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Aberrant activation of the JAK-STAT pathway has been implicated in tumor formation; for example, con-
stitutive activation of JAK2 kinase or the enforced expression of STAT5 induces leukemia in mice. We show 
here that the Janus kinase TYK2 serves an opposite function. Mice deficient in TYK2 developed Abelson-
induced B lymphoid leukemia/lymphoma as well as TEL-JAK2–induced T lymphoid leukemia with a higher 
incidence and shortened latency compared with WT controls. The cell-autonomous properties of Abelson 
murine leukemia virus–transformed (A-MuLV–transformed) TYK2–/– cells were unaltered, but the high 
susceptibility of TYK2–/– mice resulted from an impaired tumor surveillance, and accordingly, TYK2–/–  
A-MuLV–induced lymphomas were easily rejected after transplantation into WT hosts. The increased rate 
of leukemia/lymphoma formation was linked to a decreased in vitro cytotoxic capacity of TYK2–/– NK and 
NKT cells toward tumor-derived cells. RAG2/TYK2 double-knockout mice succumbed to A-MuLV–induced 
leukemia/lymphoma faster than RAG2–/–TYK2+/– mice. This defines NK cells as key players in tumor sur-
veillance in Abelson-induced malignancies. Our observations provide compelling evidence that TYK2 is an 
important regulator of lymphoid tumor surveillance.

Introduction
The JAK-STAT pathway regulates cell proliferation, differen-
tiation, and survival in hematopoietic cells (1, 2). Binding of a 
cytokine to its cognate receptor activates receptor-associated JAKs 
which in turn mediate the subsequent tyrosine phosphorylation 
of STAT proteins. Phosphorylated STAT proteins form dimers, 
translocate to the nucleus, and bind to specific DNA elements to 
induce or modulate expression of target genes. Gene knockout 
studies in mice underlined the vital role of the JAK-STAT pathway 
for hematopoiesis and other developmental processes (3).

Recent interest had focused on the role of the JAK-STAT path-
way in tumor formation. Aberrant activation of JAK-STAT signal-
ing had been shown in multiple solid tumors and leukemia (4–9). 
In particular, STAT3 and STAT5 have drawn much attention; both 
transcription factors display oncogenic properties when expressed 
ectopically. A constitutively active mutant of STAT3 was shown to 
transform rat fibroblasts (10), and the enforced expression of WT 
STAT5 in the lymphoid lineage induced T cell leukemia in mice (11). 
In addition, JAK1 has been implicated in transformation by the v-abl 
as well as by the v-src oncogene (12, 13), and constitutive activation 
of JAK2 as in the TEL-JAK2 oncogene suffices to induce leukemia 
in mice and humans (14, 15). On the other hand, JAK1 was shown 
to be a tumor suppressor downstream of IFN-γ in a B lymphoid 
tumor model (16). A role as tumor suppressor downstream of IFN-γ  
has also been attributed to STAT1 (17–21). STAT1–/– mice have 
been repeatedly used to study the role of IFN-γ in tumorigenesis 

and tumor surveillance (18, 19). Recent evidence also proposed that 
STAT1 acted as a tumor suppressor by modulating apoptosis (22).

TYK2 has been initially defined as a mediator of IFN-α/β sign-
aling (23). TYK2 is also activated in response to several cytokines, 
including IL-6, IL-10, IL-12, and IL-13 (24). Studies with knock-
out mice have confirmed the essential role of TYK2 in host 
defense: TYK2-deficient mice are viable and fertile and show no 
obvious phenotype unless they are challenged with an excessive 
virus load (25, 26). Lack of TYK2 impaired type I IFN and IL-12 
signaling but, unexpectedly, also some aspects of IFN-γ signal-
ing. In addition, TYK2 deficiency led to resistance against LPS-
induced endotoxin shock (27).

Based on the available evidence, it is difficult to predict a role for 
TYK2 in tumor formation. To explore the function of TYK2 in the 
formation of B lymphoid leukemia, we used the Abelson-induced 
tumor model. The single exposure to the Abelson murine leuke-
mia virus (A-MuLV) induces a slowly evolving B lymphoid leuke-
mia/lymphoma that mimics multistep tumorigenesis (28). The 
v-abl gene is a hybrid of the viral gag gene fused with a sequence 
derived from the endogenous c-abl gene and encodes a nonreceptor 
nuclear tyrosine kinase (29). In people, abl is activated by a chro-
mosomal translocation (9;22) that results in the so-called Phila-
delphia chromosome. The resulting fusion protein, bcr-abl, has 
constitutive kinase activity and is associated with chronic myeloid 
leukemia and acute lymphoid leukemia (30, 31).

Our study shows that TYK2–/– mice are tumor prone and links 
the increased tumor susceptibility to tumor surveillance. We there-
by define TYK2 as a key molecule in B lymphoid malignancy.

Results
Increased frequency of Abelson-induced B cell leukemia/lymphoma in 
TYK2–/– mice. We were interested in whether deletion of TYK2 would 
modulate the onset and outcome of lymphoid malignancies. Infec-
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tion of newborn mice with a replication-deficient, ecotropic form 
of A-MuLV results in onset of a B lymphoid leukemia/lymphoma. 
Whereas 100% of TYK2–/– animals died of leukemia/lymphoma 
within 10 weeks, 30% of the heterozygous littermates survived the 
oncogenic challenge for more than 6 months; a log rank test con-
firmed the significance of this difference (P = 0.0036) (Figure 1A). 
The phenotype of the disease in TYK2+/– and TYK2–/– mice was com-
parable: all diseased mice had elevated white blood cell counts con-
sisting of CD19+CD43+ cells, which also infiltrated spleen and liver 
(Figure 1, B–D). It is worth pointing out that the white blood cell 
counts in TYK2–/– mice were significantly higher than those found 
in the diseased control animals (37 × 103 cells per microliter versus 
19 × 103 cells per microliter in TYK2–/– and control animals, respec-
tively; P = 0.005). In contrast, the enlargement of spleen, liver, and 
lymph nodes was comparable in TYK2+/– and TYK2–/– diseased mice. 
Histological sections revealed a comparable infiltration of leukemic 
cells in the liver and a pronounced extramedullary hematopoiesis in 
the spleen in both TYK2+/– and TYK2–/– animals (Figure 1D).

