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Summary

Interleukin (I1,12) has many effects on the function of natural killer and T cells, and is important
in the control of cell-mediated immunity. IL-2 and IL-12 display many similar activities, yet
each also induces a distinct set of responses. A human IL-12 receptor subunit has recently been
cloned and, like the IL-2R and IL-2RY, is a member of the hematopoietic receptor superfamily;
however, the molecular mechanisms of IL-12 action are unknown. In this report we show that
IL-12 and IL-2 induce tyrosine phosphorylation of distinct members of the Janus (JAK) family
of protein tyrosine kinases in human T lymphocytes. IL-12, but not IL-2, stimulates the tyrosine
phosphorylation of TYK2 and JAK2, whereas JAK1 and JAK3, which are phosphorylated in
response to IL-2, are not phosphorylated after IL-12 treatment. The use of distinct but related
JAK family tyrosine kinases by IL-12 and IL-2 may provide a biochemical basis for their different

biological activities.

L-12 is a recently characterized cytokine important in the

control of cell-mediated immunity (1, 2). Produced by
monocytes, macrophages, and possibly other accessory cells
(e.g., B cells), in response to bacteria, bacterial products, or
intracellular parasites (3, 4), IL-12 has multiple effects on both
NK and T cells. Among these, IL-12 induces cytokine produc-
tion (most notably IFN-y), enhances cytotoxicity, and stimu-
lates proliferation in combination with other activators such
asIL-2 (1, 2, 5-8). The functional relationship between IL-2
and IL-12 is complex; while the two cytokines share many
biological effects, each also induces a distinct set of responses.
For example, while both IL-2 and IL-12 directly enhance cyto-
toxic activity and cellular adhesion molecule expression by
NK cells (7), only IL-2 is mitogenic when used alone (7).
Similarly, both IL-2 and IL-12 induce IFN-y gene expres-
sion and secretion by NK and T cells (6), yet only IL-12 can
promote differentiation of CD4* T cells to the Th1 pheno-
type (9).

The molecular mechanisms of IL-12 action are poorly un-
derstood. The recently cloned low-afhnity IL-12 receptor
subunit is a member of the hematopoietin receptor superfam-
ily, closely related to gp130 (10). This family also includes
the 8 and 7 subunits of the IL-2 receptor (11). Although
these receptors lack intrinsic tyrosine kinase activity, rapid
tyrosine phosphorylation of multiple cellular substrates is a

common and requisite intracellular event in their signaling
pathways (12). Recent studies have suggested that this phos-
phorylation may be mediated in large part by members of
a newly described family of cytoplasmic protein tyrosine ki-
nases (PTKs), the Janus (JAK) kinases (13, 14). To date, four
JAK family members have been identified: JAK1 (15), JAK2
(16), JAK3 (17), and TYK2 (18). Genetic complementation
experiments have demonstrated the requirement for both JAK1
and TYK2 in IFN-« signal transduction (19, 20), and for
both JAK1 and JAK2 in the IFN-y pathway (19, 21); and
biochemical studies have shown that JAK1 and JAK2 are
coupled to many of the hematopoietin receptors (22, 23).
Furthermore, we and others have recently demonstrated that
IL-2 stimulation of T and NK cells results in tyrosine phos-
phorylation of JAK1 and JAKS3, elevation of JAK3 phos-
photransferase activity, and association of JAK3 with IL-2R
(24, 25).

It was recently reported that IL-12 can induce protein tyro-
sine phosphorylation in human T cells (26); however, the
role of JAK family kinases in IL-12 signaling remains un-
known. In this study we show tyrosine phosphorylation of
multiple substrates after IL-12 stimulation of human lym-
phocytes, describe differences in the patterns of phosphoryla-
tion induced by IL-12 and IL-2, and show that while IL-2
induced phosphorylation of JAK1 and JAK3, IL-12 induced
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tyrosine phosphorylation of TYK2 and JAK2, but not JAK1
and JAK3. These data implicate TYK2 and JAK2 in the IL-

12 signaling pathway and suggest a biochemical basis for the
different functions of IL-2 and IL-12.

