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The theory of cancer immunoediting refers to mechanisms by which the immune

system can suppress or promote tumour progression. A major challenge for the

development of novel cancer immunotherapies is to find ways to exploit the

immune system’s antitumour activity while concomitantly reducing its protu-

mour activity. Using the PyVmT model of mammary tumourigenesis, we show

that lack of the Usp18 gene significantly inhibits tumour growth by creating a

tumour-suppressive microenvironment. Generation of this antitumour environ-

ment is driven by elevated secretion of the potent T-cell chemoattractant Cxcl10

by Usp18 deficient mammary epithelial cells (MECs), which leads to recruitment

of Th1 subtype CD4þ T cells. Furthermore, we show that Cxcl10 upregulation in

MECs is promoted by interferon-l and that Usp18 is a novel inhibitor of

interferon-l signalling. Knockdown of the interferon-l specific receptor subunit

IL-28R1 in Usp18 deficient MECs dramatically enhances tumour growth. Taken

together, our data suggest that targeting Usp18 may be a viable approach to

boost antitumour immunity while suppressing the protumour activity of the

immune system.
INTRODUCTION

Novel effective treatments for cancer remain in high demand

and targeting so called immunomodulators to enhance anti-

tumour immunity has garnered considerable interest. Particular

cells of the innate and adaptive immune system can, in
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conjunction with secreted molecules, function as potent

extrinsic suppressors of tumourigenesis and cancer progression

(reviewed in Vesely et al, 2011). However, depending on the

type of tumour-infiltrating immune cells and established

cytokine network the immune system can have an inhibitory

or promoting effect on cancer growth. Extensive study of this

dual role of immunity on tumourigenesis led to the development

of the concept of cancer immunoediting. The hypothesis of

immunoediting divides the interaction of the immune system

with tumour cells into three phases: elimination (protection),

equilibrium (persistence) and escape (progression) (Dunn et al,

2002, 2004; Shankaran et al, 2001). Each phase is associated

with a typical immune cell population and cytokine network

within the tumour. It is widely accepted that cytokines

associated with a T helper cell subtype 1 (Th1) exhibit

tumour-suppressive activity, whereas T helper cell subtype 2

(Th2) cytokines can promote tumour progression (Egeter et al,

2000; Haabeth et al, 2011; Muller-Hermelink et al, 2008;
s is an open access article under
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Shankaran et al, 2001). Therefore, an ideal immunotherapy

approach will enhance the immune system’s antitumour effect

while maintaining or preferably decreasing its protumour effect.

One family of cytokines that has been associated with strong

antitumour effects is the interferons (IFNs). A number of reports

using transgenic animal models showed that mice deficient in

IFNs or their receptors are more susceptible to spontaneous

or drug-induced cancer (Dunn et al, 2005; Kaplan et al, 1998;

Shankaran et al, 2001; Street et al, 2002) and many aggressive

human cancers show impaired IFN signalling (Critchley-Thorne

et al, 2009). However, IFNs have been widely discarded in

current cancer therapy of solid tumours due to their broad effect

on many different cell types resulting in severe side effects.

Induction of the IFN-inducible gene Usp18 (also called Ubp43)

leads to expression of two isoforms (Burkart et al, 2012). Both of

these isoforms function as strong negative regulators of type I

IFN signalling (Francois-Newton et al, 2011; Malakhova et al,

2006) and Isg15-specific de-conjugating enzymes (Malakhov

et al, 2002). A role for Usp18 in the development of

haematologic cancers was reported by two independent groups

(Guo et al, 2010; Yan et al, 2007). Using different transgenic

mouse models both reports show an inhibitory effect of Usp18

deficiency on leukaemia development. While the effect of Usp18

on solid tumour development has not been addressed, lack of

Usp18 in the human breast cancer cell line MCF-7 leads to

increased sensitivity to chemotherapy (Potu et al, 2010),

suggesting that targeting specific IFN-inducible molecules

may have therapeutic benefits. In this report, we chose a

mouse model of spontaneous breast cancer to investigate the

function of Usp18 in solid tumour development in vivo.
RESULTS

Reduction of mammary tumour growth in Usp18 null mice

To investigate the effect of Usp18 on mammary tumour

development we used the polyomavirus middle T (PyVmT)

mouse model for breast cancer (Guy et al, 1992). PyVmT/Usp18

knockout (KO) and PyVmT/Usp18 wild-type (WT) mice were

generated by crossing the PyVmT and Usp18 deficient mouse

lines. From week three onwards PyVmT transgenic female mice

were palpated twice a week to monitor mammary tumour

development. Tumour latency was not dramatically changed

in PyVmT/Usp18 KO mice but a significant difference in

survival between the two cohorts was observed (Fig 1A and B).

At 13 weeks of age when the PyVmT/Usp18 WT mice

were terminated due to presence of multiple large tumours,

PyVmT/Usp18 KO mice showed a clear reduction in size and

number of visible tumours (Fig 1C). Accordingly, the tumour

burden was decreased by more than 50% in PyVmT/Usp18 KO

mice (Fig 1D).

Lack of Usp18 inhibits angiogenesis and reduces invasiveness

of mammary epithelial tumour cells

To examine which characteristics of cancer cells are affected

by Usp18 we analyzed tumours from PyVmT/Usp18 WT and

PyVmT/Usp18 KO mice in more detail. In addition, for studying
� 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
the role of Usp18 in mammary tumour epithelial cells, we

also established mammary epithelial cell (MEC) lines derived

from PyVmT/Usp18 KO tumours. These cell lines were

transduced with either empty vector retrovirus (KO) or with

Usp18 expression retrovirus (KOþUsp18). Levels of prolifera-

tion marker Ki67 were mostly unchanged in tumour tissues of

PyVmT/Usp18 KO deficient mice (Fig 2A). In concordance,

the rate of cell proliferation was unchanged in an in vitro

proliferation assay upon rescue of Usp18 deficiency (Fig 2B)

suggesting that lack of Usp18 does not have an intrinsic effect

on proliferation of PyVmT MECs. Next, we addressed if the

rate of apoptosis was altered in Usp18 deficient cells. Neither

number of TUNEL-positive PyVmT/Usp18 KO tumour cells

(Fig 2C), nor the percentage of AnnexinV-positive stably

transduced PyVmT/Usp18 KO MECs (Fig 2D) was significantly

different from controls, suggesting that the observed reduction

in tumourigenesis is not due to elevated apoptosis. However, we

did find a significant reduction in CD31 positive cells in PyVmT/

Usp18 KO tumours, indicating an angiostatic effect of Usp18

deficiency (Fig 2E). Interestingly, lack of Usp18 reduced the

incidence of lung metastasis in PyVmT mice (Fig 2F) that could

be related to a decrease in invasiveness of cancer cells observed

in in vitro matrigel invasion assays (Fig 2G).

Tumours of PyVmT/Usp18 deficient mice show increased

CD4R T-cell infiltration

Analysis of Haematoxylin and Eosin (H&E) stained sections

of mammary tumours from 13-week-old mice revealed a

reduction in tumour progression in PyVmT/Usp18 KO mice.