Equal numbers of pro-B cells in TYK2–/– mice. To investigate whether 
the altered incidence of disease is caused by variable numbers of 
susceptible target cells for the Abelson oncogene in vivo, we ana-
lyzed the numbers of pro-B cells in the bone marrow of TYK2–/– 
mice. Bone marrow of 10 age-matched TYK2 knockout mice and 
10 controls was analyzed by FACS. The numbers of CD19+CD43+ 
B cell precursors were comparable in both mouse strains (n = 18; 
19.3% ± 6.5% and 21.5% ± 4.3% in WT and TYK2–/– mice, respec-
tively). One representative example is depicted in Figure 2A. Total 
cellularity of the bone marrow varied depending on the age of 
the mice but was comparable in age-matched mice of either geno-
type. Alternatively, a higher proliferation rate of TYK2–/– pro-B 
cells might increase viral infection rates. To address this issue, 
pro-B cells were enriched to 85% purity by cultivation of bone 
marrow of TYK2+/– and TYK2–/– mice for 7 days in IL-7. The cells 
thus enriched were subjected to a [3H]thymidine incorporation 
assay (Figure 2B). No differences were observed in the prolifera-
tive response of TYK2+/– and TYK2–/– B lymphoid precursor cells. 
Hence, we can rule out that the higher incidence of leukemia in 
TYK2–/– mice is related to an elevated number or an increased 
growth rate of pro-B cells.

In vitro transformation assays and tumor cell injections in nude mice. The 
increased incidence, decreased latency, and increased aggressiveness 
of Abelson-induced tumors in TYK2–/– mice may also be explained by 
an increased transformation rate in TYK2–/– B lymphoid cells com-
pared with WT cells. To explore this possibility, in vitro transforma-
tion assays were performed. Loss of TYK2 did not affect the number 
of A-MuLV–transformed growth factor–independent colonies. If 
there was a difference at all there were even fewer colonies derived 
from TYK2–/– mice (Figure 2C). The colonies did not differ in size, 
which would have indicated that the cells had an accelerated growth 
rate. Immunophenotyping of the cells within the colonies identi-
fied them as CD19+B220+ B lineage cells (data not shown). Similarly,  
IL-7–dependent colony formation of the infected cells was unaltered 
in TYK2–/– mice, which indicates that growth factor–dependent pro-
liferation of the transformed cells was also unchanged (Figure 2D).

In addition, the lack of TYK2 did not alter the activation status of 
the downstream STAT transcription factors in the leukemic cells. 
We found a consistent activation of STAT1, STAT3, and STAT5 in 
primary tumor samples (Figure 2E and data not shown).

A cell-autonomous effect of TYK2 deficiency is also unlikely in 
view of the fact that equal numbers of cell lines with comparable 
growth characteristics grew out of transformed bone marrow 
preparations (data not shown). Additional proof was obtained by 
injection of TYK2–/– and TYK2+/– transformed cell lines into nude 
mice, either s.c. or into the tail vein to mimic the leukemic situa-
tion. In this experimental setting the tumor cells are confronted 
with the same conditions, namely a reduced tumor surveillance 
system mainly consisting of NK cells from the host nude mice.

Three individually in vitro–derived TYK2+/– and TYK2–/– cell lines 
were injected s.c. This resulted in tumor formation with equal laten-
cy and tumor weight in all nude mice (n = 12 for each genotype; 
weight, 0.48 ± 0.11 g and 0.43 ± 0.046 g for TYK2+/– and TYK2–/–  
mice, respectively). A-MuLV–infected IFN-γ–/– cell lines and their 
corresponding WT cell lines were used as control for the experi-
mental setting. As previously described (16) v-abl–transformed 
IFN-γ–/– cells gave rise to significantly larger tumors (2.1 ± 0.47 g 
and 0.59 ± 0.31 g for IFN-γ–/– cells and IFN-γ+/+ cells, respectively), 
underlining that the role of TYK2 and IFN-γ in Abelson-induced 
tumor formation cannot be superimposed.

Figure 1
Effect of in vivo oncogenic challenge with the Abelson oncogene. (A) Kaplan-Meier plot of TYK2+/– and TYK2–/– mice after injection of a rep-
lication-incompetent A-MuLV retrovirus (n = 20 for each group). All 20 TYK2–/– mice died of leukemia/lymphoma within 10 weeks, whereas 6 
TYK2+/– mice remained disease free for more than 6 months. (B) White blood cell count of the diseased TYK2+/– and TYK2–/– animals (n = 8 for 
TYK2–/– and n = 15 for TYK2+/–). (C) H&E-stained blood smears of TYK2+/– and TYK2–/– mice (magnification, ×200). Typical examples of each 
genotype are shown. (D) H&E-stained histological sections (magnification, ×200) of liver (upper panels) and spleen (lower panels) of TYK2+/– and 
TYK2–/– animals. One representative example is depicted.



research article

1652 The Journal of Clinical Investigation   http://www.jci.org   Volume 114   Number 11   December 2004

Similarly, injection of tumor cells via the tail vein led to a leu-
kemic phenotype in nude mice within 4 weeks. The latency of the 
disease was identical irrespective of whether TYK2–/– or TYK2+/– 
cells had been injected (Figure 3A). The spleen weight (Figure 
3B) and the infiltration of leukemic cells in the bone marrow 
(Figure 3C) were comparable. White blood cell counts were 
elevated to the same range, and the leukemic cells did not dif-
fer morphologically or in their surface markers (CD43+CD19+) 
(data not shown). Hence, transformed TYK2–/– and WT cells 
have a virtually identical malignant phenotype when injected 
into nude mice.

