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Mice with inactivation of the gene encoding the suppressor of
cytokine signaling-1 (SOCS-1) die in neonatal life with an IFN-�-
dependent inflammatory disease dominated by fatty degeneration
and necrosis of the liver. To establish the long-term pathological
consequences of loss of SOCS-1 in mice, where initial survival was
made possible by also deleting the IFN-� gene, a comparison was
made of the lifespan of groups of SOCS-1�/� IFN-��/�, SOCS-1�/�

IFN-��/� and SOCS-1�/� IFN-��/� mice. Mice lacking the genes for
both SOCS-1 and IFN-� exhibited an accelerated death rate com-
pared with control groups. Disease states developing selectively in
SOCS-1�/� IFN-��/� mice were polycystic kidneys, pneumonia,
chronic skin ulcers, and chronic granulomas in the gut and various
other organs. Mice of all three groups developed cataracts, but
disease development was accelerated in the groups lacking IFN-�.
SOCS-1�/� IFN-��/� mice exhibited a slightly increased predispo-
sition to the development of T lymphoid leukemia, either sponta-
neous or radiation-induced. The development of polycystic kidneys
may be caused by a developmental defect in renal-tubule organi-
zation noted in neonatal SOCS-1�/� mice. The chronic infections
and granulomas of SOCS-1�/� IFN-��/� mice may be based on
autoaggression of SOCS-1�/� T lymphoid and related cells or a
functional deficiency of these cells when lacking SOCS-1.

The suppressor of cytokine signaling-1 (SOCS-1) gene, the
transcription of which is strongly induced by cytokine stim-

ulation, encodes a cytoplasmic protein that acts in a negative-
feedback loop to inhibit signal transduction from activated
cytokine receptors (1). The SH2 domain within SOCS-1 interacts
with activated, receptor-associated Janus kinase kinases result-
ing in the inhibition of tyrosine kinase activity (2–4). In addition,
the SOCS box at the C terminus of SOCS-1 interacts with the
cellular ubiquitination machinery and is thought to target asso-
ciated signaling molecules for proteasomal degradation (5, 6). It
has been shown that, when over-expressed in vitro, SOCS-1
inhibits signals from a diverse range of cytokines, including
members of the IL-6 family and thrombopoietin (7), the
interferons (7, 8), erythropoietin and interleukin-2 and -3
(2), interleukin-4 (9), growth hormone (10), prolactin (11),
insulin-like growth factor I (12), stem-cell factor (13), and
tumor necrosis factor 1 (14).

Inactivation of the SOCS-1 gene does not impair fetal devel-
opment, but SOCS-1�/� mice die during the neonatal period
with a disease syndrome dominated by fatty degeneration,
necrosis of the liver, and damage to the pancreas, heart, and skin
caused by infiltrating T lymphocytes, macrophages, and eosin-
ophils (15–17). This syndrome depends on hyperresponsiveness
of SOCS-1�/� cells to stimulation by IFN-� and the susceptibility
of the neonatal mouse liver to the toxic effects of IFN-�. This fact
was clearly established by the prevention of disease in the
neonatal period by the administration of antibodies to IFN-� or
by generating mice lacking IFN-�, in addition to SOCS-1 (18).
Interestingly, mice with homozygous inactivation of the SOCS-1
gene that are heterozygous for IFN-� die prematurely between
3 and 8 weeks of age with a disease state involving polymyositis

of all striated muscles, myocarditis, corneal infiltration, and
ulcers. In these tissues, the infiltrating cells are again activated
T lymphocytes, macrophages, eosinophils, and, less often, neu-
trophils (19).

The cell type that has been implicated in the possible initiation
of both syndromes is the T lymphocyte. These cells may be
aberrantly activated either because of hyperresponsiveness to
cytokines such as IL-2 or by developing autoresponsiveness
either to normal tissue antigens or to surface proteins displayed
aberrantly on cells in the absence of SOCS-1 (17).