Materials and Methods

Reagents. Recombinant human IL-12 (sp act 4.5 x 10° U/mg)
was the generous gift of Dr. Stanley Wolf (Genetics Institute, Cam-
bridge, MA). Recombinant human IL-2 (18 x 10° IU/ml) was
kindly provided by Cetus Oncology Corporation (Emeryville, CA).
Recombinant human IFN-y (2.02 x 10’ IU/mg) was kindly
provided by Dr. H. Michael Shepard (Genetech Laboratories, San
Francisco, CA). Recombinant human IFN-a (2.4 x 10° U/mg)
was generously provided by Hoffmann-LaRoche, Inc. (Nutley, NJ).
Polyclonal rabbit antisera against JAK1, JAK2, and TYK2, and
monoclonal anti-phosphotyrosine antibody 4G10 were purchased
from Upstate Biotechnology, Inc. (Lake Placid, NY). Polyclonal
rabbit antiserum against JAK3 has been described (17).

Cell Culture and Activation. Human T cells (94 + 5% CD3")
were isolated from peripheral blood of normal healthy consenting
donors by Percoll gradient centrifugation as previously described
(27) and cultured for 3 d with 2 ug/ml PHA (Sigma Chemical
Co., St. Louis, MO). The IL-12-responsive human NK cell line
NK3.3 (28; Young, H. A., manuscript in preparation) was gener-
ously provided by Dr. J. Kornbluth (Arkansas Cancer Research
Center, Little Rock, AR) and grown in RPMI medium with 15%
FCS further supplemented with 10% Lymphocult-T (Biotest Di-
agnostics Corp., Denville, NJ) and 20 U/ml IL-2. Before stimula-
tion, cells were washed in acidified RPMI (pH 6.4) and rested for
24 h in RPMI with 2% FCS.

Immunoprecipitation and Immunoblotting.  Stimulated cells were
washed before being lysed in buffer containing 0.5% Triton X-100
as previously described (24, 29). Clarified lysates were immuno-
precipitated with anti-JAK1, -JAK2, -TYK2, or -JAK3 antisera
conjugated to protein A—coupled Sepharose beads, or with anti-
phosphotyrosine mAb conjugated to protein G—coupled Sepharose
beads. The immunoprecipitates were resolved on 8% SDS-poly-
acrylamide gels and transferred to Immobilon (Millipore Corp.,
Bedord, MA) (29).

For immunoblotting with antiphosphotyrosine, membranes were
blocked in Tris-buffered saline (TBS) containing 1% fish gelatin,
2% goat serum, 0.1% BSA, and 0.5% Tween 20 and sequentially
incubated with antiphosphotyrosine antibody, biotinylated goat
anti-mouse IgG (Oncogene Science, Inc., Cambridge, MA), and
horseradish peraxidase—conjugated streptavidin (Oncogene Science,
Inc.). Detection was performed by use of enhanced chemilumines-
cence (ECL; Amersham, Arlington Heights, IL).

For immunoblotting with antibodies to JAK family kinases,
membranes were blocked in TBS containing 0.1% Tween and 5%
nonfat dried milk, incubated sequentially with primary antibody
and horseradish peroxidase—conjugated goat anti-rabbit IgG (Boch-
ringer Mannheim, Indianapolis, IN), and detected with ECL. When

a membrane was reprobed, it was first treated with 15% H,O..

Results

IL-12, but not IL-2, Induces Tyrosine Phosphorylation of the
JAK Family Kinases TYK2 and JAK2 in Human T Cells.  IL-
12 and IL-2 have similar yet distinct biological effects on human