We distinguished early and late carcinoma from adenomas

based on Lin et al’s recommendations for the classification

of mouse mammary tumour pathology (Lin et al, 2003). On

average, mammary tumours of PyVmT/Usp18 KO mice showed

a more adenoma-like pattern whereas PyVmT/Usp18 WT

mice showed an early/late carcinoma pattern as demonstrated

by loss of cellular architecture and sheet-like morphology

(Fig 3A). In order to identify and quantify the immune

cells found in mammary tumours of PyVmT/Usp18 KO and

PyVmT/Usp18 WT mice, we prepared single cell suspensions

from tumours for flow cytometric analysis. We observed a

significant increase in the number of CD4þ T cells in tumours of

PyVmT/Usp18 KO mice compared to PyVmT/Usp18 WT

mice (Fig 3B). In addition, CD4þ T cells found in Usp18 KO

tumours exhibited an enhanced activation status (Supporting

Information Fig 1A). There was also a trend to an elevated

number of CD8þ T cells, natural killer (NK1.1) cells and

F4/80þmacrophages in PyVmT/Usp18 KO tumours though

the difference did not reach statistical significance. Tumour

associated myeloid derived suppressor cells (CD11bþ/Gr-1þ),

however, were not changed. We further confirmed an increase

of CD4þ T cells in mammary tumours of Usp18 KO mice

by immunofluorescence studies (Fig 3C). Since we saw a

bias towards CD4þ T cells in PyVmT/Usp18 KO tumours

we investigated whether the total number of CD4þ T cells is

elevated in Usp18 deficient mice. For this purpose, splenocytes

from Usp18 KO and WT mice were isolated and analyzed for the

number of CD4þ and CD8þ T cells. In contrast to the increased
EMBO Mol Med (2013) 5, 967–982
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Figure 1. Usp18 deficient mice show decreased tumour burden in a murine breast cancer model.

A. Percentage of tumour-free mice shown by Kaplan–Meier plot. PyVmT/Usp18 WT and KO mice were palpated twice a week for mammary tumours. n¼ 10 for

each cohort.

B. Kaplan–Meier curves for survival of PyVmT/Usp18 WT and KO mice. A mean tumour diameter of 0.5 cm was used as endpoint for the survival studies.

PyVmT/Usp18 WT, n¼5; PyVmT/Usp18 KO, n¼ 3.

C. Representative photograph of a PyVmT/Usp18 WT and PyVmT/Usp18 KO mouse at 13 weeks of age.

D. PyVmT mice were sacrificed at 13 weeks of age and tumour burden (tumour weight/body weight) determined. PyVmT/Usp18 WT, n¼20; PyVmT/Usp18 KO,

n¼ 20.
number of CD4þ T cells present in tumours of PyVmT/Usp18

deficient mice, we detected a small but significant decrease

in splenic CD4þ T cells of Usp18 KO mice (Supporting

Information Fig 1B). In order to test if CD4þ T cells play a

protective role in an Usp18-dependent manner, we depleted

FVB WT mice ofCD4þ T cells and then injected PyVmT/

Usp18 KO MECs or PyVmT/Usp18 KOþUsp18 MECs into

the mammary fat pad 2 days later. Mice received weekly

injections of anti-CD4 antibody or control IgG and the

efficiency of CD4þ T-cell depletion was confirmed by flow

cytometric analysis (Supporting Information Fig 1C). CD4þ

T-cell-depleted mice injected with PyVmT/Usp18 KO MECs
EMBO Mol Med (2013) 5, 967–982 �
showed significantly enhanced tumour growth compared to

control IgG injected mice (Fig 3D, left panel). Interestingly,

removal of CD4þ T cells in mice injected with PyVmT/Usp18

KOþUsp18 MECs had a protective effect (Fig 3D, right panel).

This is in accordance with a report that used CD4þ T-cell

depletion in a similar breast cancer transplantation model

and demonstrated delayed tumour growth in the absence of

CD4þ T cells (Yu et al, 2005). Based on these findings, we

hypothesized that Usp18 regulates the pro- and antitumoural

effect of CD4þ T cells and that the higher number of CD4þ T cells

found in PyVmT/Usp18 KO tumours is due to elevated levels

of one or more chemokines that attract T cells.
2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 969
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PyVmT/Usp18 KO MECs secrete elevated levels of Cxcl10

creating a Th1/M1-polarized cytokine tumour environment

Since the total number of CD4þ T cells is not elevated in Usp18

KO mice we examined whether T-cell-specific chemokines were

upregulated in PyVmT/Usp18 KO tumours. The IFN-inducible

Cxcr3 ligands Cxcl9, Cxcl10 and Cxcl11 are known potent

chemoattractants for T cells and to a lesser degree for monocytes

and natural killer (NK) cells (Khan et al, 2000; Thomas et al,

2003; Xie et al, 2003). Analysis of tumours from PyVmT mice

and cultured PyVmT MECs showed that transcript levels of all

three Cxcr3 ligands were elevated in the absence of Usp18

(Fig 4A). Only Cxcl10 and Cxcl11, however, showed statistically

significant upregulation in both PyVmT tumours and cultured

MECs. Remarkably, no significant upregulation of other IFN-

inducible genes such as Irf7 or Oas2 was observed in the PyVmT

tumours or MECs tested. Since Cxcl10 was the most highly

upregulated gene among the three and is considered to be the

functionally dominant Cxcr3 ligand (Dufour et al, 2002; Hsieh

et al, 2006), we focused on this chemokine in further studies.

First, we confirmed that elevated transcription of Cxcl10 led to

increased Cxcl10 levels in the medium of in vitro cultured Usp18

deficient PyVmT MECs by ELISA (Fig 4B). Since expression of

the chemokine receptor Cxcr3 is associated with CD4þ Th1 cells

(Loetscher et al, 1996; Yamamoto et al, 2000), we examined

whether tumours of PyVmT/Usp18 KO mice exhibit a Th1-like

cytokine profile. Our studies revealed that the Th1 cytokine IFN-

g was increased and the Th2 cytokines IL4 and IL13 were

decreased in PyVmT/Usp18 deficient tumours (Fig 4C). Expres-

sion of genes known to be related to Th17- or Treg-subtype

polarization such as IL17 or Foxp3 were unchanged between the

two. In accordance with the observed Th1 bias, expression of

genes characterizing M1 macrophage polarization was also

elevated in tumours of PyVmT/Usp18 deficient mice (Fig 4D).

Usp18 deficient MECs are mediating the observed

antitumour effect and elevated secretion of Cxcl10 is a

driving force

Our data suggested that Usp18 deficient PyVmT MECs

altered the tumour microenvironment by elevated secretion

of chemokines that promote a Th1-like cytokine network.

However, at this point we could not exclude the possibility
Figure 2. Deletion of Usp18 does not affect tumour cell proliferation or apop

Characteristics of cancer cells were analyzed in PyVmT tumour tissues, and tumou

pMSCV-puro (KO) or pMSCV-puro-HA-Usp18 (KOþUsp18).

A. Paraffin-embedded tumour tissues were analyzed for proliferation marker Ki

B. Proliferative capacity of transduced primary tumour cells was analyzed in vit

C. Number of apoptotic cells was determined with TUNEL assay on paraffin-em

D. Percentage of apoptotic cells in transduced primary tumour cells was analyzed b

experiments determined (right panel).

E. Immunohistochemical analysis of frozen tumour sections for angiogenesis m

F. Number of spontaneous lung metastases in PyVmT mice of 13 weeks of age w

Values shown represent mean total number of lung metastases� SD (left pan

PyVmT/Usp18 KO mice are shown (right panel). Macroscopically visible surfa

G. Invasive potential of PyVmT/Usp18 KO MECs was determined in an in vitro assay

three independent experiments.

