, which coprecipitates
v, in the presence of IL-2 (4, 18), but was
unexpected for MikB1, which competes
for IL-2 binding (19) and cannot copre-
cipitate .. These data suggest that IL-
2R primarily associates with Jak1, and -y,
with Jak3, but that IL-2RB-Jak3 interac-
tions also occur. Although the basis for
the IL-2-induced association of IL-2RB
with Jak3 is unknown, IL-2-induced
dimerization of IL-2RB and <y, may juxta-
pose Jak3 to IL-2RB, thereby facilitating
their interaction. It is possible that dis-
tinct regions of Jak3 interact with IL-2RB
and vy..

To further evaluate the association of
IL-2RB and <y, with Jakl, we transiently
transfected COS-7 cells with complemen-
tary DNAs (cDNAs) encoding Jakl and
either IL-2RB or +y_ (Fig. 3). Jakl and
IL-2RB were coprecipitated with antibod-
ies to either protein (Fig. 3A), but vy_ and
Jak1 did not associate (Fig. 3B). We con-
firmed the specificity of Jakl for IL-2RB
using IL-2R aap and ayy chimeric recep-
tor constructs containing the IL-2Ra ex-
tracellular domain and the IL-2RB or vy,
cytoplasmic domains (6). The anti-IL-
2Ra mAb coprecipitated Jakl only when
aaP was cotransfected (Fig. 3C). -
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with 4G10 (UBI). (C and D) NK3.3 cells (26) were stimulated with F

interferon-a. (1000 U/ml), interferon-y (100 U/ml), or IL-2 (1000 & >
U/ml), immunoprecipitated with polyclonal antibodies to Tyk2 (UBI) &
or Jak2 (UBI), and immunoblotted with 4G10 mAb to phosphoty-
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rosine (UBI) with the use of enhanced chemiluminescence (ECL,

Amersham). In (D), lane 4, the lysate was first precleared with a
polyclonal antibody to Jak3. Positions of Jak1, Jak3, Tyk2, and Jak2 1

I < o

2 3 4 5

are indicated. (E) Affinity labeling (8) of -y, on MO7E cells by 125||L-9. Lysates of cells were immunopre-
cipitated with either preimmune serum or R878 antiserum to «y_.. Molecular sizes are indicated on the right
(in kilodaltons). (F) Activation by IL-2, IL-4, IL-7, and IL-9 of Jak1 (upper panel) and Jak3 (lower panel).
PHA-activated T cells were treated as in (A) and (B) and then immunoprecipitated with antibodies to Jak1
and Jak3. In vitro kinase assays were done with *°P-labeled y-ATP (adenosine triphosphate) by standard

methods (74).
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We evaluated the association of Jak3
with . mutants using antibodies to the
extracellular (3B5) (20) (Fig. 4A) and
intracellular (R878) (Fig. 4B) domains of
7. Jak3 efficiently interacted with vy, but
not with two truncated forms of vy_ (.-

ACT and vy.-ASH2, in which 80 and 48

MikB1 R878 RPC5
— 2

-+ - 4+ =

12 3 4 5 6

Fig. 2. Association of IL-2RB and . with Jaki
and Jak3. YT cells were stimulated or not stim-
ulated with IL-2 and then lysed with 10 mM tris
(pH 7.5) containing 2 mM EDTA, 0.15 M NaCl,
0.875% Brij 96, 0.125% Nonidet P40, 0.4 mM
sodium vanadate, 1 mM 4-(2-aminoethyl)-ben-
zenesulfonyl fluoride hydrochloride (ICN), 2.5
mM leupeptin, 2.5 mM aprotinin. Immunopre-
cipitations were done with MikB1 (anti-IL-2RB)
mAD (lanes 1 and 2), R878 antiserum (8) to v,
(lanes 3 and 4), or RPC5 (control mAD, lanes 5
and 6). The gel was immunoblotted sequentially
with antisera to Jak3 (bottom) and then Jak1
(top) with the use of ECL. Molecular sizes are
indicated on the left (in kilodaltons).