Young adult mice with homozygous inactivation of the genes
encoding both SOCS-1 and IFN-� seem healthy, although they
do have abnormal foci of T and B lymphocytes in their lungs (19).
Given the range of different cytokines SOCS-1 can inhibit in
vitro, such double knockout mice are of particular interest,
because they may represent an in vivo model of multicytokine
hyperresponsiveness. The present study was undertaken to de-
termine the long-term consequences of this potentially inade-
quately restricted cytokine signaling. Because no published
account exists of the long-term fate of mice with inactivation of
the IFN-� gene alone, such mice represented an important
control group to establish which of the disease states developing
in double-knockout mice one might ascribe merely to loss of
IFN-�.

Materials and Methods
Mice. The generation of mice with homozygous inactivation of
the SOCS-1 gene has been described (15). Homozygous IFN-
��/� mice were obtained from The Jackson Laboratory; by
interbreeding SOCS-1�/� mice with IFN-��/� mice, progeny of
the three genotypes were generated for study—SOCS-1�/�

IFN-��/�, SOCS-1�/� IFN-��/�, and SOCS-1�/� IFN-��/�.
Mice were genotyped by Southern blot analysis of genomic DNA
from tail tips, as described (18). All mice were of mixed genetic
background of C57BL�6 and 129�Sv. The study mice were
housed in protected animal quarters that were monitored reg-
ularly for the presence of pathogenic viruses and bacteria. Mice
of the study groups were clinically inspected daily for the lifespan
of the SOCS-1�/� IFN-��/� mice.

Analysis of Mice. Mice were killed when clinically ill, and the brain,
thymus, thyroid, heart, lung, salivary glands, sternum, femur,
tibia, skin, liver, spleen, pancreas, kidneys, small bowel, bladder,
skeletal muscle, and uterus or testes were fixed in 10% buffered
formalin; the tissues were blocked, and sections were stained
routinely with hematoxylin and eosin. When leukemias devel-
oped, these tissues were subjected to FACS analysis as described
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(19). In addition to the study groups, aging mice were analyzed
at intervals by performing cell counts on orbital blood; also,
absolute and differential cell counts were performed on perito-
neal, spleen, and marrow populations and were subjected to
histological examination.

Irradiation. To induce lymphoid leukemia, mice aged 28 to 31
days were given an initial dose of 168 cGy of whole-body
�-irradiation from a 137Cs source followed by two further doses
of 168 cGy at weekly intervals.

Statistical Analysis. Comparison of survival curves from irradiated
mice was performed by logrank test by using PRISM VERSION 3.0
statistical software (GraphPad, San Diego). Other statistical
analyses used the Student’s t test.

Results
Groups of 43–57 contemporaneous male and female SOCS-1�/�

IFN-��/� mice and control SOCS-1�/� IFN-��/� and SOCS-
1�/� IFN-��/� mice were monitored to determine their lifespans
and the disease states present when moribund. As shown in Fig.
1, SOCS-1�/� IFN-��/� mice exhibited an accelerated death
rate, and all had become moribund by 600 days of age. In
contrast, most control SOCS-1�/� IFN-��/� and SOCS-1�/�

IFN-��/� mice were still in apparent good health at this age. To
terminate this two-year study after the death of the last exper-
imental animal, all surviving control mice were killed when aged
575–753 days, and these mice then were analyzed histologically.

Because no long-term study has been reported on the conse-
quences of deletion of the IFN-� gene, 12 mice of both control
groups also were analyzed for their hematological status when
aged more than 600 days. The only abnormalities observed in
these control groups were an elevated number of lymphocytes in
the peripheral blood of SOCS-1�/� IFN-��/� mice (12,370 �
8,020 �l�1 in SOCS-1�/� IFN-��/� mice vs. 6,320 � 4,670 �l�1

in SOCS-1�/� IFN-��/� mice; P � 0.05), a variable enlargement
of the spleen in SOCS-1�/� IFN-��/� mice (230 � 402 mg vs.
127 � 61 mg in control SOCS-1�/� IFN-��/� mice; P � 0.43),

and a marked elevation of peritoneal cell numbers in both
groups, lymphocytes being mainly responsible for the increased
cell numbers (total lymphocyte numbers for SOCS-1�/� IFN-
��/� mice, 74.4 � 73.3 � 106; and for SOCS-1�/� IFN-��/� mice,
34.5 � 23.9 � 106 vs. 3 � 2 � 106 for normal young adult mice;
P � 0.01). All other parameters in the blood, spleen, and marrow
populations were within the normal limits for normal young
adult mice.