If statistical significance was reached relevant p values are shown in the dia

EMBO Mol Med (2013) 5, 967–982 �
that Usp18 deficient stromal cells are responsible for the

observed phenotype in our breast cancer model, since we used

conventional systemic PyVmT/Usp18 knockout mice. To

discriminate between tumour stroma and MEC effect we used

a syngeneic tumour cell injection model. Injection of PyVmT/

Usp18 WT MECs into the mammary fat pad of Usp18 KO and

WT mice showed that the rate of tumour progression was not

significantly changed between the two, suggesting no dramatic

antitumour effect mediated by Usp18 deficient stromal or

immune cells in the presence of PyVmT/Usp18 WT MECs

(Fig 5A). In contrast, injection of PyVmT/Usp18 KO MECs

transduced with control vector led to significantly impaired

tumour growth compared to Usp18 rescued PyVmT/Usp18 KO

MECs or Usp18-C61S mutant rescued PyVmT/Usp18 KO MECs

(Fig 5B). Usp18-C61S is the catalytically inactive mutant form of

Usp18 that lacks the ability to remove ISG15 from ISGylated

proteins (Supporting Information Fig 2A). The fact that

orthotopic injection of PyVmT/Usp18 KOþUsp18 and

PyVmT/Usp18 KOþUsp18-C61S MECs led to similar tumour

growth rates suggests that protein ISGylation or at least the

difference of total protein ISGylation reached in this system does

not contribute to establishment of an antitumour environment

by Usp18 KO MECs. To strengthen the physiological relevance

of our model we also confirmed that levels of reconstituted

Usp18 in PyVmT/Usp18 KO MECs do not exceed maximum

levels of endogenous protein reached upon induction (Support-

ing Information Fig 2B). We also compared tumour growth

in WT mice injected with PyVmT/WT or PyVmT/Usp18

KOþUsp18 MECs and did not detect a significant difference

between the two (Supporting Information Fig 2C), further

showing that rescued Usp18 KO MECs behave similar to

WT MECs in this model. Next, we aimed to determine the

importance of elevated Cxcl10 expression for the reduced

tumour growth inPyVmT/Usp18 deficient mice. To do so we

stably transduced PyVmT/Usp18 KO MECs with control or

Cxcl10 shRNA and injected these cell lines into the mammary fat

pad of WT mice to determine tumour growth rates. In the

generated cell lines, the efficiency of Cxcl10 knockdown was

about 60–80% as determined by ELISA (Fig 5C). Two separate

cell lines expressing two different Cxcl10 specific shRNAs

showed more aggressive tumour growth than the cell line
tosis but inhibits angiogenesis and invasiveness of tumour cells.

r cells isolated from PyVmT/Usp18 KO mice that were transduced with either

67 by immunohistochemistry. Images are 200� with 200 mm scale bar.

ro by MTS assay.

bedded tumour tissues. Images are 200� with 200 mm scale bar.

y AnnexinV staining (left panel) and relative apoptosis from three independent

arker CD31. Images are 200� with 200 mm scale bar.

as determined by serial lung sections stained with H&E. N¼5 mice per group.

el). Representative photographs of lungs excised from PyVmT/Usp18 WT or

ce metastases are marked with ‘‘M.’’

using invasion chambers coated with matrigel. Shown are combined results of

gram.

2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 971
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expressing control shRNA, underlining the importance of

elevated Cxcl10 expression in the observed phenotype of

PyVmT/Usp18 KO mice (Fig 5D). Additional analysis of

tumours derived from MECs transduced with Cxcl10 shRNA

confirmed the expected decrease in number of total leukocytes

(CD45þ) and CD4þ T cells present in the tumour (Supporting

Information Fig 3A). Furthermore, immunohistochemical

analysis only showed a slight increase in proliferation and

number of apoptotic cells, but significantly increased neovas-

cularization in tumours with reduced Cxcl10 levels (Supporting

Information Fig 3B).

Hypersensitivity of PyVmT/Usp18 KO MECs to IFN-l enhances

upregulation of Cxcl10 expression and inhibits tumour

progression

Although the three Cxcr3 ligands were originally described as

type II IFN (IFN-g) inducible genes, they are also induced by

type I IFN and TNF-a but preferences and strength of induction

vary between the three (Groom & Luster, 2011). To investigate

the molecular mechanism underlying Cxcl10 induction in breast

cancer cells, we treated PyVmT/Usp18 WT MECs with TNF-a,

IFN-b and IFN-l to analyse whether these cells differentially

express the Cxcr3 ligands in a cytokine-dependent manner. IFN-

ls belong to the novel type III IFN family. The downstream

signalling in this pathway is similar to type I IFN (IFN-a/b) and

its specific receptor, which is different from type I IFN receptor,

is mainly expressed on epithelial cells (Kotenko et al, 2003;

Sommereyns et al, 2008). TNF-a treatment did not induce

expression of any of the Cxcr3 ligands in PyVmT MECs as

determined by qRT-PCR (Supporting Information Fig 4A).

Intriguingly, induction of Cxcl10 and Cxcl11 was significantly

higher upon IFN-l treatment relative to IFN-b treated cells

(Fig 6A). Irf7 and Oas2 were included as reference type I IFN-

inducible genes and showed lower induction in response to

IFN-l relative to IFN-b. This finding raised the possibility that

increased Cxcl10 expression in PyVmT/Usp18 KO MECs may

not just be due to hypersensitivity to type I IFN signalling but

rather due to loss of an inhibitory effect of Usp18 on type III IFN

signalling. To test this hypothesis we treated vector control and

Usp18 rescued PyVmT/Usp18 KO MECs with IFN-l for 30 h and

determined transcript levels of the same genes analyzed in

Fig 6A by qRT-PCR. Relative to untreated cells most of the genes

showed a statistically significant decrease in transcription when

Usp18 was present, suggesting an inhibitory effect of Usp18 on

type III IFN signalling (Fig 6B). If Usp18 interferes with type III

IFN signalling at an early point in the signalling cascade, similar
Figure 3. Histological and flow cytometric analysis show increased lymphocy

mice.

A. H&E staining of paraffin-embedded mammary tumour tissue. Images are 100

B. Single cell suspensions from tumours of PyVmT/Usp18 WT and PyVmT/Usp18 KO

KO, n¼7.

C. Frozen sections of mammary tumours stained for CD4þcells were analyzed b

D. Mice treated with either anti-CD4þantibody or control IgG were injected with

growth was monitored weekly by measuring tumours with a calliper. Numbe

If statistical significance was reached relevant p values are shown in the dia

EMBO Mol Med (2013) 5, 967–982 �
to its inhibitory effect on type I IFN signalling, reduced levels of

phosphorylated Stat1 should be observed in the presence of

Usp18 upon IFN-l treatment. Indeed, induction of IFN-l

signalling in rescued PyVmT/Usp18 KO MECs led to reduced

levels of phosphorylated Stat1 (Fig 6C). Interestingly, the

inhibitory effect of Usp18 on phosphorylation of Stat1 was more

significant upon IFN-l treatment than IFN-b treatment. The

human epithelial cell line ARPE19 stably expressing USP18

showed the same negative effect on STAT1 activation when

treated with IFN-l, suggesting a conserved regulatory mechan-

ism across species (Supporting Information Fig 4B). In order to

correlate elevated levels of phosphorylated Stat1 (p-Stat1) with

increased Cxcl10 expression in our tumour model we probed

tumour lysates from PyVmT/Usp18 WT and PyVmT/Usp18 KO

mice for p-Stat1 and Cxcl10. A correlation between elevated

phosphorylation of Stat1 and Cxcl10 was observed in tumour

lysates from Usp18 KO mice (Fig 6D). To further examine

the specific role of IFN-l signalling in our model we generated

IL-28R1 knockdown PyVmT/Usp18 KO MECs for use in tumour

cell injection experiments. Out of three different shRNAs

directed against IL-28R1 only one showed reasonable reduction

of IL-28R1 protein levels of about 70% (Fig 6E) and was then

used in subsequent experiments. Mice injected with PyVmT/

Usp18 KO IL-28R1 shRNA MECs showed dramatically increased

tumour growth compared to control shRNAPyVmT/Usp18 KO

MECs (Fig 6F). This finding suggests that hypersensitivity to

IFN-l in PyVmT/Usp18 KO MECs is of significant importance for

inhibition of tumour progression.
DISCUSSION

IFNs, induced during tumour development, are believed to play

a key part in the early elimination phase of immunoediting

(Matzinger, 1994). Throughout this phase immune cells locate,

recognize and destroy developing tumours. Since PyVmT/

Usp18 deficient cells are hypersensitive to type I IFN and, as we

report here, type III IFN, delayed tumour onset in PyVmT/Usp18

KO mice is expected. However, the lack of Usp18 did not lead to

a significant increase in tumour latency when compared to

PyVmT/Usp18 WT mice (Fig 1A). This can be explained by the

aggressiveness of PyVmT driven mammary tumourigenesis in

the FVB background, which may make it difficult to detect a

significant difference at this early stage of tumour development

(Davie et al, 2007). Accordingly, the inhibitory effect of Usp18

deficiency on tumour progression became more apparent over
te infiltration, particularly CD4R T cells, into tumours of PyVmT/Usp18 KO

� with 500 mm scale bar.

mice were analyzed for immune cell infiltration by flow cytometry. WT, n¼ 7;

y immunofluorescence. Images are 200� with 100 mm scale bar.