o aaf oy

Fig. 3. Association of Jak1 with IL-2RB but not
v, in cotransfected COS-7 cells. COS-7 cells
were cotransfected with IL-2RB (A) or v, (B) and
Jak1, lysed (27), immunoprecipitated with the
indicated antibodies, and immunoblotted with
antiserum to Jak1 (A and B, upper panels), ErdA
antiserum to IL-2RB (A, lower panel), or R878
antiserum to vy, (B, lower panel). (C) COS-7 cells
were cotransfected with Jak1 and constructs
encoding chimeras of the IL-2R a, B, and v .
chains, aap or ayy (6), lysed as described in Fig.
2, immunoprecipitated with RPC5 control mAb
or anti-Tac mADb to IL-2Ra, and immunoblotted
with antiserum to Jak1.
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amino acids, respectively, are deleted from
the COOH-terminus) (8) (Fig. 4A). The
48 -amino acid truncation is smaller than
the truncation (62 amino acids) in the
XSCID patient with the smallest known
naturally occurring vy, truncation (7).
Thus, defective <y -Jak3 association is pre-
dicted to be found in many XSCID pa-
tients. Affected individuals in a family
with a more moderate X-linked combined
immunodeficiency (XCID) (21) have a
single nucleotide change that results in
replacement of Leu?’! with Gln within the
7. cytoplasmic domain (22). This muta-
tion substantially diminished, but did not
abrogate, v, association with Jak3 (Fig. 4,
A and B), consistent with the disease phe-
notype in this pedigree being less severe
than typical XSCID. Nevertheless, affect-
ed males have diminished development of

- * <—Jak3

69— B 69

e .

G =
1 2 3 45 12
Fig. 4. Association of Jak3 with IL-2 receptor
chains: partial delineation of the site or sites of
interaction between Jak3 and vy,. COS-7 cells
were transfected with Jak3 plus wild-type ., or
v¥.-ACT (8), v,-ASH2 (8), or v.-L271Q (prepared
with the pAlter-1 Mutagenesis Vector system,
Promega), or with the vector control (PME18S),
lysed as described in Fig. 2, immunoprecipitated
with anti-y,, antibodies 3B5 (A) or R878 (B), and
immunoblotted with Jak3 antiserum. In the trans-
fectants, levels of expression of wild type and mu-
tant -y, constructs were similar as determined by
flow cytometry (715). Note that whereas 3B5 mAb
binds to an extracellular epitope and thereby
binds all the mutant forms of v, tested, R878
cannot bind y.-ACT or y.-ASH2 truncation mu-
tants that lack its epitope. Thus, lanes 2 and 3 in
(B) represent the background signal seen with
R878. (C) IL-2RB or pME18S were cotransfected
with Jak3, cells were lysed as described in Fig. 2,
and immunoprecipitated with anti-L-2Rg. The
immunoprecipitations in (B) and (C) were per-
formed simultaneously but were run on separate
gels.
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CD4* and CD8* T cells, decreased T cell
responses to mitogens and IL-2, and a
skewed T cell repertoire (21). Leu*"! is not
contained within the region deleted in the
Y.-ASH2 mutant, suggesting that Jak3
may contact residues both proximal and
distal to the y_-ASH2 deletion point. Be-
cause Jak3 was coprecipitated with Mikp1
from YT cells that had been stimulated
with IL-2, we cotransfected COS-7 cells
with IL-2RB and Jak3 and found that
MikB1 weakly but reproducibly coprecipi-
tated Jak3, indicating that IL-2ZRB-Jak3
interactions can occur even in the absence
of v, (Fig. 4C).

Our data show that Jakl and Jak3 have
differential associations with IL-2RB and
.. It has been reported that IL-2RB and
v, associate with Jakl and a 114-kD Jak2
kinase, respectively (23). No activation of
Jak1l was observed in MOLT4-B leukemia
cells (23), but Jakl was activated in nor-
mal T cells (Fig. 1A). Because of its mo-
lecular size, the 114-kD Jak2 kinase was
speculated to be a new member of the
Janus family of tyrosine kinases, although
no supportive data were presented (23).
We now show that Jak3 but not Jak2 is
activated and tyrosine-phosphorylated in
response to IL-2. The reported activation
of Jak2 was probably due to a cross-reac-
tivity of the Jak2 antiserum with human
Jak3 (Fig. 1D), because the same Jak2
antiserum can immunoblot both Jak2 and
human Jak3 when transfected into COS-7
cells, whereas our antiserum to Jak3 will
only react with Jak3 (15).