T and NK cells. To investigate the biochemical events in-

duced in human T cells by stimulation with IL-12 or IL-2,
lysates were immunoprecipitated with antibody to phos-
photyrosine and analyzed by antiphosphotyrosine immuno-
blotting. As shown in Fig. 1, stimulation with IL-12 (lanes
2-5) caused increased tyrosine phosphorylation of a number
of substrates compared with untreated control cells (lane 1).
These substrates were each phosphorylated with similar ki-
netics: maximal phosphorylation was observed within 5 min,
and this was maintained for 30 min of stimulation. While
many proteins phosphorylated in response to IL-12 were also
phosphorylated in response to IL-2 (Fig. 1, lane 6), differ-
ences were observed in the tyrosine phosphorylation of pro-
teins with apparent molecular masses of 120-140 kD. One
of the most prominent substrates, a phosphoprotein of ~135
kD that was not detectable by antiphosphotyrosine immu-
noblotting in unstimulated cells, became strongly phos-
phorylated after stimulation with IL-12, but not IL-2.
The JAK family of cytoplasmic PTKs, which have been
implicated in signaling by the hematopoietin family of
receptors, have molecular masses between 120 and 140 kD.
Moreover, we recently have shown that IL-2 causes tyrosine
phosphorylation of JAK3 and JAK1 (24). We therefore sought
to establish whether JAK family proteins were also phos-
phorylated in response to IL-12. Since the 135-kD substrate
was of the approximate molecular mass of TYK2, the anti-
phosphotyrosine immunoprecipitates shown in Fig. 1 were
reprobed with antiserum to TYK2 (Fig. 2 A). A single
band corresponding to the 135-kD phosphoprotein was de-
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Figure 1. IL-12 and II-2 induce distinct patterns of tyrosine phosphory-
lation in human T cells. PHA-activated human T cells (2 x 107) were
incubated for the indicated times in medium alone (lane 1), with 100 U/ml
11-12 (lanes 2-5), or with 1,000 U/ml IL-2 (lane 6) and lysates immuno-
precipitated with antiphosphotyrosine mAb. The immunoprecipitates were
resolved by SDS-PAGE and analyzed by antiphosphotyrosine immuno-
blotting.
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Figure 2. 1112 induces phosphorylation of JAK family kinases JAK2 and TYK2. (A) AntiTYK2 immunoblotting: the blot of antiphosphotyrosine
precipitates from IL-12- (lanes 2-5) and II-2- (lane 6) activated T cells shown in Fig. 1 was reprobed with antiserum to TYKZ2. (B) Antiphosphotyrosine
immunoblotting of antiTYK2 immunoprecipitates: PHA-activated human T cells (2 x 107) were incubated for 15 min in medium alone (lane 1),
with 100 U/ml 1112 (lane 2), or with 1,000 U/ml IFN-« (lane J), and lysates immunoprecipitated with anti-TYK2 antiserum. The immunoprecipitates
were resolved by SDS-PAGE and analyzed by antiphosphotyrosine immunoblotting. (C) Antiphosphotyrosine immunoblotting of anti-JAK2 immunoprecipi-
tates: PHA-activated human T cells (2 x 107) were incubated for 15 min in medium alone (lane 1), with 100 U/ml 1112 (lane 2), with 1,000 U/ml
IEN-a (lane 3), or with 1,000 U/ml IL-2 (lanes 4 and 5). Lysates were precleared with a control antiserum (lanes 1-3 and 5) or with antiserum to
JAK3 (lane 4) and then immunoprecipitated with antiserum to JAK2. The immunoprecipitates were resolved by SDS-PAGE and analyzed by antiphosphotyro-
sine immunoblotting. (D) Anti-JAK2 immunoblotting of antiphosphotyrosine immunoprecipitates: the blot of antiphosphotyrosine precipitates from
1-12- (lanes 2-5) and IL-2- (lane 6) activated T cells shown in Fig. 1 was reprobed with antiserum to JAK2.

tected only in antiphosphotyrosine immunoprecipitates from
cells stimulated with IL-12 (Fig. 2 A, lanes 2-5) and not
from unstimulated cells (lane 1) or cells stimulated with
IL-2 (lane 6).