TYK2 is essential for the evolutionary sculpting of transformed B lym-
phoid cells. Taken together, these experiments ruled out that a 
cell-autonomous effect of TYK2 deficiency is responsible for the 
enhanced susceptibility of TYK2–/– mice to the leukemic challenge. 
We next asked whether tumor surveillance was impaired in TYK2–/–  
mice. A reduced tumor surveillance results in an impaired evolu-
tionary pressure on the tumor which may be analyzed by experi-
ments using transplantation into syngeneic immunocompetent 
hosts (19). Tumor cells that have not been under the pressure of 
a functional immune system will be recognized and rejected more 
easily by an immunocompetent host.

Transplantation experiments were performed, and the results 
are listed in Table 1. Each tumor-derived cell suspension was 
injected into 2 recipient mice. The injected cell lines did not dif-
fer in their proliferative capacity or viability. Cell viability was 
routinely checked upon injection of the cells. Cell proliferation 
was analyzed by [3H]thymidine incorporation in 4 individual 
TYK2+/– and TYK2–/– tumor-derived cell preparations at the time 
point of injection and was found to be comparable (179 × 103 ± 
47 × 103 cpm versus 191 × 103 ± 87 × 103 cpm for TYK2+/– versus 
TYK2–/– tumor cells, respectively). Within 2 weeks, 12 of 16 mice 
(75%) developed tumors if TYK2+/– tumor cells had been injected. 
Conversely, only 5 of 18 mice (28%) developed tumors if TYK2–/–  
cells had been injected. In some of the mice that had received 
TYK2–/– tumor cells we observed a transient nodule, which disap-
peared within 2 weeks. This transient swelling is most likely due 
to an inflammation process at the site of injection. The difference 
in tumor incidence meets the criteria of statistical significance 
(P = 0.006), as does the difference in tumor weight (0.33 ± 0.06 g 
versus 0.09 ± 0.04 g; P = 0.004).

Tumor surveillance components in TYK2–/– mice. The key players in 
tumor surveillance are CTLs, NK cells, and NK T cells (NKT cells). 
We first investigated whether TYK2–/– mice differed in their num-
bers of CTLs, NK cells, and NKT cells. FACS analysis of lymph 
nodes of WT and TYK2–/– mice did not reveal any differences in the 

Figure 3
Tumor formation in nude mice. (A) Kaplan-Meier plot of nude mice 
after tail vein injection with 106 transformed cells. No difference in the 
course of the disease was detected, irrespective of whether TYK2+/– or 
TYK2–/– transformed cells were injected (n = 8 mice for each geno-
type). (B) Mean spleen weights of nude mice injected with TYK2+/– or 
TYK2–/– transformed cells. Data show means ± SE (n = 8 for each gen-
otype). (C) Infiltration of CD19+ cells in bone marrow was determined 
by FACS. Data show means ± SE (n = 8 for each genotype).

Figure 2
In vitro characterization of B lymphoid transformation. (A) 
CD19+CD43+ B lymphoid precursor cells of TYK2+/+ and TYK2–/– bone 
marrow were identified by FACS analysis. One typical example is 
depicted (n = 10 for each genotype). (B) Bone marrow of TYK2+/– and 
TYK2–/– mice was kept in IL-7–containing medium for 7 days and 
subsequently applied to a [3H]thymidine incorporation assay. (C and 
D) Single-cell suspensions derived from bone marrow were infected 
with A-MuLV and subsequently cloned in growth factor–free (no GF) 
(C) or IL-7–containing methylcellulose (D). Mock-infected cell prepa-
rations are included as controls (C). No significant differences were 
observed. The initial number of B cells in each individual bone mar-
row preparation was determined by FACS. Results show the average 
numbers ± SD of colonies obtained (n = 6 for TYK2+/– and n = 6 for 
TYK2–/– bone marrow). (E) STAT activation pattern was analyzed by 
electrophoretic mobility shift assay and supershift analysis in 3 indi-
vidual TYK2+/– and TYK2–/– primary tumor samples. One representa-
tive example of each genotype is shown. Antibodies directed against 
STAT1 (S1) and STAT3 (S3) reveal an activation of STAT1 and of 
STAT3 as indicated by supershifts (SS).
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composition of lymph nodes, and CD4+ T cells, CD8+ T cells, NKT 
cells, and NK cells were present in equal numbers (Figure 4A). The 
size of the lymph nodes and of the thymus did not differ between 
age-matched mice of different genotypes, which indicates that 
TYK2 did not affect cellularity. Accordingly, total cell counts were 
comparable (data not shown). The impact of CTLs and NK/NKT 
cells in tumor surveillance strongly depends on the origin of the 
tumor cell and varies among individual tumor types. Tumor cells 
that are primarily eliminated by CTLs downregulate MHC class 
I expression to evade recognition. Primary tumor–derived cells  
(n = 4 of each genotype) were analyzed by FACS. Irrespective of the 
genotype, all tumors expressed high levels of MHC class I mole-
cules, which strongly argues against a major involvement of CTL 
cells (Figure 4B). In addition, we failed to induce a CTL response 
by immunizing C57BL/6 mice with in vitro–transformed A-MuLV 
cells, whereas immunization with the adenocarcinoma cell line 38.2 
induced CTL-dependent killing of target cells (data not shown). 
We therefore focused our attention on NK/NKT cells and analyzed 

their infiltration into primary lymphomas. Indeed, we found that 
NK/NKT cells infiltrated the evolving lymphomas (Figure 4C).