The activation of Jak3 by all cytokine
receptors that have y_ as a component is
logical, because Jak3 physically associates
with .. However, the activation of Jakl
by IL-2, IL-4, IL-7, and IL-9 suggests that
IL-4R, IL-7R, and IL-9R, like IL-2RB, all
associate with Jakl. Because the IL-15
receptor, like the IL-2 receptor, contains
IL-2RB and <y, (11), it seems likely that
IL-15 will also activate Jakl and Jak3. The
activation of Jakl and Jak3 is presumably
vital to the signals that are induced by
IL-2, IL-4, IL-7, and IL-9, but it is clear
that the distinct signals induced by differ-
ent cytokines whose receptors contain vy,
cannot be explained solely by the involve-
ment of Jakl and Jak3. Distinctive ac-
tions, such as the induction by IL-4 of
tyrosine phosphorylation of insulin recep-
tor substrate (24), may help to determine
cytokine-specific actions and may reflect
the abilities of specific receptor complexes
to recruit different substrates for Jaks or
other kinases.

The differential association of Jakl and
Jak3 with IL-2RB and v, clarifies why
heterodimerization of IL-2RB and v, is
required to transduce an IL-2 signal. The
phenotype in XSCID emphasizes the crit-
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ical role of .. Our results are consistent
with the hypothesis that Jak3 activation is
essential in the intrathymic maturation or
selection of T cells and that XSCID can
result from vy, mutations that interfere
with cytokine binding to v, or the ability
of vy, to associate with Jak3. If so, muta-
tions in Jak3 may be found in some auto-
somal recessive cases of immunodeficiency
that are phenotypically similar to XSCID
or XCID, and reagents that disrupt Jak3-y,_
association may be immunosuppressive.
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Functional Activation of Jak1 and Jak3 by
Selective Association with IL-2
Receptor Subunits

Tadaaki Miyazaki,* Atsuo Kawahara,* Hodaka Fuijii,
Yoko Nakagawa, Yasuhiro Minami, Zhao-Jun Liu, Isao Oishi,
Olli Silvennoinen, Bruce A. Witthuhn, James N. lhle,
Tadatsugu Taniguchi

The interleukin-2 receptor (IL-2R) consists of three subunits: the IL-2Rq, IL-2RB, and
IL-2Ry chains, the last of which is also used in the receptors for IL-4, IL-7, and IL-9.
Stimulation with IL-2 induces the tyrosine phosphorylation and activation of the Janus
kinases Jak1 and Jak3. Jak1 and Jak3 were found to be selectively associated with the
“serine-rich” region of IL-2RB and the carboxyl-terminal region of IL-2Ry, respectively.
Both regions were necessary for IL-2 signaling. Furthermore, Jak3-negative fibroblasts
expressing reconstituted IL-2R became responsive to IL-2 after the additional expression
of Jak3 complementary DNA. Thus, activation of Jak1 and Jak3 may be a key event in

IL-2 signaling.

IL2 plays a pivotal role in immune re-
sponses by inducing the proliferation and
differentiation of lymphocytes (1). The
IL-2RB and IL-2Rv subunits, but not the
IL-2Ra subunit, are members of the cyto-
kine receptor superfamily (2). A mem-
brane-proximal cytoplasmic region of IL-
2RB, termed the “serine-rich” region (S
region) (3), and the cytoplasmic domain
of IL-2Ry are critical for IL-2 signaling (4,
5). Mutations of IL-2Ry are also associat-
ed with X-linked severe combined immu-
nodeficiency (XSCID) (6). Although
lacking intrinsic kinase activity, IL-2R
couples ligand binding to induction of ty-
rosine phosphorylation of cellular sub-
strates, including IL-2RB and IL-2Ry (7).
IL-2R is also linked to the serine-threo-
nine kinase Raf-1 and phosphatidylinosi-
tol-3 kinase and to the hydrolysis of gly-
cosyl-phosphatidylinositol (1). IL-2RB is
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physically associated with Src-family pro-
tein tyrosine kinases (PTKs) and Syk PTK
(8, 9). Both IL-2 and IL-4 induce the
tyrosine phosphorylation and activation of
the Janus kinases Jakl and Jak3 (10, 11),
which suggests that these kinases might
also associate with IL-2R and participate
in IL-2 signaling.