To further confirm the 135-kD phosphoprotein as TYK2,
the converse approach was used. Lysates of unstimulated or
cytokine-stimulated T cells were immunoprecipitated with
antibody against TYK2 followed by antiphosphotyrosine im-
munoblotting. As shown in Fig. 2 B, TYK2 kinase from
IL-12-stimulated T cells (lane 2) was phosphorylated on tyro-
sine residues, whereas that from unstimulated cells (lane 1)
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was not. In agreement with previous reports (19, 30), tyro-
sine phosphorylation of TYK2 was also observed in these
cells in response to IFN-« (Fig. 2 B, lane 3). However, con-
sistent with our previous findings (24) and with the data
presented in Fig. 2 A, TYK2 immunoprecipitated from IL-
2-stimulated T cells was not tyrosine phosphorylated (data
not shown).

Several cytokines (including IL-2, IL-6, IFN-c, and IFN-y)
have been shown to be linked to more than one JAK family
kinase in the same cell (19, 22, 24). We thus examined whether
other JAK family kinases were phosphorylated in T cells in
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response to IL-12. As shown in Fig. 2 C, the 130-kD JAK2
kinase was tyrosine phosphorylated in immunoprecipitates
from IL-12-treated cells (lane 2) but not from unstimulated
cells (lane 7). IFN-vy similarly induced tyrosine phosphory-
lation of JAK2 (lane 3). The response to IL-2 is more com-
plicated as the commercial anti-JAK2 antiserum cross-reacts
with JAK3. Nevertheless, the two kinases can be distinguished
by their molecular weights (25). Immunoprecipitation of ly-
sates from IL-2-stimulated cells with this antiserum thus re-
vealed a tyrosine phosphoprotein of 125-kD, JAK3, but
showed no phosphorylation of JAK2 itself (Fig. 2 C, lane
5). Preclearing of lysate from IL-2-treated cells with antiserum
to JAK3 before immunoprecipitation with anti-JAK2
confirmed the identity of the 125-kD band as JAK3 and not
JAK2 (lane 4).

To verify that the 130-kD protein phosphorylated in re-
sponse to IL-12 (Fig. 1) was JAK2, the same blot shown in
this figure was stripped a second time and reprobed with an-
tiserum to JAK2 (Fig. 2 D). A single band migrating exactly
with the 130-kD protein was detected in the antiphosphotyro-
sine immunoprecipitates from IL-12-activated cells (Fig. 2
D, lanes 2-5) but not from unstimulated cells (lane 1) or IL-
2-stimulated cells (lane 6), confirming that this protein is
indeed JAK2. Again, a 125-kD band was detected in an-
tiphosphotyrosine immunoprecipitates from IL-2-stimulated
cells (Fig. 2 D, lane 6) representing cross-reactive phos-
phorylated JAK3 protein as discussed above. These data indi-
cate that IL-12, but not IL-2, is able to induce rapid tyrosine
phosphorylation of the Janus family PTKs, TYK2 and JAK2.

In Contrast to IL-2, IL-12 Does Not Induce Tyrosine Phos-
phorylation of the JAK Family Kinases JAK3 and JAK1 in Human
T Cells. 'We recently have reported that IL-2 stimulates tyro-
sine phosphorylation of the 125-kD JAK family kinase JAK3
and the 130-kD JAK1 (24). We therefore investigated directly
whether IL-12 would stimulate tyrosine phosphorylation of
these kinases. Inmunoprecipitation with polyclonal antiserum
against JAK3, followed by antiphosphotyrosine blotting,
confirmed that this kinase was phosphorylated on tyrosine
in response to IL-2 (Fig. 3 A, lane 2) but clearly not in re-
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Figure 4. IL-12 induces phosphorylation of TYK2 and JAK2 in the
NK3.3 cell line. NK3.3 cells (107) were incubated for 15 min in medium
alone (lanes 1 and 3) or with 100 U/ml IL-12 (lanes 2 and 4). Lysates were
immunoprecipitated with antiserum to either TYK2 (lanes ! and 2) or
JAK2 (lanes 3 and 4). Immunoprecipitates were resolved by SDS-PAGE
and analyzed by antiphosphotyrosine immunablotting.

sponse to IL-12 (lane 3). Similarly, antiphosphotyrosine im-
munoblotting of JAK1 immunoprecipitates showed that tyro-
sine phosphorylation of JAK1 was enhanced by stimulation
of T cells with IL-2 (Fig. 3 B, lane 2) but not by IL-12 (lane 3).