In vitro characterization of TYK2–/– NK/NKT cells. In order to closely 
investigate the properties of TYK2–/– NK/NKT cells, we amplified 
them in vitro. Growth kinetics of TYK2–/– NK cells did not differ 
from those of their TYK2+/+ counterparts. In either instance, the 
selective medium allowed for the isolation of pure NK1.1+ cell 
populations (Figure 5, A and B). The percentages of NKT cells 
(NK1.1+CD3+) in those cultures were identical (15.0% ± 3.5% versus 
15.2% ± 4.6% in TYK2+/+ and TYK2–/– cell cultures, respectively). Sig-
naling leading to the activation of the MAPK isoforms ERK1 and 
ERK2 was unimpaired when NK/NKT cells were challenged with 
IL-2, as was the activation of STAT5, which is thought to be essential 
for the growth-stimulatory effects of IL-2 (data not shown).

However, TYK2–/– NK/NKT cells produced less IFN-γ under 
basal nonstimulated conditions (48 hours of incubation in the 
absence of IL-2) as well as upon stimulation with IL-12, as shown 
by ELISA. The differences in basal IFN-γ and IL-12–induced IFN-γ  
production were statistically significant (P ≤ 0.05) (Figure 5C). 
IFN-γ exerts an inhibitory and proapoptotic effect on tumor cells 
and is considered a key player in tumor surveillance (32). When we 
analyzed primary tumors for the presence of IFN-γ, we found vari-
able amounts of IFN-γ mRNA in TYK2+/–-derived lymphoma. In 
contrast, IFN-γ mRNA was consistently undetectable in TYK2–/–-
derived lymphoma (Figure 5D). The lack of TYK2 did not impede 
the responsiveness of Abelson-transformed pro-B cells to IFN-γ; 
growth inhibition was induced to the same extent and with com-
parable 50% effective concentration (EC50) values (0.3 ng/ml) in 
tumor-derived cells in vitro (data not shown). IL-12 may participate 
in tumor surveillance by activating NK cells. However, although 
the primary tumors expressed the p35 subunit of IL-12, p40 was 
not expressed, irrespective of the genotype (data not shown).

The second major NK/NKT cell–mediated mechanism of tumor 
defense, cytolytic ability, was also decreased (Figure 5E) when ana-
lyzed in a cytotoxicity assay using YAC-1 cells as target cells.

Table 1
Tumor transplantation into WT mice

 +/– Tumor weight (g) –/– Tumor weight (g)
 0.4 0
 0.42 0.24
 0 0
 0 0
 0.81 0.23
 0.2 0
 0.29 0
 0.53 0
 0 0
 0 0.2
 0.78 0
 0.17 0
 0.42 0
 0.43 0
 0.39 0
 0.29 0
  0.51
  0.5

Tumors were induced in newborn TYK2+/– and TYK2–/– mice by injection 
of A-MuLV. The tumors were excised, and 2 × 106 tumor-derived cells 
were injected s.c. into WT C57BL/6 mice. The weights of these second-
ary tumors are listed.

Figure 4
Analysis of lymph nodes and primary lymphoma. (A) Lymph nodes 
of TYK2+/+, TYK2+/–, and TYK2–/– mice (n = 4 each) were excised and 
analyzed for the composition of B, T, NK, and NKT cells by FACS. 
One representative example of each genotype is depicted. Numbers 
of CD4+ T cells and CD8+ T cells in the lymph nodes are shown in 
the upper panels and numbers of NK cells (NK1.1+CD3–), NKT cells 
(NK1.1+CD3+), and CTLs (NK1.1–CD3+) in the lower panels. (B) MHC 
class I expression of TYK2+/– and TYK2–/– tumor-derived cell lines 
was analyzed by FACS (n = 4 for each genotype). One representa-
tive example is depicted; no differences were observed in any of the 
samples investigated. (C) Lymphomas of TYK2+/– and TYK2–/– mice 
were excised and analyzed for infiltrated NK cells (left panel) and NKT 
cells (right panel) by FACS (n = 7 individual TYK2–/– mice and n = 10 
individual TYK2+/– mice).
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TYK2–/– NK/NKT cells have an impaired ability to lyse their homologous 
tumor-derived target cells. YAC-1 cells are recognized by NK/NKT cells 
because of their low expression of MHC class I molecules. However, 
the relevant issue is whether TYK2–/– NK/NKT cells are less efficient 
in killing primary tumor–derived target cells. We used TYK2–/– and 
WT NK/NKT cells as effectors and tumor-derived cells of both geno-
types as targets. Each possible combination was tested, and represen-
tative findings are depicted in Figure 6, A and B. Although the maxi-
mal cytotoxicity varied among the individual assays, we consistently 
found a reduced function of TYK2–/– NK/NKT cells. This impair-
ment was independent of the genotype of the target cells and met the 
criteria of statistical significance (P = 0.03) (Figure 6, A and B).

RAG2–/–TYK2–/– mice confirm the key role of NK cells in rejection of Abel-
son-induced tumors. RAG2–/– mice lack functional B and T lympho-
cytes as well as NKT cells (27). Hence, the tumor surveillance system 
of RAG2–/– mice entirely depends on the recognition and elimina-
tion of transformed cells by NK cells. We intercrossed RAG2–/– mice 
with TYK2–/– mice to generate double-knockout animals. Abelson 
infection of newborn RAG2–/–TYK2–/– animals resulted in a signifi-
cantly (P = 0.0027) earlier disease onset than Abelson infection of 
RAG2–/–TYK2+/– mice (Figure 6C). We want to stress that these mice 
are on a mixed genetic background. Since the genetic background 
alters the susceptibility to the Abelson oncogene, we included con-
trol mice with an identical mixed genetic background (RAG2+/–

TYK2+/– and RAG2+/–TYK2–/– animals) in the experiment (data not 
shown). Irrespective of whether NK cells alone battled the evolving 
tumor (RAG2–/–) or whether the entire immune system was available 
for tumor surveillance (RAG2+/–), the difference in disease latency 
between TYK2+/– and TYK2–/– mice remained constant. These exper-
iments define NK cells as major players in the fight against Abelson-
induced B lymphoid leukemia/lymphoma and pose TYK2 as a key 
molecule for the tumor surveillance of this disease.