Table 1 lists the frequency of various pathological states
observed in the three groups under study. Several disease states
were noted in SOCS-1�/� IFN-��/� mice that were either not
present, or at significantly lower frequency, in control mice.
These disease states were enlarged polycystic kidneys, pneumo-
nia, chronic ulceration of the skin of the tail, f lank regions, or
ears (regions accessible to scratching), granulomas with infil-
trating lymphocytes, macrophages and eosinophils in the gut,
and a miscellany of chronic granulomas located in the abdomen
or uterus and involving the same cell types.

The development of polycystic kidneys seemed to require loss
of the SOCS-1 gene. Typically, only one kidney was involved, and
the walls of the cystic spaces contained some surviving glomeruli
of normal appearance but dilated Bowman’s capsules and with
infiltration by lymphocytes, macrophages, eosinophils, and
plasma cells (Fig. 2a). The lesion was of interest because
neonatal SOCS-1�/� mice exhibit a derangement or delay in
establishing a normal architectural pattern of renal medullary
collecting tubules (Fig. 2 b and c).

The pneumonia developed by SOCS-1�/� IFN-��/� mice (Fig.
2f ) involved patchy areas of the lung with a chronic infiltrate of
lymphoid cells, macrophages, and eosinophils, with a few neu-
trophils. A characteristic feature of these lesions was the pres-
ence of enlarged eosinophilic cells, either alveolar macrophages
or alveolar cells, often with large eosinophilic crystals in the
cytoplasm or lying free between the cells.

The chronic skin ulcers (Fig. 2d) and various granulomatous
lesions in the skin, gut (Fig. 2g), and abdominal organs also
involved populations of lymphocytes, macrophages, eosinophils,
and less often neutrophils; these states seemed to have been
chronic in nature.

Disease states observed in lower frequency in SOCS-1�/�

IFN-��/� mice than in control mice included adenomas of the
lung and reticulum cell sarcomas. Both diseases characteristi-
cally develop in mice later in life. Therefore, the difference is
likely to be based on the significantly older average age of the
control mice when analyzed (634 � 26 days for SOCS-1�/�

IFN-��/� mice and 655 � 42 days for SOCS-1�/� IFN-��/� mice)
vs. the average age of the experimental SOCS-1�/� IFN-��/�

mice at death (411 � 192 days).
Cataract formation, which was usually bilateral, was observed

in a surprisingly high frequency in all three groups of mice.
Cataracts commenced with aberrant dispersion of Feulgen-
positive degenerating equatorial lens nuclei into the more cen-
tral regions of the lens, followed by breakdown of the homoge-
neous lens protein, often with vacuole formation (Fig. 2h). No
extraneous infiltrating cells were present in any of the affected
lenses. From the data in Table 1, cataract formation was not
linked obviously with loss either of the SOCS-1 or IFN-� genes.
However, at autopsy, the disease was less advanced in SOCS-
1�/� IFN-��/� mice than in the other two groups. In support of
this difference, a clinical analysis of the eyes of mice of all three
groups undertaken when the mice were aged 283–510 days
revealed frequencies of clinically obvious cataracts of 72% for
SOCS-1�/� IFN-��/� mice, 73% for SOCS-1�/� IFN-��/� mice,
and only 3% for SOCS-1�/� IFN-��/� mice, also suggesting that
loss of the IFN-� gene had accelerated the development of this
disease.

Mice of all three groups exhibited a high frequency of
lymphoid foci present in the liver, lung (Fig. 2e), kidney, bladder,

Fig. 1. Survival curves of combined male and female SOCS-1�/� IFN-��/�,
SOCS-1�/� IFN-��/�, and SOCS-1�/� IFN-��/� mice. n � number of mice sur-
veyed in each group.
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salivary glands, and pancreas. This finding paralleled the ele-
vated levels of lymphocytes in the peripheral blood and perito-
neal cavity. The lymphoid foci were not more extensive in
SOCS-1�/� IFN-��/� mice than in control mice. They were
tightly circumscribed in nature and contained both T and B
lymphoid cells with no germinal centers, and exhibited little or
no mitotic activity. Adjacent tissue was not damaged, and the
initiating cause of these foci was not established. Focal accu-
mulations of lymphoid cells in the lungs of young adult SOCS-
1�/� IFN-��/�, at which age the lesions seemed to be related to
loss of SOCS-1, have been noted in previous studies (19). A
survey of small groups of mice of all three genotypes at the age
of 360 days failed to reveal lymphoid foci in other organs, and the
development of these foci seemed to be progressive with ad-
vancing age in all three genotypes.