IL-12 Induces Tyrosine Phosphorylation of TYK2 and JAK2
in the Human NK Cell Line NK3.3. Individual cytokines
might induce phosphorylation of different JAK family ki-
nases in different cell types (22). Because IL-12 has potent
effects on NK cells, we investigated the phosphorylation of
TYK2 and JAK?2 after IL-12 stimulation of the human NK
cell line NK3.3. Lysates of unstimulated or IL-12-stimulated
NK3.3 cells were immunoprecipitated with antisera against
JAK2 or TYK2.and immunoblotted with antiphosphotyro-
sine. Fig. 4 shows that in NK3.3 cells, like T cells, IL-12
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69 — 69 — duis JIB B phorylation of JAK1 and JAK3. PHA-activated human
T cells (2 x 107) were incubated for 15 min in
medium alone (lanes 1), with 1,000 U/ml IL-2 (lanes
= ! ! - - 2), or with 100 U/ml I1-12 (lanes 3). Lysates were im-
46 — 46 — munoprecipitated with antiserum to either JAK3 (A4)
or JAK1 (B). Immunoprecipitates were resolved by
SDS-PAGE and analyzed by antiphosphotyrosine im-
1 2 3 1 2 3 munoblotting.
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treatment leads to tyrosine phosphorylation of both TYK2
(lanes 1 and 2) and JAK2 (lanes 3 and 4). Since NK3.3 cells
are routinely cultured in the presence of IL-2, and thus ex-
hibit background levels of JAK3 phosphorylation, phos-
phorylated JAK3 was immunoprecipitated in these experi-
ments by the cross-reactive JAK2 antiserum. JAK3, however,
migrated slightly faster than JAK2, and its phosphorylation
was clearly not altered by IL-12 treatment of the cells. Stim-
ulation of NK3.3 cells by IL-2 was unable to induce tyrosine
phosphorylation of TYK2 or JAK2 (data not shown). Addi-
tionally, IL-2 stimulation of NK3.3 cells led to tyrosine phos-
phorylation of JAK1 and JAK3, whereas stimulation with
IL-12 did not (data not shown) (24).

Discussion

In this report, we demonstrate that IL-12 stimulation of
human lymphocytes results in the rapid tyrosine phosphory-
lation of a number of cellular substrates, including the JAK
family kinases TYK2 and JAK2. In contrast, we show that
IL-2 induces tyrosine phosphorylation of the kinases JAK1
and JAK3 but not TYK2 or JAK2.

Accumulating evidence supports a model of cytokine sig-
naling whereby ligand binding induces homo- or heterodimeri-
zation of receptor chains, leading to the formation of a mul-
tiprotein signaling complex in which receptor-associated JAK
kinases are tyrosine phosphorylated and activated (13, 31).
Our finding that IL-12 treatment of human lymphocytes leads
to rapid tyrosine phosphorylation of TYK2 and JAK2 im-
plicates these kinases in the immediate intracellular response
to IL-12. Both TYK2 and JAK2 have been shown to be in-
volved in the signal transduction pathways of other cytokine
receptors, including the IFN (20, 21), IL-6 (22), and IL-3/IL-
5/GM-CSF (23, 32) cytokine families. However, in contrast
to their apparently promiscuous use by many cytokines, the

tyrosine phosphorylation of both JAK2 and TYK2 by a single
cytokine in multiple cell types thus far is unique to IL-12.
Perhaps the combinatorial use of JAKs is one means that
different receptors use to achieve specificity in signaling. It
will be important to determine the relative requirements for
TYK2 and JAK2 in IL-12 signaling.