TYK2 deficiency enhances tumor susceptibility to other lymphoid malig-
nancies. In order to investigate whether the increased susceptibility 

of TYK2–/– animals is a general feature in the tumor surveillance of 
lymphoid malignancies, additional tumor models were tested. First, 
we intercrossed TEL-JAK2 transgenic mice and TYK2–/– animals. 
The TEL-JAK2 fusion results from the t(9;12) chromosomal trans-
location found in human lymphoid and myeloid leukemia (14, 32). 
If the TEL-JAK2 fusion protein is expressed under the control of a 
lymphoid enhancer in transgenic mice, T lymphoid leukemia/lym-
phoma arises at the age of 10–20 weeks (15). Leukemia onset was 
significantly accelerated on a TYK2–/– background (P = 0.0273) (Fig-
ure 7A). Apart from the differences in latency, the phenotype of the 
disease was comparable: TYK2–/– and TYK2+/– TEL-JAK2 transgenic 
animals developed a CD3+ T lymphoid leukemia with thymoma.

In addition, the murine T cell lymphoma line EL-4 (33–35) was 
injected s.c. into age-matched TYK2+/+ and TYK2–/– mice. The experi-
ment was terminated 15 days thereafter by analysis of tumor masses. 
TYK2 deficiency allowed for the development of tumors that were 
significantly larger in mass than those in the WT controls (n = 6 
for each genotype; weight, 0.13 ± 0.079 g and 0.476 ± 0.076 g for 
TYK2+/+ and TYK2–/– mice, respectively; P = 0.0099) (Figure 7B).

We did not observe spontaneous lymphoma formation in a 
cohort of 47 TYK2–/– mice that were observed for a period of 
over 12 months. A single mouse developed an epithelial carcino-
ma, a frequency of spontaneous tumor formation that is within 
the normal range.

Discussion
Given the essential role of the JAK-STAT pathway in cell growth and 
survival, it is not surprising that inappropriate activation of its sig-
naling components has been observed in solid tumors as well as in 
leukemia (4, 36). JAKs may drive transformation upon constitutive 
activation; this is best exemplified by the TEL-JAK2 fusion protein 
(15, 16). Moreover, JAK2 has been implicated as a mediator of bcr/
abl–induced transformation, in which JAK2 regulates the expression 
of c-myc (37). Recent evidence, however, indicated a role of JAK1 as 

Figure 5
In vitro characterization of TYK2+/– and TYK2–/– NK/NKT cells. (A) 
An MTT assay did not reveal any differences in growth characteris-
tics of TYK2+/+-derived and TYK2–/–-derived NK/NKT cells. Each data 
point represents mean ± SD from 5 individual wells. One represen-
tative experiment is depicted (n = 3). (B) Similarly, FACS analysis of 
the in vitro–derived cells showed a comparable composition of NK 
(NK1.1+CD3–) and NKT (NK1.1+CD3+) cells, with an estimate of 20% 
NKT cells. One representative experiment is depicted (n = 6 for each 
genotype). (C) Production of IFN-γ in NK/NKT cells after expansion 
with IL-2. NK/NKT cells were either left untreated or incubated with  
IL-12 or IL-2 for 48 hours. Culture supernatants were analyzed for IFN-γ 
production by ELISA. One representative experiment is shown (n = 4). 
(D) RT-PCR and subsequent oligohybridization for IFN-γ from TYK2+/–-
derived and TYK2–/–-derived tumors. Representative examples of the 
analysis are shown in the upper panel. Activated (IL-2 and anti-CD3) 
primary T lymphocytes were used as positive control (Co). An RT-PCR 
reaction for β-actin was performed to control for the prepared cDNA. 
IFN-γ was only detected in tumors derived from TYK2+/– animals. (E) 
Cytotoxicity assay using TYK2+/+ and TYK2–/– NK/NKT cells as effec-
tor and YAC-1 cells as target cells. One representative experiment is 
shown (n = 4). TYK2–/– NK/NKT cells were consistently less efficient in 
lysing YAC-1 cells. E/T, effector/target; conc., concentration.
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a tumor suppressor for Abelson-induced B cell lymphoma (16). In 
view of these interesting findings, we investigated the role of the 
closely related Janus kinase TYK2 in hematological malignancies.

The viability of TYK2–/– mice enabled us to use an experimental 
setup that allowed investigation of both cell-autonomous transfor-
mation processes and the functionality of the tumor surveillance 
system. The inflicted disease develops slowly, requires additional 
epigenetic changes, and mimics tumor development in humans. 
The prolonged development of disease enables the immune system 
to take corrective action and efficiently reject the tumor. This is 
exemplified by the fact that only 70% of WT animals are affected. 
In contrast, 100% of TYK2–/– animals succumb to leukemia/lym-
phoma. In this regard this experimental system is superior to bone 
marrow transplantation studies that provoke disease much faster 
because of a higher initial tumor burden.