None of the SOCS-1�/� IFN-��/� mice developed the fatty
degeneration and necrosis of the liver characteristic of young
SOCS-1�/� mice (15). The presence of lipid in hepatocytes and
proximal renal-tubule cells was noted in some of the very old
mice of all three groups; it seemed to be a nonspecific change
with increasing age, as was the presence of an elevated popula-
tion of granulocytic cells in the bone marrow.

Lymphoid Leukemia. The development of four cases of lymphoid
leukemia in the SOCS-1�/� IFN-��/� mice at an earlier age
(mean age � 225 days) than cases developing in control mice (for
SOCS-1�/� IFN-��/� mice, mean age � 573 days; for SOCS-1�/�

IFN-��/� mice, mean age � 608 days) was intriguing in view of
the activated state of T lymphocytes noted in young adult
SOCS-1�/� IFN-��/� mice (19). However, no further cases of
lymphoid leukemia developed. It was possible that the activated
state of T lymphocytes might render them more susceptible to
leukemic transformation than the cells of control mice. To
further explore this possibility, additional groups of young mice
of all three genotypes were subjected to a leukemogenic regimen
of whole-body irradiation (three 168 cGy whole-body irradia-
tions). As shown in Fig. 3, irradiation induced a high frequency

of lymphoid leukemia in mice of all three genotypes, with
leukemia developing at a moderately but significantly higher
frequency, but no earlier, in SOCS-1�/� IFN-��/� mice than in
control mice. Fluorescence activated cell sorter analysis of 23 of
the leukemias in the three groups showed that all were T
lymphoid (CD4�CD8�) with the cells exhibiting a varying
elevated level of expression of the activation marker CD44 (data
not shown). All leukemic mice exhibited the typical pathology of
lymphoid leukemia involving thymus, lymph nodes, liver, kidney,
and spleen. In view of the frequent infiltration of T lymphocytes
in the skin, pancreas, skeletal muscle, heart, and cornea of sick
neonatal and young adult SOCS-1�/� mice (15, 19), it was
curious that leukemic-cell infiltrates in irradiated SOCS-1�/�

IFN-��/� mice were rare or not present in these tissues.

Discussion
SOCS-1 can attenuate signaling initiated by many cytokines.
Mice lacking SOCS-1 die in neonatal life with liver degeneration
and inflammatory lesions in multiple tissues, but disease devel-
opment also can be prevented by deleting the IFN-� gene (18).
This finding has highlighted the particular importance of IFN-�
for disease development in young mice lacking SOCS-1. Al-
though SOCS-1�/� IFN-��/� mice seem healthy as young adults,
they are in a potentially abnormal state because, based on the in
vitro promiscuity of SOCS-1 action, the absence of SOCS-1 in
these mice might allow excessive responses to multiple cytokines.
The SOCS-1 protein possibly may have additional intracellular
actions whose importance may emerge later in life. Therefore, it
was of interest to follow the fate of SOCS-1�/� mice whose
survival had been made possible by the additional deletion of the
IFN-� gene.

The clearest outcome of the present long-term study of
SOCS-1�/� IFN-��/� mice was the failure of the mice at any time
in their lives to develop hepatocyte damage as seen in neonatal
SOCS-1�/� mice (15–17) or the polymyositis or corneal inflam-
mation developing in young adult SOCS-1�/� IFN-��/� mice
(19). This result indicates that IFN-� is absolutely necessary for

Table 1. Pathology of SOCS-1�/� IFN��/� mice and controls

Parameter

Frequency, %

SOCS-1�/� IFN��/�

(n � 37)
SOCS-1�/� IFN��/�

(n � 44)
SOCS-1�/� IFN��/�

(n � 55)