As described above, while IL-12 and IL-2 have many similar
functions, each also induces a variety of distinct response (5-8).
The molecular basis for such functional redundancy and
specificity between cytokines is unclear. IL-12 and IL-2 cause
tyrosine phosphorylation of related but distinct JAK kinases,
the substrate specificities of which have not yet been deter-
mined. However, since these kinases are highly homologous
(16), it is likely that some cell-signaling proteins will be sub-
strates for all JAKSs, while others will be phosphorylated only
by certain family members. The similar biological functions
of IL-2 and IL-12 might result from activation of common
signaling pathways, while specific effects might be produced
by stimulation of unique pathways by the distinct combina-
tion of JAKs used by each cytokine. The ability of different
cytokine receptor chains to bind cell signaling proteins and
recruit them to a functional receptor-signaling complex where
they may serve as substrates for JAK family kinases is also
likely to be important in determining specificity of response
from receptors that share signaling components.

A likely set of substrates for the JAKs is the family of la-
tent cytoplasmic transcription factors termed STATS (signal
transducers and activators of transcription) (31). Ligand
binding to many cytokine receptors (such as gp130 and the
IFN receptors) induces tyrosine phosphorylation of STAT
family members that subsequently translocate to the nucleus,
bind to related DNA sequences, and promote transcription
(13, 31). It will be interesting to determine whether IL-12
and IL-2 differentially regulate unique or known STAT family

members.

We would like to thank William Bere and Anna Mason for expert technical assistance, Dr. Stanley Wolf
for providing IL-12, Drs. Howard Young and Scott Durum for critically reviewing this manuscript, and

Joyce Vincent for editorial assistance.

C. M. Bacon receives a Ph.D. research grant from the University of Sheffield and received the 1993-1994
U.S.-UK Education Commission (Fulbright Commission) Cancer Studentship. C. M. Bacon and R. C.
Rees are supported by the Yorkshire Cancer Research Campaign.

The contents of this paper do not necessarily reflect the views and policies of the Department of Health
and Human Services, nor does mention of trade names, commercial products, or organizations imply
endorsement by the U.S. Government.

Address correspondence to James A. Johnston, LCBS, NIAMS, Building 10, Room 9N262, Bethesda,
MD 20892. Present address of C. M. Bacon, J. J. O'Shea, and J. A. Johnston is Lymphocyte Cell Biology
Section, Arthritis and Rheumatism Branch, National Institute of Arthritis and Musculoskeletal and Skin

Diseases, Bethesda, MD 20892.

Received for publication 22 July 1994 and in revised form 13 September 1994.

References

1. Brunda, M J. 1994, Interleukin-12. J. Leukoc. Biol. 55:280-288.
2. Chehimi, J., and G. Trinchieri. 1994. Interleukin-12: a bridge
between innate resistance and adaptive immunity with a role

Brief Definitive Report

403 Bacon et al.

in infection and acquired immunodeficiency. J. Clin. Immunol.
14:149-161.
3. D’Andrea, A.D., M. Rengaraju, N.M. Valiante, J. Chehimi,

¥20z IMdy Gz uo 1senb Aq Jpd 66€/0.29.91/66€/1/181/3pd-a0me/wal/B10 ssaidn.//:dpy woy pepeojumoq



10.

11.

12.

13.

14.

15.

16.

17.

M. Kubin, M. Aste, S.H. Chan, M. Kobayashi, D. Young,
E. Nickbarg, et al. 1992. Production of natural killer cell
stimulatory factor (interleukin 12) by peripheral blood
mononuclear cells. J. Exp. Med. 176:1387-1398.

. Gazzinelli, RT, S. Hieny, T. Wynn, S. Wolf, and A. Sher.

1993. Interleukin-12 is required for the induction of interferon
v by an intracellular parasite and induces resistance in
T-cell-deficient hosts. Proc. Natl. Acad. Sci. USA. 90:6115-6119.

. Naume, B., A.-C. Johnson, T. Espevik, and A. Sundan. 1993.

Gene expression and secretion of cytokines and cytokine
receptors from highly purified CD56* natural killer cells
stimulated with interleukin-2, interleukin-7 and interleukin-
12. Eur. J. Immunol. 23:1831-1838.

. Chan, S.H., B. Perussia, ] W. Gupta, M. Kobayashi, M. Pospfsil,

H.A. Young, S.F. Wolf, D. Young, S.C. Clark, and G. Trin-
chieri. 1991. Induction of interferon <y production by natural
killer cell stimulatory factor: characterization of the responder
cells and synergy with other inducers. J. Exp Med. 173:869-879.