PyVmT/Usp18 KO MECs or PyVmT/Usp18 KOþUsp18, respectively. Tumour

r of tumours analyzed: CD4, n¼ 6; IgG, n¼6.

gram.

2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 973
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the period of study which is likely due to the gradual

establishment of an antitumour cytokine environment (Fig 5B).

Using animal models for different cancers including mye-

loma, neuroblastoma, melanoma, colon or breast cancer,

several groups have reported a tumour-suppressive effect of

Cxcl10 (Haabeth et al, 2011; Mohty et al, 2010; Pertl et al, 2001;

Tominaga et al, 2007; Wang et al, 2010). Cxcl10 has strong

angiostatic activity (Luster et al, 1995) and acts as a

chemoattractant for Th1 subtype T cells (Bonecchi et al,

1998). Mammary tumours of mice and cultured PyVmT MECs

lacking Usp18 had elevated levels of Cxcl10 (Fig 4A and B).

Consequently, tumours of PyVmT/Usp18 deficient mice showed

reduced angiogenesis (Fig 2E), increased infiltration of CD4þ T

cells (Fig 3B and C) and a Th1/M1-biased cytokine profile

(Fig 4C and D). Altogether these data suggest a prominent role

for Cxcl10 in the observed phenotype of PyVmT/Usp18 KO

mice. Tumour injection experiments using PyVmT/Usp18

deficient MECs with reduced Cxcl10 expression further under-

lined the importance of Cxcl10 produced by PyVmT MECs for

inhibiting tumour progression in the absence of Usp18 (Fig 5D).

However, we cannot exclude that Usp18 deficient macrophages,

T cells or other stromal cells also contribute to the observed

Th1/M1 bias by secreting related cytokines. The reduction in

lung metastasis (Fig 2F), however, based on our current

knowledge, is not linked to Cxcl10 and is likely a result of

reduced invasiveness of Usp18 KO MECs (Fig 2G) and a general

increase of basal expression of IFN genes in Usp18 KO mice

(Reid et al, 1981). Furthermore, the importance of CD4þ T cells

for the observed phenotype, as demonstrated in MEC injection

experiments with depleted CD4þ T cells (Fig 3D), is most likely

linked to the upregulation of Cxcl10 in PyVmT/Usp18 KO

tumours. The general role of CD4þ T cells in tumour

progression, however, is still controversial. Depending on the

applied tumour cells and the used tumour model available data

varies from complete rejection to enhanced tumour progression

in the absence of CD4þ T (Jing et al, 2009; Kmieciak et al, 2011;

Yu et al, 2005). This demonstrates, that the cytokine milieu

specific to tumour cells and tumour stroma has a dramatic effect

on the impact of CD4þ T cells on tumour progression, which is in

accordance with our findings. In our mammary tumour model

we show that Usp18 deficiency can reverse the effect of CD4þ

T cells on tumour growth. This interesting finding presents a

novel mechanism by which the immune system can be regulated

during cancer progression.
Figure 4. PyVmT/Usp18 KOmammary epithelial cells express and secrete eleva

microenvironment.

A. Transcript levels of Cxcr3 ligands and IFN genes Irf7 and Oas2 were analyzed by

means from two separate tumours per genotype normalized to WT (left panel)

(right panel) are shown.

B. Cxcl10 protein levels in the culture medium supernatant of transduced PyVmT

experiment with total values and right panel shows relative Cxcl10 levels fro

C. Cytokines in the tumour microenvironment associated with T-cell subtypes we

normalized to WT are shown. Experiment was performed in triplicate.

D. Cytokines in the tumour microenvironment associated with macrophage sub

genotype normalized to WT are shown. Experiment was performed in triplica

If statistical significance was reached relevant p values are shown in the dia
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IFN-ls are generally believed to be weaker inducers of IFN

gene expression than IFN-a/bs (Doyle et al, 2006). In our

system, however, upregulation of both Cxcl10 and Cxcl11 in

PyVmT MECs was more sensitive to IFN-l than to IFN-b

treatment, whereas Irf7 and Oas2 showed weaker induction in

response to IFN-l (Fig 6A). Induction of Irf7 and Oas2

expression by IFN-l was reduced by approximately 50% as

compared to IFN-b, which is in accordance with the average

difference reported by Doyle et al comparing gene expression

profiles of HepG2 cells upon IFN-l or IFN-a treatment (Doyle

et al, 2006). In contrast, a different report showed that treatment

of a murine melanoma cell line with IFN-l led to a stronger

induction of MHC class I expression than IFN-a (Lasfar et al,

2006). This corroborates our observation that IFN-l may be

more potent than type I IFNs in a gene and cell-type specific

manner. In our model, induction of the Cxcr3 ligands in PyVmT

MECs is more sensitive to IFN-l than IFN-b, which may also be

dependent on the cytokine concentrations present in the tumour

microenvironment or used in our studies. Thus, we see higher

levels of these chemokines in both PyVmT/Usp18 KO tumours

and in in vitro cultured PyVmT MECs as compared to the

‘‘reference’’ IFN-inducible genes Irf7 and Oas2 (Fig 4A).

Moreover, our data show that Cxcl10 is the Cxcr3 ligand with

the highest relative induction upon IFN-l treatment (Fig 6A),

which is consistent with the observed highest relative

upregulation of Cxcl10 inPyVmT/Usp18 deficient tumours

and MECs (Fig 4A and B). The preference of the Cxcr3 ligands

for IFN-l over IFN-b, together with the newly identifiedhy-

persensitivityofPyVmT/Usp18 deficient cells to IFN-l can

explain the high levels of Cxcl10, which are likely to play

a crucial role in the establishment of the observed Th1-

biased antitumour environment. Interestingly, in a murine

model for allergic asthma, overexpression or administration

of IFN-l promoted Th1-cell differentiation while suppressing

Th2-mediated responses (Koltsida et al, 2011). This corrobo-

rates our findings and suggests a role for IFN-l that goes

beyond the antiviral immune response. Figure 7 is a

simplified model outlining the importance of IFN-l hyper-

sensitivity and the presence of CD4þ T cells in tumour

inhibition in the absence of Usp18. In accordance with our

working model, the tumour-suppressive effect of Usp18 KO

MECs was abolished when sensitivity to IFN-l was reduced

(Fig 6F) or Usp18 KO MECs were injected into CD4þ T-cell-

depleted mice (Fig 3D).
ted levels of the T-cell chemoattractant Cxcl10 creating a Th1-like cytokine

qRT-PCR in both tumours and transduced PyVmT/Usp18 KO MECs. The relative

or relative means from three independent experiments normalized to Usp18

/Usp18 KO MECs were determined by ELISA. Left panel shows representative

m three independent experiments.

re analyzed by qRT-PCR. Mean values of two separate tumours per genotype

types were analyzed by qRT-PCR. Mean values of two separate tumours per

te.

gram.
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Figure 5. Antitumour effect of USP18 deficiency is due to extrinsic effectsmediated byMECs and knockdown of Cxcl10 in PyVmT/Usp18 KOMECs promotes

tumour progression.

A. Wild-type PyVmT/MECs were injected into two mammary fat pads per Usp18 KO or WT mouse. Tumour growth was monitored weekly by measuring tumours

with a calliper. Number of tumours analyzed: WT, n¼ 8; KO, n¼7.

B. Control vector (KO), Usp18 (KOþUsp18) or Usp18-C61S (KOþUsp18-C61S) transduced PyVmT/Usp18 KO MECs were injected into two mammary fat pads per

WT mouse. Tumour growth was monitored weekly by measuring tumours with a calliper. Number of tumours analyzed: KO, n¼8; KOþUsp18, n¼8;

KOþUsp18-C61S, n¼7.