A slowly evolving leukemia is also induced by the TEL-JAK2 
transgene in mice. Again, TEL-JAK2/TYK2–/– transgenic mice 
succumbed to disease significantly faster than their TEL-JAK2/
TYK2+/– littermates. This observation extends the importance 
of TYK2 for lymphoid tumor surveillance to nonvirally induced 
tumors of B and T lymphoid origin. In addition, tumor formation 
by s.c. injection of low numbers of the lymphoma cell line EL-4 was 
significantly accelerated in TYK2–/– animals, which underlines the 
general importance of TYK2 for lymphoid tumor rejection.

Our findings rule out that TYK2 is involved in the initial process 
of transformation by A-MuLV. First, we failed to detect any differ-
ences in the assays in vitro. Growth factor–independent colony for-
mation in response to the Abelson oncogene was unaltered, as was 
the outgrowth of immortalized cell lines. Finally, WT and TYK2–/– 
Abelson-transformed cells result in the same disease latency, sever-
ity, and phenotype upon injection into nude mice, irrespective of 
whether the cells were injected s.c. or via the tail vein.

Tumor development is an interplay and a permanent battle 
between the evolving tumor and the surrounding immune sys-
tem (17). NK cells are considered the first line of defense against 
hematopoietic malignancies (38, 39). NK cells — in conjunction 
with NKT cells — kill tumor cells of the hematopoietic lineage 
without additional stimulus. In fact, NK cells have been shown to 
be highly efficient against Abelson-transformed cells (40, 41).

Our data strengthen this concept. TYK2–/– NK cells fail to 
lyse tumor target cells efficiently. This defect is paralleled by an 

increased incidence of leukemia/lymphoma formation in TYK2–/– 
animals. The lack of TYK2 does not inhibit invasion of NK/NKT 
cells into the evolving lymphoma, since the numbers of NK and 
NKT cells in TYK2–/– lymphoma were comparable to those in WT 
controls. Infiltration of immune cells into tumors is controlled by 
chemokine receptors, which activate JAK-STAT signaling cascades 
(42, 43). Accordingly, our observations exclude a role for TYK2 in 
tumor invasion.

Besides NK/NKT cells, CTLs are thought to play an impor-
tant role in tumor rejection. CTLs recognize tumor targets via 
MHC class I–presented antigen. The involvement of CTLs in 
tumor surveillance provokes the downregulation of MHC class 
I on the tumor cell surface (44, 45). This downregulation is a 
very common feature of tumors evolving under the selective 
pressure of CTLs. We failed to detect any alterations of MHC 
class I expression. Hence, it is highly unlikely that CTL-mediated 
cytotoxicity has a prominent impact in our tumor system. More-
over, immunization of C57BL/6 mice with in vitro–transformed 
A-MuLV cells failed to provoke a CTL response in vivo, whereas 
immunization with an adenocarcinoma cell line resulted in a 
pronounced CTL-dependent killing. Most importantly, TYK2–/–  

Figure 6
Effect of TYK2–/– NK/NKT cells on tumor target cells. (A and B) 
Cytotoxicity assay using in vitro–expanded NK/NKT cells of WT 
(diamonds) and TYK2–/– animals (squares) as effector cells and the 
TYK2–/– tumor-derived cell line (A) or the TYK2+/– cell line (B) as target 
cells. Irrespective of the target cells, TYK2–/–-derived NK/NKT cells 
had a reduced cytolytic ability. Each assay combination was tested at 
least 3 times. One representative experiment is depicted. (C) Kaplan-
Meier plot of TYK2+/– and TYK2–/– mice on a RAG2–/– background after 
injection of a replication-incompetent A-MuLV retrovirus (n = 14 for 
TYK2+/– and n = 18 for TYK2–/–). RAG2–/–TYK2–/– animals succumbed 
significantly earlier to Abelson-induced disease than their RAG2–/–

TYK2+/– littermates as determined by a log rank test (P = 0.0027).

Figure 7
Effect of TYK2 deficiency on tumor surveillance in other lymphoid 
malignancies. (A) Kaplan-Meier plot of TEL-JAK2 transgenic TYK2+/– 
and TEL-JAK2 transgenic TYK2–/– mice (n = 10 for TEL-JAK2/TYK2+/– 
and n = 6 for TEL-JAK2/TYK2–/–). TEL-JAK2 transgenic TYK2–/– ani-
mals developed disease significantly earlier when compared with their 
TEL-JAK2 transgenic TYK2+/– littermate controls as determined by a 
log rank test (P = 0.0273). (B) Mean tumor weights of TYK2+/+ and 
TYK2–/– animals injected with 105 EL-4 cells. Data show means ± SE  
(n = 6 for each genotype; weight, 0.13 ± 0.079 g and 0.476 ± 0.076 g 
for TYK2+/+ and TYK2–/– mice, respectively; P = 0.0099).
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mice showed a comparable reduction in leukemia/lymphoma 
latency when compared with TYK2+/– animals on a RAG2–/– back-
ground. In this experimental setting, NK cells are the only opera-
tors of tumor surveillance. Control experiments on TYK2–/– and 
TYK2+/– mice on a RAG2+/– background (using the sibling mice 
of the backcrosses) did not further enhance the differences in 
disease latency despite the availability of CTLs and NKT cells. 
A prominent role of CTLs in tumor surveillance would indeed 
significantly alter disease onset, since TYK2–/– CTLs have a dras-
tically reduced cytotoxic capacity (C. Schellack and D. Stoiber, 
unpublished observations).

Similarly, tumor surveillance of TEL-JAK2–induced leukemia 
depends on NK cells. Intercrossing TEL-JAK2 transgenic animals 
with TCRα–/– mice does not shift disease phenotype or latency (N. 
dos Santos and J. Ghysdael, personal communication). The situa-
tion for EL-4–induced lymphoma is less clear cut, because NK cells 
as well as CTLs have been reported to lyse EL-4 cells (33–35).