. Robertson, M.J., RJ. Soiffer, S.F. Wolf, T.J. Manley, C.

Donahue, D. Young, S.H. Hermann, and J. Ritz. 1992. Re-
sponse of human natural killer (NK) cells to NK cell stimula-
tory factor (NKSF): cytolytic activity and proliferation of NK
cells are differentially regulated by NKSF. J. Exp Med.
175:779-788.

. Perussia, B., S.H. Chan, A. D’Andrea, K. Tsuji, D. Santoli,

M. Pospisil, D. Young, S.F. Wolf, and G. Trinchieri. 1992. Nat-
ural killer (NK) cell stimulatory factor or IL-12 has differential
effects on the proliferation of TCR-a8*, TCR-y8* T lym-
phocytes and NK cells. J. Immunol. 149:3495-3502.

. Hsieh, C.-S., S.E. Macatonia, C.S. Tripp, S.F. Wolf, A. O’Garra,

and K.M. Murphy. 1993. Development of Tyl CD4* T cells
through II-12 produced by Listeria-induced macrophages. Science
(Wash. DC). 260:547-549.

Chua, A.O., R. Chizzonite, B.P. Desai, T.P. Truitt, P. Nunes,
L.J. Minetti, R.R. Warrier, D.H. Presky, J.F. Levine, M.K.
Gately, et al. 1994, Expression cloning of a human IL-12 receptor
component: a new member of the cytokine receptor superfam-
ily with strong homology to gp130. J. Immunol. 153:128-136.
Cosman, D. 1993. The hematopoietin receptor superfamily.
Cytokine. 5:95-106.

Miyajima, A., T. Kitamura, N. Harada, T. Yokota, and K.
Arai. 1992. Cytokine receptors and signal transduction. Annu.
Rev. Immunol. 10:295-331.

Ihle, J.N., B.A. Witthuhn, EW. Quelle, K. Yamamoto, W.E.
Theirfelder, B. Kreider, and O. Silvennoinen. 1994. Signaling
by the cytokine receptor superfamily: JAKs and STATS. Trends
Biochem. Sci. 19:222-227.

Ziemecki, A., A.G. Harpur, and A.F. Wilks. 1994. JAK pro-
tein tyrosine kinases: their role in cytokine signaling. Trends
Cell Biol. 4:207-212.

Wilks, A.F., AG. Harpur, R.R. Kurban, S.J. Ralph, G.
Ziircher, and A. Ziemiecki. 1991. Two novel protein-tyrosine
kinases, each with a second phosphotransferase-related cata-
lytic domain-define a new class of protein kinase. Mol. Cell.
Biol. 11:2057-2065.

Harpur, AG., A.-C. Andres, A. Ziemiecki, R.R. Aston, and
A.F. Wilks. 1992. JAK2, a third member of the JAK family
of protein tyrosine kinases. Oncogene. 7:1347-1353.
Kawamura, M., DW. MdVicar, J.A. Johnston, T.B. Blake, YQ.
Chen, BK. Lal, A.R. Lloyd, DJ. Kelvin, J.E. Staples, J.R.
Ortaldo, et al. 1994. Molecular cloning of IJAK, a Janus family

protein-tyrosine kinase expressed in natural killer cells and ac-

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

tivated leukocytes. Proc. Natl. Acad. Sci. USA. 91:6374-6378.
Firmbach-Kraft, I., M. Byers, T. Shows, R. Dalla-Favera, and
J.J. Krolewski. 1990. Tyk2, prototype of a novel class of non-
receptor tyrosine kinase gene. Oncogene. 5:1329-1336.
Miiller, M., J. Briscoe, C. Laxton, D. Guschin, and A. Zie-
miecki, O. Silvennoinen, A.G. Hatpur, G. Barbieri, B.A. Wit-
thuhn, C. Schindler, et al. 1993. The protein tyrosine kinase
JAK1 complements defects in interferon-a/8 and -y signal
transduction. Nature (Lond.). 366:129-135.