C. Cxcl10 protein levels in the culture medium supernatant of Cxcl10 knockdown PyVmT/Usp18 KO MECs was determined by ELISA. Experiment was performed in

triplicate.

D. PyVmT/Usp18 KO MECs transduced with control or Cxcl10 shRNAs were injected into two mammary fat pads per wild-type mouse. Tumour growth was

monitored weekly by measuring tumours with a calliper. Number of tumours analyzed: Control shRNA n¼ 10, Cxcl10 shRNA#1 n¼ 10, Cxcl10 shRNA#2 n¼ 9.

If statistical significance was reached relevant p values are shown in the diagram.

976
The source of IFN-l in our model is not known but similar to

type I IFNs IFN-l can be produced by a variety of cells with

myeloid-derived DCs (MD-DCs) and plasmacytoid DCs (pDCs)

being the most important sources (Coccia et al, 2004; Siren et al,

2005). It was also shown that a number of cancer cell lines

produce significant levels of IFN-l (Kotenko et al, 2003; Tissari

et al, 2005). Currently we do not know the exact molecular

mechanism as to how Usp18 interferes with IFN-l induced Jak/
� 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
Stat signalling. Since we have shown that binding of Usp18 to

type I IFN receptor subunit 2 (Ifnar2) is important for Usp18

mediated downregulation of type I IFN signalling (Malakhova

et al, 2006), we investigated a potential interaction of Usp18

with the IFN-l specific receptor subunit IL-28R1. This receptor

subunit shows sequence and structural similarity to Ifnar2 in its

cytoplasmic domain. However, the performed co-immunopre-

cipitation experiments did not suggest direct interaction of
EMBO Mol Med (2013) 5, 967–982
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Figure 6.
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USP18 with IL-28R1 (Supporting Information Fig 5). Therefore,

the molecular mechanism of Usp18-mediated inhibition of

type III IFN signalling requires further study. Remarkably, we

found that Usp18 KO MECs with reduced levels of IL-28R1

exhibit more aggressive tumour development which points to

a novel protective role of IFN-l signalling in tumour develop-

ment of epithelial cancers, specifically in the absence of Usp18

(Fig 6F).

Since Usp18 is the Isg15 specific deconjugating enzyme

(Malakhov et al, 2002) it is possible that enhanced conjugation

of Isg15 to target proteins (ISGylation) in PyVmT/Usp18

deficient cells also affects tumourigenesis. Indeed, a recent

report showed that doxorubicin-mediated tumour suppression

in a tumour graft model requires protein ISGylation suggesting

an important role of Isg15 conjugation in antitumour responses

(Jeon et al, 2012). In our model, mammary tumours and in vitro

cultured PyVmT MECs show significant levels of ISGylation,

which are further elevated in the absence of Usp18 (Supporting

Information Fig 6). Elevated levels of protein ISGylation in MECs

or the tumour stroma do not seem to have a major impact on

tumour development in our orthotopic tumour cell injection

model (Fig 5A and B). We did, however, observe significantly

reduced tumour growth at early time points when injecting

WT MECs into Usp18 KO mice that was then lost over the

course of the study (Fig 5A). This interesting finding suggests

that Usp18 deficient stromal cells with increased expression

levels of IFN genes and elevated protein ISGylation may

mediate an inhibitory effect on tumour onset upon injection

of MECs but do not affect tumour growth rate. Analysis of

the effect of protein ISGylation on tumour initiation and

progression in the PyVmT mouse model exceeds the scope of

this report but is currently being investigated in our laboratory.

Interestingly, initial analysis of PyVmT mice lacking Ube1l,

the E1 enzyme for Isg15 conjugation, suggests a protective

role of protein ISGylation against mammary tumour growth

(unpublished observations).

In summary, we show that loss of Usp18 has tumour-

suppressive activity in a spontaneous mammary cancer model.

Lack of Usp18 modulates the tumour microenvironment by

upregulating Cxcr3 ligands in PyVmT MECs, particularly
Figure 6. Hypersensitivity of PyVmT/Usp18 KOMECs to IFN-l enhances Cxcl10

is available for this figure in the Supporting Information.

A. Induction of Cxcr3 ligands, Irf7 and Oas2 upon IFN-b or IFN-l treatment in par

experiments normalized to IFN-b treated cells are shown.

B. Induction of Cxcr3 ligands, Irf7 and Oas2 upon IFN-b or IFN-l treatment in tran

three independent experiments normalized to untreated cells are shown.

C. Phosphorylation of StatT1 in control vector (KO) or Usp18 (KOþUsp18) transdu

Western blotting. Cells were left untreated or IFN treated for 15 min before a

phosphorylated Stat1 levels by Western blotting. Tubulin was used as loadin

D. Tumour lysates from PyVmT/WT and PyVmT/Usp18 KO mice were analysed for p

control.

E. Knockdown efficiency of PyVmT/Usp18 KO MECs stably expressing IL-28R1 sh

control.

F. PyVmT/Usp18 KO MECs transduced with control or IL-28R1 shRNA were inject

weekly by measuring tumours with a calliper. Number of tumours analyzed:

If statistical significance was reached relevant p values are shown in the dia

� 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
Cxcl10, creating aTh1-biased cytokine network. Remarkably,

the generation of this antitumour environment in PyVmT/Usp18

KO mice does not seem to be orchestrated by a general

upregulation of IFN genes but rather a specific subset that

appears to be more sensitive to type III IFN stimulation.

Furthermore, we identified Usp18 as a regulator of CD4þ T-cell

function in tumour protection. Thus, targeting Usp18 may be a

viable approach to overcome relapse or enhance immunother-

apeutic approaches, such as adoptive T-cell transfer. The E3

ubiquitin ligase Cbl-b, for instance, was identified as a key

regulator of spontaneous antitumour activity of cytotoxic T cells

and a Cbl-b based drug for immunotherapy is currently under

development (Chiang et al, 2007; Loeser et al, 2007). Usp18 as

a therapeutic target may provide advantages in combination

with IFN therapy, especially IFN-l. In the treatment of epithelial

cancers a specific Usp18 inhibitor in combination with IFN-l

administration could significantly boost the antitumour immune

response and reduce side effects due to IFN-l’s targeted activity

on epithelial cells. In fact, a reduction in side effects was

observed in a clinical trial testing efficacy of PEG-IFN-l

compared to PEG-IFNa in the treatment of hepatitis C (Miller

et al, 2009). Moreover, two recent reports underline the

importance of (a) IFN signalling for suppression of breast

cancer metastasis and (b) protein ISGylation for antitumour

responses (Bidwell et al, 2012; Jeon et al, 2012). Considering

that Usp18 regulates both these pathways, the mentioned

reports together with our findings, strongly support the concept

that Usp18 is a highly interesting and promising drug target in

breast cancer and possibly other solid tumours. Therefore, it is

reasonable to speculate that a drug targeting both the IFN

inhibitory function and enzymatic activity of Usp18 would

represent the most potent way to exploit its function for cancer

therapy.
MATERIALS AND METHODS

Mice and tumour monitoring

Usp18 deficient mice in the FVB background were described

previously (Cong et al, 2012). Transgenic FVB mice expressing PyVmT
expression and protects against mammary tumour progression. Source data

ental MECs was analyzed by qRT-PCR. Relative means from three independent

sduced PyVmT/Usp18 KO MECs was analyzed by qRT-PCR. Relative means from

ced PyVmT/Usp18 KO MECs upon IFN-b or IFN-l treatment was determined by

nalysis. Cells were harvested, lysed and analyzed for Usp18, Stat1 and

g control.