Polycystic kidney 46 2 0
Lung–pneumonia 59 5 2

–adenoma 3 9 11
Chronic skin ulcers 35 7 0
Chronic abscess, miscellaneous site 22 2 0
Gut–granuloma 38 0 2
Cardiac infarct�infiltration 8 0 0
Lymphoid leukemia 11 5 7
Reticulum cell sarcoma 5 7 22
Cataracts 81 98 75
Lymphoid foci

–liver 32 16 67
–lung 86 34 73
–kidney 65 25 67
–bladder 46 11 25
–salivary glands 29 25 87
–pancreas 6 7 71

Fatty proximal renal tubules 14 30 7
Marrow G � M 84 66 76

Data for SOCS-1�/� IFN��/� mice (with five exceptions) and SOCS-1�/� IFN��/� mice (with one exception) are
from remaining survey mice killed when apparently healthy at 575–753 days of age after all SOCS-1�/� IFN��/�

mice had died. Marrow G � M indicates an excess of granulocytic cells in the marrow vs. mononuclear lymphoid
and erythroid cells.
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the development of these lesions in SOCS-1�/� mice and is not
merely an agent that accelerates the onset of these diseases.

However, although neonatal or early adult disease was
avoided by removing IFN-�, loss of SOCS-1 significantly short-
ened the lifespan of the mice. The major causes of premature
death were the development of polycystic kidneys and a group
of infections or inflammatory states in which chronic pneumonia
predominated. Commonly, more than one disease state was
present in individual mice.

The experimental design involved the killing and examination
of control mice remaining alive after the death of the last
experimental mouse. This procedure was suboptimal, because it
was likely to have artificially reduced the frequency of certain
diseases, such as reticulum cell sarcoma or lung adenomas, in the
control group. However, these diseases were noted only in
control mice aged 520–742 days and, because few SOCS-1�/�

IFN-��/� mice reached such an age (Fig. 1), they cannot
rationally be regarded as having avoided these diseases because
of the absence of SOCS-1.

The high frequency of polycystic kidneys was restricted to
SOCS-1�/� IFN-��/� mice, which suggests that one can ascribe
this lesion to the loss of the SOCS-1 protein. In this context, it
is of interest that neonatal SOCS-1�/� mice exhibit a consistent
deficiency, or delay, in the organization of renal medullary

tubules into a regular pattern (Fig. 2c). It is conceivable that this
developmental abnormality may lead to failure of occasional
medullary tubules to make adequate connections with cortical
proximal tubules, leading to tubular dilatation and cyst forma-
tion by transfiltrates from the glomeruli involved. Most such
polycystic kidneys had infiltrates of lymphocytes and plasma cells
in the cyst wall and sometimes chronic granulomas in adjacent
tissues, but these may have been secondary to cyst formation.

The occurrence of some early T lymphoid leukemias in the
SOCS-1�/� IFN-��/� mice was of interest because there are
aberrant ratios of T lymphocyte subsets and activation particu-
larly of CD8� cells in mice lacking SOCS-1 (15–17, 19). The
activated state of T lymphocytes in the absence of SOCS-1 might
possibly have rendered them more susceptible to neoplastic
transformation. However, whereas whole-body irradiation was
somewhat more effective in inducing T lymphoid tumors in
SOCS-1�/� IFN-��/� than in control mice, the differences were
relatively minor.

The T lymphocytes or natural killer T lymphocytes of SOCS-
1�/� mice have been shown to be autoaggressive (20), and
transplantation of SOCS-1�/� bone-marrow cells to irradiated
syngeneic recipients results in premature death (ref. 17 and
unpublished data). Therefore, the present chronic inflammatory
disease of the lungs, skin, and bowel in aging SOCS-1�/�

Fig. 2. (a) Cyst wall of a polycystic kidney in a SOCS-1�/� IFN-��/� mouse showing dilated Bowmans capsules around surviving glomeruli (arrows) and a
lymphocyte and plasma-cell infiltrate in the wall. (b) Two-week-old SOCS-1�/� kidney showing a normal pattern of medullary tubules. (c) Two-week-old
SOCS-1�/� kidney showing disorganization of collecting tubule development in the medulla region (indicated by arrows). (d) Edge of a chronic skin ulcer in a
SOCS-1�/� IFN-��/� mouse. Note the hyperplastic epithelium at the edge of the ulcer (arrow). (e) Lymphoid foci in the lung of a SOCS-1�/� IFN-��/� mouse. ( f)
Pneumonia in a SOCS-1�/� IFN-��/� mouse with characteristic enlarged eosinophilic cells, infiltrating lymphocytes, macrophages, and neutrophils. (g) Intestinal
wall of a SOCS-1�/� IFN-��/� mouse showing granuloma tissue (arrow) at the base of the villi. (h) Cataract in the lens of a SOCS-1�/� IFN-��/� mouse with aberrant
nuclei of equatorial lens cells (arrows) and degeneration of the lens matrix.
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IFN-��/� mice might have been based on autoaggression of T
lymphoid and related cells. However, the lesions did not resem-
ble those of graft-versus-host disease (21, 22) or autoimmune
diseases. Of the inflammatory diseases, the most complex were
the pneumonia lesions involving enlargement of alveolar cells,
infiltration by macrophages, neutrophils, and eosinophils, and
the development of large, Charcot–Leyden-like crystals, often
within the lumen of bronchi. There were no obvious foci of
bacteria or fungi in any of the inflammatory lesions, but the
presence of microbial infections cannot be excluded.

If the inflammatory lesions were based on microbial infec-
tions, this would suggest an inadequate capacity of SOCS-1�/�

IFN-��/� mice to eliminate microorganisms of possibly low
pathogenicity. It has been documented that lack of IFN-� results
in increased susceptibility to a number of infections (23, 24) and
might possibly contribute to the development of chronic infec-
tions. However, such lesions occurred only, or earlier, in SOCS-
1�/� IFN-��/� mice, and, therefore, the defect, if real, seems to
be ascribable mainly to lack of SOCS-1. The lymphoid foci
developing in SOCS-1�/� IFN-��/� mice seemed unrelated to

the chronic inflammatory lesions and were equally frequent and
extensive in the control mice.

The development of cataracts in a high proportion of SOCS-
1�/� IFN-��/� mice, with no evidence of cellular infiltration in
the eye, was unexpected, but the disease also developed with
similar frequency in both control groups. The disease may have
been dependent on the particular genotype of the mice used in
the present study, but these genotypes are commonly used
strains. Although the opacity of the eyes was quite evident on
clinical inspection and commenced under the age of 6 months,
its occurrence may have been missed by earlier investigators.
Numerous mutations have been described as predisposing to
cataract formation (25), but the disease has not been noted as a
consequence of loss of IFN-�. However, the lesions were less
advanced in SOCS-1�/� IFN-��/� mice, and clinical examination
indicated that cataract formation developed earlier in both
groups lacking IFN-�. Therefore, the data suggest that loss of
IFN-� can accelerate cataract formation.

It is worthy of comment that aging SOCS-1�/� IFN-��/� mice
failed to develop the various pathological changes noted as
following upon overexpression of IL-6 (26), GM-CSF (27), or
stem cell factor (28). This finding suggests that the observed
ability of SOCS-1, when over-expressed, to inhibit signaling by
these agents in vitro may be misleading because no evidence of
sustained overstimulation of cells by these regulators was ob-
served when SOCS-1 was missing in vivo.

Loss of the IFN-� gene alone had little impact on the lifespan
or pattern of disease development in the mice surveyed, other
than the possible acceleration of cataract development and a
lower frequency of lymphoid foci in some organs. The low
frequency of obvious infections in mice lacking IFN-� was
surprising, but one may ascribe it to the protected animal rooms
in which the study groups were housed. It has been reported that
mice with inactivation of the IFN-� receptor �-chain gene show
an increased susceptibility to carcinogen-induced tumor forma-
tion (29, 30), but enhanced tumor development was not observed
in either of the present groups of mice lacking IFN-�.

The overall results confirm and extend earlier data indicating
that most disease development after the loss of SOCS-1 requires
the presence of IFN-� (18, 19). The only disease states devel-
oping in mice lacking both SOCS-1 and IFN-� were polycystic
kidneys and a miscellany of chronic infections or inflammatory
lesions, and, therefore, these represented the major types of
late-developing IFN-�-independent disease one may ascribe to
the loss of SOCS-1.
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