Velazquez, L., M. Fellous, G.R. Stark, and S. Pellegrini. 1992,
A protein tyrosine kinase in the interferon a/f signaling
pathway. Cell. 70:313-322.

Wiatling, D., D. Guschin, M. Miiller, O. Silvennoinen, B.A.
Witthuhn, EW. Quelle, N.C. Rogers, C. Schindler, G.R. Stark,
J-N. Thle, et al. 1993. Complementation by the protein tyrosine
kinase JAK2 of a mutant cell line defective in the interferon-y
signal transduction pathway. Nature (Lond.). 366:166-170.
Stahl, N., TG. Boulton, T. Farruggella, N.Y. Ip, S. Davis, B.A.
Witthuhn, EW. Quelle, O. Silvennoinen, G. Barbieri, S. Pel-
ligrini, et al. 1994. Association and activation of JAK-Tyk ki-
nases by CNTE-LIF-OSM-II-6 8 receptor components. Science
(Wash. DC). 263:92-95.

Quelle, EW., N. Sato, B.A. Witthuhn, R.C. Inhom, M. Eder,
A. Miyajima, ].D. Griffin, and J.N. Ihle. 1994. JAK2 associates
with the B chain of the receptor for granulocyte-macrophage
colony stimulating factor, and its activation requires the
membrane-proximal region. Mol. Cell. Biol. 14:4335-4341.
Johnston, J.A., M. Kawamura, R.A. Kirken, Y.Q. Chen, T.B.
Blake, K. Shibuya, J.R. Ortaldo, DW. McVicar, and J.J. O’Shea.
1994, Phosphorylation and activation of the JAK3 Janus ki-
nase in response to IL-2. Nature (Lond.). 370:151-153.
Witthuhn, B.A., O. Silvennoinen, O. Miura, K.S. Lai, C.
Cwik, ET. Liu, and L.N. IThle. 1994. Involvement of the JAK-3
Janus kinase in signalling by interleukins 2 and 4 in lymphoid
and myeloid cells. Nature (Lond.). 370:153-157.

Pignata, C., J.S. Sanghera, L. Cossette, S.L. Pelech, and J. Ritz.
1994. Interleukin-12 induces tyrosine phosphorylation and ac-
tivation of 44-kD mitogen-activated protein kinase in human
T cells. Blood. 83:184-190.

Ortaldo, J.R., A. Mason, and R. Overton. 1986. Lymphokine-
activated killer cells: analysis of progenitors and effectors. J.
Exp. Med. 164:1193-1205.

Kornbluth, J., N. Flomenberg, and B. Dupont. 1982. Cell sur-
face phenotype of a cloned line of human natural killer cells.
J. Immunol. 129:2831-2837.

O’Shea, J.J., DW. MdcVicar, D.B. Kuhns, and J.R. Ortaldo.
1992. A role for protein tyrosine kinase activity in natural cy-
totoxicity as well as antibody-dependent cellular cytotoxicity.
J. Immunol. 148:2497-2502.

Colomonici, O.R., H. Uyttendaele, P. Domanski, H. Yan,
and J.J. Krolewski. 1994. p135%*%, an interferon-c—activated
tyrosine kinase, is physically associated with an interferon-ov
receptor. J. Biol. Chem. 269:3518-3522.

Darnell, J.E., LM. Kerr, and G.R. Stark. 1994. Jak-STAT
pathways and transcriptional activation in response to IFNs
and other extracellular signaling proteins. Science (Wash. DC).
264:1415-1420.

Silvennoinen, O., B.A. Witthuhn, EW. Quelle, J.L. Cleve-
land, T. Yi, and J.N. Ihle. 1993. Structure of the murine Jak2
protein-tyrosine kinase and its role in interleukin 3 signal trans-
duction. Proc. Natl. Acad. Sci. USA. 90:8429-8433.

404 Phosphorylation of JAK2 and TYK2 by IL-12

20z Iudy GZ uo 3senb Aq 4pd-66€/0.29.91/66€/1/181APd-8lome/Wwal/Bi10"ssaidnl//:dny woy pepeojumoq