-Stat1, total Stat1 and Cxcl10 by Western blotting. Tubulin was used as loading

RNA was analyzed by IL-28R1 Western blotting. Tubulin was used as loading

ed into mammary fat pads of wild-type mice. Tumour growth was monitored

Control shRNA, n¼5; IL-28R1 shRNA, n¼ 5.

gram.
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Figure 7. A model demonstrating the potential mechanisms by which Usp18 deficient MECs create a tumour-suppressive microenvironment in response

to IFN-l. In contrast to WT MECs, Usp18 KO MECs exposed to IFN-ls in the tumour microenvironment dramatically upregulate secretion of Cxcl10. High levels of

Cxcl10 (and other Cxcr3 ligands) then attract Th1-polarized CD4þ T cells to the tumour site establishing a tumour-suppressive Th1-biased cytokine network.
under the control of the mouse MMTV-LTR were crossed with wild-

type or Usp18 deficient mice. Female mice heterozygous for the

PyVmT transgene and homozygous null or homozygous wild-type for

Usp18 were used in these studies. From 3 weeks onwards female mice

were palpated twice weekly to monitor the development of mammary

tumours. Tumour bearing mice were sacrificed at 13 weeks of age for

analysis. For metastasis studies, mouse lungs were harvested at

13 weeks of age and the number of lung metastases was determined

by H&E staining of 10 serial lung sections per mouse. In tumour cell

injection experiments, tumours were measured weekly in two

dimensions with a calliper and diameters expressed as the mean of

both measurements. All studies were carried out following the NIH

guidelines for the care and treatment of experimental laboratory

rodents.

Plasmids, reagents and antibodies

Full-length murine Usp18 with N-terminally added HA-tag sequence

was amplified from cDNA of IFN-a treated RAW Macrophages and

cloned into pMSCV-puro (Clontech). pMSCV-puro-hUSP18 and

pCDNA3.1-USP18 were previously described (Burkart et al, 2012).

Mammalian expression constructs coding for the intracellular domain
EMBO Mol Med (2013) 5, 967–982 �
of IFNAR2 or IL-28R1in the pcDEF3 vector were kindly provided by Dr.

Sergei Kotenko. Antibodies against b-tubulin (Sigma), HA (Covance),

Stat1, p-Stat1, anti-Caspase 3 (all Cell Signal), Cxcl10, IL-28R1 (Santa

Cruz), CD31, CD4 (both BD Pharmingen), CD4-PerCP-Cy5.5, CD4-R-

phycoerythrin, CD326-R-phycoerythrin, CD25-PerCP-Cy5.5 (all

ebioscience) and CD8-R-Phycoerythrin (Invitrogen) were purchased

as indicated. Anti-CD4 antibody for depletion experiments was from

Biolegend. Anti-Isg15 and anti-USP18 antibody was previously

described (Malakhov et al, 2002, 2006). Lentiviral murine Cxcl10

shRNA set was purchased from Open Biosystems and lentiviral murine

IL-28R1 shRNA set was from Origene. Recombinant human IFN-l1

was purchased from Peprotech and recombinant murine IFN-b was

from EMD Millipore.

Immunohistochemical and immunofluorescent staining

Tumour samples were either fixed in 4% paraformaldehayde,

embedded in paraffin and sectioned or embedded into OCT compound

(Tissue-Tek) and frozen in liquid nitrogen. For histochemical analysis

paraffin sections were stained with H&E according to standard

protocols. Immunostainings were performed on paraffin or frozen

sections using VECTASTAIN ABC peroxidase/DAB staining kits (Vector
2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 979
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The paper explained

PROBLEM:

While the understanding of the role of the immune system in

cancer progression has made significant progress over the past

decades, the successes of cancer immunotherapies have been

inconsistent. For instance, in the case of anticancer vaccines only a

minority of patients actually benefit from vaccine-induced T cells,

which is likely due to inefficient homing of tumour-specific T cells

to the tumour site. We hypothesize that new therapies that can

efficiently attract tumour-suppressive immune cells to the tumour

area will improve efficacy of current cancer therapies.

RESULTS:

We report that Usp18 deficient MECs secrete elevated levels of

the T-cell chemoattractant Cxcl10. Accumulation of this

chemokine leads to enhanced recruitment of Th1 cells and

generation of a tumour-suppressive cytokine environment

resulting in inhibition of mammary tumour growth. Furthermore,

we show that Usp18 is a novel negative regulator of IFN-l

signalling, which promotes upregulation of Cxcl10 in MECs

lacking Usp18.

IMPACT:

We identified Usp18 as a regulator of the tumour microenviron-

ment and promising candidate for breast cancer immunotherapy.

Since IFN-l acts exclusively on epithelial cells, a combined

treatment with a Usp18 inhibitor will locally boost the antitumour

immune response with minimal off-target effects. This combina-

tion of a Usp18 specific inhibitor with IFN-l treatment may be of

great benefit for the treatment of epithelial cancers.

980
Laboratories). For immunofluorescent staining, frozen sections were

prepared at 8mm thickness and stained with antibodies against CD4

followed by FITC conjugated secondary antibodies. Cell nuclei were

counterstained by 49,69-diamino-2-phenylindole (DAPI). Images were

captured using an Olympus camera model DP71 on a Olympus BX51

microscope at 100� or 200� magnification.

Western blotting and sandwich ELISA

Protein extracts were prepared from mammary tumours, isolated

tumour cells or established cell lines by lysis in modified RIPA buffer as

described previously (Burkart et al, 2012). Lysates were then

fractionated by SDS–PAGE electrophoresis, transferred to nitrocellulose

membranes, reacted with primary and fluorophore-conjugated

secondary antibodies, and signals detected with the Odyssey system

(LI-COR). For Cxcl10 ELISA, MECs were seeded onto a 6-well plate,

supernatants were collected after 48 h, spun down to remove debris

and immediately analyzed according to manufacturer’s protocol (R&D

Systems).

Isolation of mammary tumour cells for flow cytometric

analysis and establishment of primary cell lines

Single cell suspensions were established from spontaneous mammary

tumours arising in FVB MMTV-PyVmT females. Tumours were minced

and incubated at 378C for 3 h in 5ml of Ham’s F12K medium

containing 1mg/ml collagenase (Roche), 2mg/ml soybean trypsin

inhibitor (Sigma) and 2% BSA. After addition of FCS-containing

medium, the suspension was passed through a 70mm nylon filter

(Fisher Scientific) and red blood cells removed with ACK lysing buffer.

Single cells were pelleted by centrifugation and resuspended in PBS for

immediate flow cytometric analysis. Stained cells were analyzed by a

FACSCanto cytometer (BD Biosciences). For establishment of MEC cell

lines cells were cultured in DMEM:F12 (1:1) medium mix containing

5% FCS, 2.5mg/ml amphotericin B, 10mg/ml penicillin–streptomycin

and MITOþ (BD Biosciences). Non-epithelial cells were removed by

differential passaging and epithelial origin of established cell lines

confirmed by CD326 staining after five passages (CD326þ>98%).
� 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
Orthotopic injections into the mammary fat pad

In vitro cultured MECs (1�106) resuspended in 1mg/ml matrigel

solution were injected into the abdominal mammary fat pads of

female mice. Growing tumours were monitored once a week with a

calliper.

Cell growth assays

Cells (5�103) were seeded in each well of a 96-well plate on day 0. Cell

growth was monitored for 1 week with CellTiter 961 AQueous One

Solution Reagent according to manufacturer’s instructions (Promega).

Matrigel invasion assays

MEC invasion was tested using a BD BioCoat Matrigel Invasion Chamber

(BD Biosciences). The cells were suspended in serum-free DMEM and

then added to the upper chamber at a density of 3�105 cells/well. The

bottom chamber contained DMEM supplemented with 5% FBS as

chemoattractant. Cell invasion into the Matrigel was determined after

24h of culture at 37 8C. The membrane containing invading cells was

fixed using methanol, stained with Wright-Giemsa, and invasion was

quantified by light microscopy after removing the non-invading cells on

the upper side of the membrane with cotton swabs.

RNA isolation and qRT-PCR analysis

Total RNA from tumour tissue or MECs was isolated using RNeasy

(Qiagen) according to the manufacturer’s instructions. For qRT-PCR

analyses, equal amounts of RNA were reverse-transcribed by qScript

(Quanta Biosciences) and the resulting cDNA templates were

subjected to qRT-PCR using SYBR Green detection system on the

CFX96 thermal cycler (BIO-RAD). Primer sequences are available upon

request.