IFN-γ is thought to be the key component in tumor surveillance. 
We detected IFN-γ mRNA in about 60–70% of WT-derived lym-
phoma but failed to see IFN-γ in any of the TYK2–/– lymphomas. 
Although we are currently unable to define the origin of IFN-γ, we 
speculate that the main source of IFN-γ is the NK/NKT cell itself. 
TYK2–/– NK/NKT cells have been described to produce less IFN-γ 
(46), a finding that we confirmed (Figure 5C). However, the role 
of TYK2 in tumor surveillance cannot be simply accounted for by 
a lack of IFN-γ–dependent signaling. IFN-γ and TYK2 deficiency 
cannot be superimposed. A-MuLV–transformed IFN-γ–/– cells 
show an increased tumor formation upon subcutaneous injection 
in nu/nu mice (16); this effect is not observed upon injection of 
TYK2–/– cells. Similarly, the development of leukemia is accelerat-
ed upon tail vein injection of A-MuLV–transformed IFN-γ–/– cells 
but not upon injection of TYK2–/– cells into nu/nu animals (data 
not shown and Figure 3).

Although IL-12 is known to stimulate NK cells and thereby may 
contribute to tumor surveillance in some tumors, it is irrelevant to 
our experimental system (47, 48). We failed to detect the p40 sub-
unit of IL-12 in primary lymphomas, whereas we readily showed 
IFN-γ mRNA in primary lymphoma. This observation is in line with 
a recent report: When bred on a C57BL/6 background, IFN-γ–/– ani-
mals developed lymphoma, whereas no spontaneous malignancies 
evolved in IL-12–/– mice (21).

Our data support the recent concept that lymphoid cells and 
IFN-γ may be overlapping forces in tumor surveillance. A central 
tenet of this concept is the postulation that any evolving tumor 
is sculpted by the immune system (17, 19). Primary tumors 
derived from TYK2–/– animals were rejected to a significantly 
higher degree than primary tumors derived from heterozygous 
controls when transplanted in WT mice of identical genetic ori-
gin. Evolutionary pressure of the immune system was absent in 
TYK2–/– animals; the tumor cells had not acquired the ability to 
circumvent the selective pressure by the WT host.

It is tempting to speculate that TYK2 deficiency in people is 
clinically silent (unless virus load is excessive) but predisposes 
to tumor formation. We propose that patients with leukemia 
or other hematopoietic malignancies represent a population in 
which TYK2 deficiency is enriched. Thus, the presence or absence 
of TYK2 in patients needs to be addressed in the future. Absence of 
TYK2 would also predict a reduced responsiveness to type I IFNs, 
which are used, for example, for the treatment of chronic myeloid 
leukemia. Consequently, these patients would have to be treated 

by alternative means. Therefore, TYK2 deficiency may be relevant 
to the prognosis of patients as well as to their proper treatment.

Methods
Cells and virus preparation. Transformed fetal liver cells, bone marrow 
cells, and tumor-derived cell lines were maintained in RPMI medium 
containing 10% FCS, 100 U/ml penicillin/streptomycin, and 5 μM  
β-mercaptoethanol. A010 cells that produce an ecotropic replication-
deficient form of the Abelson virus were maintained in DMEM contain-
ing 10% FCS and 100 U/ml penicillin/streptomycin. Viral supernatant 
was prepared as previously described (49).

Mice and infection of neonatal mice with A-MuLV. TYK2–/– mice were 
described previously (25) and were backcrossed to C57BL/6 for 8 genera-
tions. Nude mice were purchased from the Institut für Labortierkunde 
und Genetik (Himberg, Austria).

For the infection of newborn animals, TYK2+/– were bred with TYK2–/– ani-
mals. Hence, every litter contained TYK2+/– and TYK2–/– animals to ensure 
appropriate controls. We initially started the in vivo transformation experi-
ments by intercrossing TYK2+/– and TYK2+/– mice and analyzed leukemia/
lymphoma formation in all 3 genotypes: TYK2+/+, TYK2+/–, and TYK2–/–. We 
have not observed any differences between TYK2+/+ and TYK2+/– mice. In all 
experiments where age-matched littermate controls were necessary (trans-
formation assays), TYK2+/– and TYK2–/– mice were intercrossed to optimize 
controls. For all other purposes, TYK2+/– were replaced with TYK2+/+ mice 
that do not require permanent genotyping of the mouse offspring.

Similarly, RAG2–/–TYK2–/– mice were bred with RAG2–/–TYK2+/– mice to 
ensure appropriate controls within 1 litter (50). Newborn mice were inject-
ed i.p. with 50 μl of replication-incompetent ecotropic retrovirus encoding 
for v-abl. The mice were checked daily for onset of diseases, and sick mice 
were sacrificed and analyzed (49). All animal experiments were approved 
by the Tierversuchskommission and were carried out in accordance with 
protocols approved by Austrian law.

Infection of fetal liver and bone marrow and in vitro transformation assays. Fetal 
liver cells were prepared and single-cell suspensions were infected as previ-
ously described (51). Similarly, single-cell suspensions of bone marrow of 
tibiae and femora of 6-week-old mice were infected. After 24 hours, the 
cells were washed several times and plated in methylcellulose at a density 
of 3 × 105 cells per milliliter in 35-mm dishes. An aliquot was plated in 
methylcellulose enriched with 10 ng/ml IL-7 (Stem Cell Technologies Inc.). 
After 7 days, the cloning efficiency was determined by counting of the foci 
using light microscopy. Some colonies were picked and stained with fluo-
rescent antibodies to evaluate their lineage markers (51).