To determine if Jaks associate with the
IL-2R subunits, we used CD4 chimeric
receptors that could be detected with the
same monoclonal antibody to human CD4
(anti-CD4) (Fig. 1A). Extracts of COS
cells cotransfected with each chimeric re-
ceptor complementary DNA (cDNA) and
one of the Jak cDNAs were immunopre-
cipitated with anti-CD4 and subjected ei-
ther to immunoblot analysis with antisera
to the respective Jaks (Fig. 1B) or to in
vitro kinase assay (12). Expression levels
of the respective Jaks and chimeric recep-
tors did not vary among cotransfected
COS cells (13). Both assays showed that
Jak1 could be coimmunoprecipitated with
CD4B, but not with CD4y or CD4yM1,
whereas Jak3 could be coprecipitated with
CD4vy, but not with CD4B or CD4yM1
(Fig. 1B) (12). In contrast, the association
of Jak2 with any of the CD4-IL-2R chi-
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meras was marginal (Fig. 1B) (12). Thus,
the cytoplasmic domains of IL-2RB and
IL-2Ry possess regions capable of selec-
tively associating with Jak1 and Jak3, and
additional lymphoid-specific proteins are
not required. Similar results were obtained
in the IL-3—dependent cell line BAF-BO3
that stably expresses each of the chimeric
receptor cDNAs (14).

We examined the association sites
within the respective cytoplasmic domains
of the IL-2R subunits with the respective
Jaks, using cDNAs encoding CD4 chime-
ras that contained deletions in their cyto-
plasmic B or y domains (CD4BS, CD4BA,
and CD4yM2; Fig. 1A). CD4yM1 and
CD4yM2 bear the cytoplasmic domains of
IL-2Ry with COOH-terminal truncations
of 79 and 48 amino acids, respectively.
Jakl can be detected, both by immuno-
blotting (Fig. 1C) and in vitro kinase as-
says (12), in anti-CD4 immunoprecipi-
tates from COS cells cotransfected with
the Jakl cDNA and the cDNA for CD4B
or CD4BA, but not CD4BS. A similar
analysis was done for Jak3, which could
associate with CD4y but not with
CD4yM1 or CD4yM2 (Fig. 1C) (12). Pro-
tein expression levels of the two Jaks, as
well as of the different chimeric receptors,
did not vary among the cotransfected
COS cells (13). Thus, the cytoplasmic S
region of IL-2RB is required for the asso-
ciation of IL-2RB with Jakl, whereas the
COOH-terminal 48 amino acids of IL-
2Ry are necessary for the association of
IL-2Rvy with Jak3. These two regions are
known to participate in IL-2—induced cell
proliferation (3, 5, 15). It is also worth
pointing out that the COOH-terminal re-
gion of IL-2Rvy is deleted by nonsense
mutations in many XSCID patients (6).
The utilization of IL-2Ry by a number of
receptors (16) explains the activation of
Jak3 by IL-4, IL-7, and IL-9 and predicts
the activation of Jak3 in response to IL-13
or IL-15 (17). Jakl associated with a re-
gion of IL-2RP that has structural similar-
ity with the corresponding regions of other
cytokine receptors (3, 18). A comparable
region in the erythropoietin receptor
binds Jak2 (19); hence, the membrane
proximal region can discriminate among
Jaks.

We investigated the importance of
these associations in the activation of Jaks
by IL-2. We examined whether Jaks were
activated after IL-2 stimulation in a BAF-
BO3—derived cell line, FWT-2, which ex-
presses both human IL-2RB and human
IL-2Rvy (5). Stimulation of FWT-2 cells by
IL-2 induced tyrosine phosphorylation of
endogenous Jakl and Jak3, but not of Jak2
(15). The respective anti-Jak immunopre-
cipitates were tested for kinase activity in
an in vitro kinase assay (Fig. 2A). Jakl
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