Statistical analysis

Statistical significance was evaluated by a paired T-test, using

p<0.05 as indicative of statistical significance. Kaplan–Meier

tumour-free survival data were compared using the log-rank test.
EMBO Mol Med (2013) 5, 967–982



www.embomolmed.org Research Article
Christoph Burkart et al.
Author contributions
CB, LGE and DEZ designed the study. CB, KA, TT, NX and XC

performed experiments. YCL, SVK and LGE critically reviewed

the data and gave feedback. All authors analyzed data and

contributed to manuscript editing. CB and DEZ wrote the paper.

Acknowledgements
We would like to thank members of Zhang laboratory for

valuable discussions. This work is supported by National

Institutes of Health grant HL091549 to DEZ.

Supporting Information is available at EMBO Molecular

Medicine online.

The authors declare that they have no conflict of interest.
References
Bidwell BN, Slaney CY, Withana NP, Forster S, Cao Y, Loi S, Andrews D, Mikeska

T, Mangan NE, Samarajiwa SA, et al (2012) Silencing of Irf7 pathways in

breast cancer cells promotes bone metastasis through immune escape. Nat

Med 18: 1224-1231

Bonecchi R, Bianchi G, Bordignon PP, D’Ambrosio D, Lang R, Borsatti A, Sozzani

S, Allavena P, Gray PA, Mantovani A, et al (1998) Differential expression of

chemokine receptors and chemotactic responsiveness of type 1 T helper

cells (Th1s) and Th2s. J Exp Med 187: 129-134

Burkart C, Fan JB, Zhang DE (2012) Two independent mechanisms

promote expression of an N-terminal truncated USP18 isoform with

higher DeISGylation activity in the nucleus. J Biol Chem 287: 4883-4893

Chiang JY, Jang IK, Hodes R, Gu H (2007) Ablation of Cbl-b provides protection

against transplanted and spontaneous tumors. J Clin Invest 117: 1029-

1036

Coccia EM, Severa M, Giacomini E, Monneron D, Remoli ME, Julkunen I, Cella

M, Lande R, Uze G (2004) Viral infection and Toll-like receptor agonists

induce a differential expression of type I and lambda interferons in human

plasmacytoid and monocyte-derived dendritic cells. Eur J Immunol 34: 796-

805

Cong XL, Lo MC, Reuter BA, Yan M, Fan JB, Zhang DE (2012) Usp18 promotes

conventional CD11bþ dendritic cell development. J Immunol 188: 4776-

4781

Critchley-Thorne RJ, Simons DL, Yan N, Miyahira AK, Dirbas FM, Johnson DL,

Swetter SM, Carlson RW, Fisher GA, Koong A, et al (2009) Impaired

interferon signaling is a common immune defect in human cancer. Proc

Natl Acad Sci USA 106: 9010-9015

Davie SA, Maglione JE, Manner CK, Young D, Cardiff RD, MacLeod CL, Ellies LG

(2007) Effects of FVB/NJ and C57Bl/6J strain backgrounds on mammary

tumor phenotype in inducible nitric oxide synthase deficient mice.

Transgenic Res 16: 193-201

Doyle SE, Schreckhise H, Khuu-Duong K, Henderson K, Rosler R, Storey H, Yao L,

Liu H, Barahmand-pour F, Sivakumar P, et al (2006) Interleukin-29 uses a

type 1 interferon-like program to promote antiviral responses in human

hepatocytes. Hepatology 44: 896-906

Dufour JH, Dziejman M, Liu MT, Leung JH, Lane TE, Luster AD (2002) IFN-gamma-

inducible protein 10 (IP-10; CXCL10)-deficient mice reveal a role for IP-10

in effector T cell generation and trafficking. J Immunol 168: 3195-3204

Dunn GP, Bruce AT, Ikeda H, Old LJ, Schreiber RD (2002) Cancer

immunoediting: from immunosurveillance to tumor escape. Nat Immunol

3: 991-998

Dunn GP, Bruce AT, Sheehan KC, Shankaran V, Uppaluri R, Bui JD, Diamond MS,

Koebel CM, Arthur C, White JM, et al (2005) A critical function for type I

interferons in cancer immunoediting. Nat Immunol 6: 722-729

Dunn GP, Old LJ, Schreiber RD (2004) The three Es of cancer immunoediting.

Annu Rev Immunol 22: 329-360
EMBO Mol Med (2013) 5, 967–982 �
Egeter O, Mocikat R, Ghoreschi K, Dieckmann A, Rocken M (2000) Eradication

of disseminated lymphomas with CpG-DNA activated T helper type 1 cells

from nontransgenic mice. Cancer Res 60: 1515-1520

Francois-Newton V, Magno de Freitas Almeida G, Payelle-Brogard B,

Monneron D, Pichard-Garcia L, Piehler J, Pellegrini S, Uze G (2011) USP18-

based negative feedback control is induced by type I and type III interferons

and specifically inactivates interferon alpha response. PLoS ONE 6: e22200

Groom JR, Luster AD (2011) CXCR3 ligands: redundant, collaborative and

antagonistic functions. Immunol Cell Biol 89: 207-215

Guo Y, Dolinko AV, Chinyengetere F, Stanton B, Bomberger JM, Demidenko E,

Zhou DC, Gallagher R, Ma T, Galimberti F, et al (2010) Blockade of the

ubiquitin protease UBP43 destabilizes transcription factor PML/RARalpha

and inhibits the growth of acute promyelocytic leukemia. Cancer Res 70:

9875-9885

Guy CT, Webster MA, Schaller M, Parsons TJ, Cardiff RD, Muller WJ (1992)

Expression of the neu protooncogene in the mammary epithelium of

transgenic mice induces metastatic disease. Proc Natl Acad Sci USA 89:

10578-10582

Haabeth OA, Lorvik KB, Hammarstrom C, Donaldson IM, Haraldsen G, Bogen B,

Corthay A (2011) Inflammation driven by tumour-specific Th1 cells protects

against B-cell cancer. Nat Commun 2: 240

Hsieh MF, Lai SL, Chen JP, Sung JM, Lin YL, Wu-Hsieh BA, Gerard C, Luster A, Liao

F (2006) Both CXCR3 and CXCL10/IFN-inducible protein 10 are required for

resistance to primary infection by dengue virus. J Immunol 177: 1855-

1863

Jeon YJ, Jo MG, Yoo HM, Hong SH, Park JM, Ka SH, Oh KH, Seol JH, Jung YK,

Chung CH (2012) Chemosensitivity is controlled by p63 modification with

ubiquitin-like protein ISG15. J Clin Invest 122: 2622-2636

Jing W, Gershan JA, Johnson BD (2009) Depletion of CD4 T cells enhances

immunotherapy for neuroblastoma after syngeneic HSCT but compromises

development of antitumor immune memory. Blood 113: 4449-4457

Kaplan DH, Shankaran V, Dighe AS, Stockert E, Aguet M, Old LJ, Schreiber RD

(1998) Demonstration of an interferon gamma-dependent tumor

surveillance system in immunocompetent mice. Proc Natl Acad Sci USA 95:

7556-7561

Khan IA, MacLean JA, Lee FS, Casciotti L, DeHaan E, Schwartzman JD, Luster AD

(2000) IP-10 is critical for effector T cell trafficking and host survival in

Toxoplasma gondii infection. Immunity 12: 483-494

Kmieciak M, Worschech A, Nikizad H, Gowda M, Habibi M, Depcrynski A, Wang

E, Godder K, Holt SE, Marincola FM, et al (2011) CD4þ T cells inhibit the neu-

specific CD8þ T-cell exhaustion during the priming phase of immune

responses against breast cancer. Breast Cancer Res Treat 126: 385-394

Koltsida O, Hausding M, Stavropoulos A, Koch S, Tzelepis G, Ubel C, Kotenko SV,

Sideras P, Lehr HA, Tepe M, et al (2011) IL-28A (IFN-lambda2) modulates

lung DC function to promote Th1 immune skewing and suppress allergic

airway disease. EMBO Mol Med 3: 348-361

Kotenko SV, Gallagher G, Baurin VV, Lewis-Antes A, Shen M, Shah NK, Langer JA,

Sheikh F, Dickensheets H, Donnelly RP (2003) IFN-lambdas mediate

antiviral protection through a distinct class II cytokine receptor complex.