[3H]Thymidine incorporation assay. Bone marrow was isolated and main-
tained on IL-7–producing NIH3T3 cells as previously described (16). Seven 
days thereafter, cells were analyzed for the presence of CD19+CD43+ cells  
by FACS. Subsequently, cells were plated in 96 round-bottom wells (2 × 105 
cells per well) and stimulated with 10 ng/ml IL-7 as indicated or cultivated 
in the absence of cytokine. [3H]Thymidine was added 36 hours thereafter 
for another 12 hours. Similarly, 2 × 105 tumor cells were plated in 96-well 
plates; 18 hours thereafter, [3H]thymidine was added, and the cells were 
incubated for another 12 hours (16).

Injection of tumor cells into mice. For s.c. application or application via the 
tail vein, 106 cells from 3 independently derived TYK2–/– and 3 TYK2+/– cell 
lines were resuspended in 300 μl PBS and injected into 3 nude mice each. 
At the time point of injection, the cell lines were analyzed for CD19+ cells 
by FACS analysis. Nude mice injected with PBS served as controls. Tail 
vein–injected mice were sacrificed after 29 days. Spleen weights, white 
blood cell counts, and the presence of CD19+ cells in the bone marrow and 
blood were analyzed (16). The mice that had received tumor cells s.c. were 
sacrificed after 12 days, and the tumors were excised and analyzed.
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For s.c. application of EL-4 cells, 105 cells were resuspended in 200 μl PBS 
and injected into 6 TYK2+/+ and 6 TYK2–/– mice.

For tumor transplantations, 2 × 106 tumor cells of A-MuLV–infected 
TYK2–/– and TYK2+/– mice were injected s.c. into 7-week-old C57BL/6 mice. 
Each primary tumor was maintained in culture for 4–5 days to obtain sta-
ble tumor cell cultures with high viability (80%) and equal proliferative 
capacity. The cells were then injected into 2 recipient mice each. The sec-
ondary tumors were excised 2 weeks after injection and analyzed.

Electrophoretic mobility shift assay. An end-labeled, double-stranded oligonu-
cleotide corresponding to the GAS sequence of the SIEm67 high-affinity c-fos 
promoter site was used to visualize STAT1- and STAT3-containing DNA-
binding complexes. The assay was performed as previously described (52). 
Antibodies from Santa Cruz Biotechnology Inc. were used to verify DNA 
binding by supershift analysis (anti-STAT1 [M-22] and anti-STAT3 [C-20]).

FACS analysis. Single-cell suspensions were preincubated with anti-CD16/
CD32 antibodies (BD Biosciences — Pharmingen) to prevent nonspecific 
Fc receptor–mediated binding. Antibodies used for lineage determination 
included B220, CD19, CD43, CD4, CD8, CD3, and NK1.1 (BD Biosciences 
— Pharmingen). An antibody against MHC class I (clone M1/42.3.9.8.HLK; 
American Type Culture Collection) was used after labeling with the Alexa 
Fluor 488 Monoclonal Antibody Kit (Invitrogen Corp.).

Isolation of NK/NKT cells. Freshly isolated splenocytes were incubated 
with MACS DX5-coupled beads (Miltenyi Biotec GmbH) and subjected 
to positive selection using the corresponding column system. NK/NKT 
cells were subsequently cultured in 5,000 U/ml recombinant human IL-2 
for 10 days (53).

Semiquantitative RT-PCR and oligo-hybridization. First-strand cDNA synthe-
sis and PCR amplification were performed with an RT-PCR kit (GeneAmp 
RNA PCR Kit; PerkinElmer Inc.) according to the manufacturer’s instruc-
tions. Primer sequences and the procedure used for Southern blotting have 
been described previously (16).

Cytotoxicity assay. Lactate dehydrogenase release was used to monitor tar-
get cell lysis. NK/NKT cells were mixed at the ratios indicated in the figure 
legends with 2 × 104 YAC-1 cells per well or with 104 tumor-derived cells 
from A-MuLV–infected TYK2–/– and TYK2+/– mice per well. When YAC-1 
cells were the target cells, the incubation lasted for 4 hours, whereas tumor 
cells were incubated for 8 hours with effector cells. Lactate dehydrogenase 
release was measured as previously described (54) using the CytoTox 96 
Non-Radioactive Cytotoxicity Assay (Promega Corp.).

IFN-γ ELISA. In the ELISA for murine IFN-γ, 5 × 104 and 2.5 × 104 NK/
NKT cells were cultured in the presence of 1 ng/ml IL-12 or of 2,500 U/ml 
IL-2, or in the absence of any cytokine (basal condition), in 96-well tissue-
culture dishes. For each data point, 5 wells were plated and analyzed. After 

48 hours, the supernatant was collected, and the concentration of IFN-γ 
was measured by ELISA. For each experiment the NK/NKT cells of 3 mice 
per genotype were pooled.

MTT assay. NK/NKT cells were seeded in 96-well plates with 5 × 104 
cells in 100 μl RPMI medium per well. Ten microliters of a 5-mg/ml stock 
solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) was added. Four hours thereafter, 100 μl stop solution (10% [wt/
vol] SDS, 50% [vol/vol] N,N-dimethylformamide) was added to solubilize 
the MTT crystals. The plates were then incubated overnight at 37°C, 5% 
CO2, and the OD was read at 620 nm using an ELISA reader. The values 
were obtained from 5 individual wells each.

Leukemia formation in TEL-JAK2 transgenic animals. TEL-JAK2 transgenic 
mice have been described previously (15). Mice (F10 on a C57BL/6 genetic 
background) were further backcrossed for 6 generations to the C57BL/6 
background and subsequently intercrossed with TYK2–/– animals. Leukemia 
development was compared between littermates. The breeding was set up 
between a TYK2+/– TEL-JAK2 transgene–positive male and TYK2–/– females.

Statistical analysis. Statistical analysis was carried out using the Student’s 
t test and the χ2 test as appropriate. Kaplan-Meier plots were analyzed for 
statistical significance using log rank tests.
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