Nat Immunol 4: 69-77

Lasfar A, Lewis-Antes A, Smirnov SV, Anantha S, Abushahba W, Tian B, Reuhl K,

Dickensheets H, Sheikh F, Donnelly RP, et al (2006) Characterization of the

mouse IFN-lambda ligand-receptor system: IFN-lambdas exhibit antitumor

activity against B16 melanoma. Cancer Res 66: 4468-4477

Lin EY, Jones JG, Li P, Zhu L, Whitney KD, Muller WJ, Pollard JW (2003)

Progression to malignancy in the polyoma middle T oncoprotein mouse

breast cancer model provides a reliable model for human diseases. Am J

Pathol 163: 2113-2126

Loeser S, Loser K, Bijker MS, Rangachari M, van der Burg SH, Wada T, Beissert S,

Melief CJ, Penninger JM (2007) Spontaneous tumor rejection by cbl-b-

deficient CD8þ T cells. J Exp Med 204: 879-891

Loetscher M, Gerber B, Loetscher P, Jones SA, Piali L, Clark-Lewis I, Baggiolini

M, Moser B (1996) Chemokine receptor specific for IP10 and mig: structure,

function, and expression in activated T-lymphocytes. J Exp Med 184: 963-

969
2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO. 981



Research Article www.embomolmed.org
Usp18 deficiency alters tumour environment

982
Luster AD, Greenberg SM, Leder P (1995) The IP-10 chemokine binds to a

specific cell surface heparan sulfate site shared with platelet factor 4 and

inhibits endothelial cell proliferation. J Exp Med 182: 219-231

Malakhov MP, Malakhova OA, Kim KI, Ritchie KJ, Zhang DE (2002) UBP43

(USP18) specifically removes ISG15 from conjugated proteins. J Biol Chem

277: 9976-9981

Malakhova OA, Kim KI, Luo JK, Zou W, Kumar KG, Fuchs SY, Shuai K, Zhang DE

(2006) UBP43 is a novel regulator of interferon signaling independent of its

ISG15 isopeptidase activity. EMBO J 25: 2358-2367

Matzinger P (1994) Tolerance, danger, and the extended family. Annu Rev

Immunol 12: 991-1045

Miller DM, Klucher KM, Freeman JA, Hausman DF, Fontana D, Williams DE

(2009) Interferon lambda as a potential new therapeutic for hepatitis C.

Ann NY Acad Sci 1182: 80-87

Mohty AM, Grob JJ, Mohty M, Richard MA, Olive D, Gaugler B (2010) Induction

of IP-10/CXCL10 secretion as an immunomodulatory effect of low-dose

adjuvant interferon-alpha during treatment of melanoma. Immunobiology

215: 113-123

Muller-Hermelink N, Braumuller H, Pichler B, Wieder T, Mailhammer R,

Schaak K, Ghoreschi K, Yazdi A, Haubner R, Sander CA, et al (2008) TNFR1

signaling and IFN-gamma signaling determine whether T cells induce

tumor dormancy or promote multistage carcinogenesis. Cancer Cell 13:

507-518

Pertl U, Luster AD, Varki NM, Homann D, Gaedicke G, Reisfeld RA, Lode HN

(2001) IFN-gamma-inducible protein-10 is essential for the generation of a

protective tumor-specific CD8 T cell response induced by single-chain IL-12

gene therapy. J Immunol 166: 6944-6951

Potu H, Sgorbissa A, Brancolini C (2010) Identification of USP18 as an

important regulator of the susceptibility to IFN-alpha and drug-induced

apoptosis. Cancer Res 70: 655-665

Reid LM, Minato N, Gresser I, Holland J, Kadish A, Bloom BR (1981) Influence of

anti-mouse interferon serum on the growth and metastasis of tumor cells

persistently infected with virus and of human prostatic tumors in athymic

nude mice. Proc Natl Acad Sci USA 78: 1171-1175

Shankaran V, Ikeda H, Bruce AT, White JM, Swanson PE, Old LJ, Schreiber RD

(2001) IFNgamma and lymphocytes prevent primary tumour development

and shape tumour immunogenicity. Nature 410: 1107-1111

Siren J, Pirhonen J, Julkunen I, Matikainen S (2005) IFN-alpha regulates TLR-

dependent gene expression of IFN-alpha, IFN-beta, IL-28, and IL-29. J

Immunol 174: 1932-1937
� 2013 The Authors. Published by John Wiley and Sons, Ltd on behalf of EMBO.
Sommereyns C, Paul S, Staeheli P, Michiels T (2008) IFN-lambda (IFN-lambda)

is expressed in a tissue-dependent fashion and primarily acts on epithelial

cells in vivo. PLoS Pathog 4: e1000017

Street SE, Trapani JA, MacGregor D, Smyth MJ (2002) Suppression of

lymphoma and epithelial malignancies effected by interferon gamma. J Exp

Med 196: 129-134

Thomas SY, Hou R, Boyson JE, Means TK, Hess C, Olson DP, Strominger JL,

Brenner MB, Gumperz JE, Wilson SB, et al (2003) CD1d-restricted NKT cells

express a chemokine receptor profile indicative of Th1-type inflammatory

homing cells. J Immunol 171: 2571-2580

Tissari J, Siren J, Meri S, Julkunen I, Matikainen S (2005) IFN-alpha enhances

TLR3-mediated antiviral cytokine expression in human endothelial and

epithelial cells by up-regulating TLR3 expression. J Immunol 174: 4289-

4294

Tominaga M, Iwashita Y, Ohta M, Shibata K, Ishio T, Ohmori N, Goto T, Sato S,

Kitano S (2007) Antitumor effects of the MIG and IP-10 genes transferred

with poly [D,L-2,4-diaminobutyric acid] on murine neuroblastoma. Cancer

Gene Ther 14: 696-705

Vesely MD, Kershaw MH, Schreiber RD, Smyth MJ (2011) Natural innate and

adaptive immunity to cancer. Annu Rev Immunol 29: 235-271

Wang P, Yang X, Xu W, Li K, Chu Y, Xiong S (2010) Integrating individual

functional moieties of CXCL10 and CXCL11 into a novel chimeric chemokine

leads to synergistic antitumor effects: a strategy for chemokine-based

multi-target-directed cancer therapy. Cancer Immunol Immunother 59:

1715-1726

Xie JH, Nomura N, Lu M, Chen SL, Koch GE, Weng Y, Rosa R, Di Salvo J, Mudgett

J, Peterson LB, et al (2003) Antibody-mediated blockade of the CXCR3

chemokine receptor results in diminished recruitment of T helper 1 cells

into sites of inflammation. J Leukoc Biol 73: 771-780

Yamamoto J, Adachi Y, Onoue Y, Adachi YS, Okabe Y, Itazawa T, Toyoda M, Seki

T, Morohashi M, Matsushima K, et al (2000) Differential expression of the

chemokine receptors by the Th1- and Th2-type effector populations within

circulating CD4þ T cells. J Leukoc Biol 68: 568-574

Yan M, Luo JK, Ritchie KJ, Sakai I, Takeuchi K, Ren R, Zhang DE (2007) Ubp43

regulates BCR-ABL leukemogenesis via the type 1 interferon receptor

signaling. Blood 110: 305-312

Yu P, Lee Y, Liu W, Krausz T, Chong A, Schreiber H, Fu YX (2005) Intratumor

depletion of CD4þ cells unmasks tumor immunogenicity leading to the

rejection of late-stage tumors. J Exp Med 201: 779-791
EMBO Mol Med (2013) 5, 967–982


